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Abstract

Antimicrobial resistance is a looming global health crisis, with a largeproportion

of antibiotics becoming increasingly ine�ective as bacteria adapt to evade current

therapies. The Gram negative bacteriumCampylobacter jejuni is one such microbe

with broadening resistance pro�les. This bacterium is consideredthe leading cause of

gastroenteritis in the developed world, infecting an estimated 400 million people globally

every year. Drug-resistant Campylobacter has been labelled a serious threat by the

Centers for Disease Control and Prevention; it is thus of interest tobetter understand

the mechanisms by which this bacterium evades treatment.

E�ux machinery is a mode of resistance widely used by Gram negative bacteria

to expel antimicrobials from the cell. C. jejuni harbours several e�ux pumps, with

CmeABC being considered the predominant machinery for this bacterium. Notably,

the proteins comprising this assembly are known to beN -glycosylated. This thesis

presents atomistic molecular dynamics simulations and molecular modelling of this

post-translationally modi�ed e�ux machinery in complex membrane mo dels.

The protein and glycan conformational dynamics of the outer membrane factor,

CmeC, are explored, alongside substrate extrusion pathways through this channel. Novel

models for lysophospholipids, an important class of lipid inC. jejuni , are developed,

tested, and incorporated into a complex, species-speci�c inner membrane model. The

induction of conformational cycling through protonation and substrate binding is

investigated for the resistance-nodulation-division protein, CmeB, in this new lipid

bilayer system. Protein structure prediction techniques are employed to generate a model

for the structure of the hexameric periplasmic adaptor protein CmeA, which is combined

with the inner and outer membrane components to yield an envelope-spanning complex.

Finally, protein structure prediction, molecular dynamics, and quantum mechanical

calculations are applied to the acyltransferase protein, OafB ofSalmonella enterica, to

investigate the structure and possible mechanism of action of the acyltransferase family

3 proteins.
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1 j The Bacterial Cell Envelope

From a Gaian point of view, animals, all of which are

covered with and invaded by gas-exchanging microbes, may be

simply a convenient way to distribute these microbes more

numerously and evenly over the surface of the globe.

Lynn Margulis, Gaia and Philosophy

Abstract

Only in the last few centuries have we understood the microbial basis of infection. As

our understanding of bacteria has grown, so has our ability to treat bacterial infections

and develop e�ective antibiotic therapies. But bacteria adapt, evolving resistance

mechanisms that make treatments less e�ective, with antimicrobial resistant infections

now an imminent health crisis [1]. This chapter aims to introduce the Gram-negative

bacterial cell envelope and antibiotic resistance mechanisms, withparticular focus on

e�ux machinery in Campylobacter jejuni.

1.1 The Archetypal Gram-Negative Bacterial Cell

Envelope

Gram-staining has long been used to classify bacteria as either Gram-positive or Gram-

negative by the structure of their cell envelope (the outermost partof the bacterial cell,

Fig. 1.1A) [2]. More speci�cally, the results indicate the thicknessof the peptidoglycan

cell wall [3, 4]. Gram-positive bacteria, which retain the Gram stain, have a cell

envelope consisting of a single phospholipid membrane at the edge of thecytoplasm,

and a multi-layered, surface-exposed peptidoglycan cell wall, ranging from 30 to 100

nm thick (Fig. 1.1B) [5]. These bacteria are also referred to asmonoderm (single

membrane). Gram-negative bacteria, which do not retain the Gram stain,have three

principal components to their cell envelopes: the inner membraneat the edge of the

cytoplasm; the outer membrane at the outer surface of the cell; and thethin (2-7 nm

[6]) peptidoglycan cell wall in the aqueous periplasm delimited by these membranes

(Fig. 1.1C). These bacteria are also referred to asdiderm (two membranes). The work

presented here focuses on Gram-negative bacterial cell envelopes,and as such they will

be the main focus of this chapter. The main components are outlined in the following

sections.

1



Chapter 1: Introduction

Figure 1.1: Depiction of the Gram-positive and Gram-negative cell envelopes.(A) Schematic
of a Gram-negative bacterial cell (not to scale). (B) Gram-positive and (C) Gram-negative cell
envelope schematics. WTA: wall teichoic acid; LTA: lipoteichoic acid;OMP: outer membrane
protein; LPS: lipopolysaccharide; BLP: Braun's lipoprotein; IMP: inn er/intergral membrane
protein.

1.1.1 The Inner Membrane

1.1.1.1 Inner Membrane Composition

The innermost component of the Gram-negative cell envelope is the Inner Membrane

(IM). The IM is a lamellar phospholipid bilayer whose composition is usually dominated

by phosphatidylethanolmine (PE) and phosphatidylglycerol (PG), but often contains

smaller proportions of other species such as cardiolipin, phosphatidylcholine (PC),

phosphatidic acid (PA), and phosphatidylinositol (PI) [3, 5] (Fig. 1.2). Me mbrane lipid

composition is dynamic, a�ected by a variety of factors such as temperature, oxygen

concentration, and culture age [3, 7]. The IM is usually modelled as symmetric for

simplicity, or because we do not know the exact distribution of lipid types in each lea
et.

However, studies have shown the IM to be highly asymmetric [8{10], changing with cell

shape and in
uencing protein function [11].

1.1.1.2 Inner Membrane Proteins

Bacteria do not possess intracellular organelles. Membrane-associated processes occur-

ring in organelles, such as mitochondria in eukaryotic cells, thus occur in the inner

membrane of Gram-negative bacteria. These processes include energyproduction and

2
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Figure 1.2: Structures of common bacterial lipids. (A) 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE). Polar head group highlighted in purple, hydrophobic tails high-
lighted in pink. (B) 1-palmytoil-2-cis-9,10-methylenehexadecanoyl-phosphatidylethanolamine
(PMPE). (C-E) Phosphatidylglycerol (PG), Phosphatidic acid (PA), phosphatidylchol ine (PC)
headgroups, respectively.(F) Cardiolipin.

biosynthesis of lipids and the peptidoglycan [5]. Chemical modi�cations, e.g. glyco-

sylation and acylation, can also occurvia IM-bound proteins [12, 13]. Typically, IM

proteins contain transmembrane� -helical domains which enable appropriate insertion

into the IM [14]. IM proteins often follow the `positive inside rule': the distribution

of basic residues is greater at the cytoplasmic interface than the periplasmic interface,

consistent with a higher concentration of anionic lipids in the cytoplasmic lea
et of the

bilayer [10]. Lipoproteins, in which lipid moieties are attached to the terminal cysteine

of a protein and subsequently embedded in the bilayer, can be foundin the periplasmic

lea
et of the inner membrane [15].

1.1.2 The Periplasm & Peptidoglycan

The periplasm is an aqueous compartment delimited by the inner and outer membranes.

It is viscous [16], crowded with soluble proteins, ions, and osmolytes[17]. There is no

readily available energy source in the periplasm: all processes occurring in the periplasm

(and outer membrane) must therefore do so either by harnessing energy from inner

membrane processes, or without the need for energetic input.

Within the periplasmic space lies the cell wall. The cell wall is composed of

Peptidoglycan (PGN): oligomeric glycan strands cross-linked by short peptide stems

to form a mesh-like structure. The glycan strands vary in length and are made up of

alternating units of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc)

(Fig. 1.3). The glycan strands orient circumferentially, approximately parallel to both

membranes [18]. A short peptide, typically 3-5 amino acids in length, is bonded to

each MurNAc residuevia the lacytyl moiety and can covalently bond to a stem on a

3
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Figure 1.3: Schematic structure of the E. coli cell wall. (A) Chemical structure of the
repeating unit of the E. coli cell wall. The terminal D-Ala of the peptide stem is absent in
mature cells. The blue highlighted hydroxyl group indicates the position at which the C. jejuni
MurNAc moiety is acetylated (Section 1.2.2). (B) Illustration of peptide cross-linking in the
cell wall. A peptide bond is formed between stems from di�erent glycan strands.

neighbouring glycan strand to form a cross-link. InE. coli, around 50% of the peptide

stems cross-link [19], resulting in a mesh-like structure withvariable pore sizes. The

remaining peptide stems protrude above and below the plane of the glycan strands.

This murein mesh is rigid and its main function is to maintain cell integrity; PGN

acts as an `exoskeleton' that prevents cell lysis under osmotic pressure [5]. The PGN

sacculus also determines cell shape [20, 21].

1.1.3 The Outer Membrane

1.1.3.1 Outer Membrane Composition

The Outer Membrane (OM) is a de�ning feature of Gram-negative bacteria. It is an

asymmetric bilayer at the outermost edge of the bacterial cell. The periplasmic-facing

lea
et is composed of phospholipids, typically of a similar composition to the IM [3].

The outer lea
et consists of Lipopolysaccharide (LPS). LPS is an infamous molecule

responsible for the endotoxic shock associated with septicaemia caused by Gram-negative

bacterial infections [22]. It is a large glycolipid with three key structural domains: the

highly conserved lipid A; the core oligosaccharide; and the extendedpolysaccharide

O-antigen (Fig. 1.4A).

The lipid A moiety is a phosphorylated glucosamine disaccharide with 6or 7 acyl

chains [22]. Attached to a glucosamine in lipid A is the non-repeating core oligosaccharide;

this typically contains 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) residues, heptoses,

and various hexoses [23]. The O-antigen is a glycan polymer attached to the core. It is

composed of a repeating oligosaccharide unit comprising two to eight sugars [24, 25],

and varies between bacterial species and strains (Fig. 1.4C, D) [26, 27]. LPSmolecules

lacking O-antigen units is known as Lipooligosaccharide (LOS), or rough LPS.Divalent

cations enable tight cross-linking between LPS phosphate groups and are necessary for

outer membrane integrity [22, 28{37]. This cross-linking, in combination with tight

packing of the saturated acyl tails of Lipid A, yields a membrane that posesa formidable

barrier to both hydrophobic and hydrophilic molecules [38, 39].
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Figure 1.4: Structure of LPS. (A) Schematic illustration of LPS. Purple hexagons depict
saccharide moieties; magenta circles depict phosphate groups; pale pink lines depict acyl tails.
(B) Chemical structure of Lipid-A, with core oligosaccharides moieties represented as hexagons.
(C, D) Example O-antigens in the Symbol Nomenclature for Glycans (SNFG) representation.
(C) E. coli strain O168. (D) Salmonella entericasubspeciesenterica serovar Typhimurium.

1.1.3.2 Outer Membrane Proteins

The OM, like the IM, contains proteins which fall into two categories: Outer Membrane

Protein (OMP), or lipoprotein. OMPs almost invariably take the form of a t ransmem-

brane � -barrel [40] which creates a channel across the membrane for the passage of

molecules into or out of the cell. These proteins can be speci�c (i.e. allow transport

only for particular molecular species) or non-speci�c `general porins'. OMPs are of great

interest for the development of novel antibacterial agents as they provide a route into

the cell that avoids translocation through the asymmetric bilayer. It has been shown

that OMPs form `islands' in the OM, with the aggregation of these proteins mediated

by LPS [41, 42].

Lipoproteins in the OM are similar to those in the IM, with the lipidat ed N-terminus

embedded into the periplasmic lea
et. In E. coli, the most abundant protein in the cell

is Braun's Lipoprotein (BLP); this homotrimeric protein forms a tight c oiled-coil with

its N-terminus anchored in the OM and its C-terminus covalently bound to PGN [43{45].

BLP determines the separation between the OM and PGN [46] and has been shown

to facilitate the interaction between OMPs and PGN [47]. Some proteinscan act as

both OM porins and cell wall tethers; many such proteins bind the PGN non-covalently

[48{50], while some have been shown to covalently attach to the cell wall[51, 52].

1.2 Campylobacter jejuni

The Gram-negative bacterium Campylobacter jejuni is an amphitrichous, motile, curved-

rod-shaped enteropathogen [53, 54] (Fig. 1.5A). Considered a leading cause of gastroen-
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teritis in developed countries, this bacterium infects an estimated 400 million people

globally each year [55]. C. jejuni is an asymptomatic commensal organism in avian

species [56, 57]; it is most commonly found in the gastrointestinal tracts ofpoultry,

which harbour ideal growth conditions (low levels of O2, high levels of CO2, 42 � C) for

this microaerophilic, thermophilic bacterium [53, 58]. Estimates suggest that 75-90%

of retailed chicken carcasses are contaminated withC. jejuni [59, 60]. Consequently,

the main source of human campylobacteriosis in the developed world is inappropriately

handled or undercooked poultry products [53, 57, 61{67]. Other routes of transmission

include: contact with infected livestock [53, 57] or pets [68]; consumption of/contact with

contaminated water (e.g. raw sewage„ , agricultural run-o�) [57, 75, 76] or unpasteurised

dairy products [57, 58]; and, occasionally, from one person to another (faecal-oral or via

fomites) [53, 77{79] (Fig. 1.5B).

Figure 1.5: C. jejuni shape, transmission routes, and clinical manifestations.(A) A Scanning
Electron Microscope image ofC. jejuni , with a 3D-modelled image to highlight the morphology
of the cell [80]. (B) Transmission routes and clinical manifestations ofC. jejuni infection.

Human disease is most commonly acute but self-limiting, presenting as a fever,

abdominal cramping, and diarrhoea [81, 82]. However, infection is also associated

with the development of debilitating auto-immune conditions such asreactive arthritis,

Miller-Fisher syndrome, and Guillain-Barr�e syndrome [83{85]. Such post-infectious

complications are understood to be caused by cross-reactivity between antibodies directed

„ Bacterial infections from sewage discharges are on the rise in UK after the government repeatedly
failed to outlaw such practices. Since 2019, over 10,000 people in the UK have been hospitalised with
waterborne diseases linked to sewage releases [69]. In August 2023, 57 trialthletes fell ill after swimming
o� the coast of Sunderland where the levels of E. coli (3,900 colonies/100 mL) were well above the
safe limit for bathing waters ( > 500 colonies/100 mL is classed as poor quality for coastal waters, with
swimming advised against) [70, 71]. One competitor was quoted \Have been feeling pretty rubbish
since the race, but I guess that's what you get when you swim in shit." In March 2024 several Oxford
and Cambridge rowers became unwell after The University Boat Race due to high levels of coliform
bacteria in the Thames [72]. Finally, an example that hits clo se to home (literally): Southern Water
regularly release sewage into the River Itchen in Southampton, leading to levels of E. coli greater than
that measurable by standard tests ( > 10; 000 colonies/100 mL) on several occasions in March and April
2024 [73]- measured less than 200 meters from where I live. Rowers from local clubs have also fallen ill
after going out on the water [74].
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against the ganglioside-mimicry LOS of theC. jejuni OM and neuronal gangliosides

found in the membranes of cells in the central nervous system [86{89].

1.2.1 N -Glycosylation

It was long believed that bacteria, despite their ability to synthesise large polysaccharides

in the form of PGN and LPS, were enzymatically incapable of glycosylating proteins,

and that glycosylation was restricted to Archaea and Eukarya [90, 91]. Research over

the last two decades has shown this to be false:N - and O-glycosylation machinery with

a multitude of protein targets have been identi�ed in several bacterial genera [90, 92{94].

Such glycosylation is implicated in a variety of essential cellular processes including:

modi�ed protein folding [95, 96]; regulation of enzyme activity [97, 98]; protein stability,

aggregation, and oligomerisation modulation [96, 99{101]. Modi�cation or absence of

these polysaccharides has widespread rami�cations on bacterial survival, with e�ects

on motility [102] and antibiotic response [99, 102], virulence [92, 94, 103, 104], host

immune response evasion [105{107], and bio�lm formation [104, 108, 109].

C. jejuni was the �rst bacterial species in which a generalised glycosylation system

was recognised [110]. Since this discovery in 1999, 197N -glycosylation sites have

been identi�ed in this bacterium, with 166 having been experimentally con�rmed as

occupied [91, 111]. These sites are predominantly periplasmic [91]. TheIM-bound

N -oligosaccharyltransferase PglB has been demonstrated to be the crucialenzyme

catalysing the post-translational modi�cation for at least 53 of these proteins [12].

Folded proteins are modi�ed at the asparagine residue in the acceptor sequon D/E-X 1-

N -X2-S/T (where X 1;2 are any amino acid except proline) [112, 113] by the attachment

of the following heptasaccharide [114]:

GalNAc- � 1,4-GalNAc-� 1,4-[Glc-� -1,3]GalNAc-� 1,4-GalNAc-� 1,4-GalNAc-� 1,3-diNAcBac-� 1

where diNAcBac is N',N'-diacetylbacillosamine [2,4-diacetamido-2,4,6 trideoxyglucopy-

ranose]; GalNAc is N-acetylgalactosamine; and Glc is glucose (Fig. 1.6). PglB has been

shown to function independently of protein translocation machinery, with glycosylation

favoured at 
exible sites in folded proteins [113]. Disruption of N -glycosylation path-

ways through pgl deletion causes pleiotropic e�ects inC. jejuni , including: decreased

chicken colonisation [115]; decreased virulence [103]; reduced motility [102]; and reduced

antibiotic resistance [99]. Despite the evident importance ofN -glycosylation in the

survival of C. jejuni , the exact biological role(s) and dynamics of these oligosaccharides

remains elusive.

PglB has received much interest for biomedical applications due to its ability to

transfer any oligosaccharide, provided the glycan is presented attached to Undecaprenyl

Phosphate (UndP) and that the reducing end sugar is an N-acetylhexosamine(N-

acetylgalactosamine (GalNAc)) [113, 116]. This system can thus be exploited for

glycoengineering purposes. One such example is in the productionof glycoconju-

gate vaccines, wherein recombinantly glycosylated proteins are expressed inE. coli

through the introduction of plasmids coding for glycan synthesis, carrier proteins, and
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Figure 1.6: Structure of the N -glycan transferred by PglB. (A) Chemical structure of the
heptasaccharide.(B) SNFG representation of the heptasaccharide.

oligosacharyltransferase protein(s) (such as PglB) [117, 118]. Several glycoconjugate

vaccines produced using this method have seen commercial success, including vaccines

for Haemophilus in
uenzae type B, and multiple serotypes of Streptococcus pneumoniae

and Neisseria meningiditis [118]. Owing to the ubiquity of the heptasaccharide structure

acrossC. jejuni strains, as well as the requirement forN -glycosylation for C. jejuni

survival in chickens, this heptasaccharide has been exploited in the development of gly-

coconjugate poultry vaccines, with the aim of preventing human foodborne transmission

[119{122].

1.2.2 The Campylobacter jejuni Cell Envelope

The cell envelope of every Gram-negative bacterial species is unique. The archetypal

E. coli cell envelope is often used to model that of a wide variety of Gram-negative

bacteria [123], which is generally an acceptable model as the physicochemical properties

are su�ciently similar to a species-accurate model. This is also afavourable assumption

in terms of available lipid models: only recently have species-speci�c LPS/LOS models

become readily available [124]. However, as we elucidate the composition ofmore

bacterial lipidomes and develop a wider variety of lipid models, it has become clear that

an E. coli model is not always appropriate for the system of interest.C. jejuni , which

is phylogenetically distant from E. coli, is one such example.

C. jejuni does not produce LPS, instead producing only LOS (i.e. no O-antigen

units) [125, 126]. The LOS is Ganglioside-Mimicry (GM): the structures of the core

oligosaccharides are similar to those of gangliosides, glycosphingolipids found in cells

in the central nervous system. The lipidome ofC. jejuni further di�ers from that of

E. coli with the absence of cardiolipin [3], and an abnormally high concentration of

Lysophospholipids (LPLs) and acyl-phospholipids (phospholipids with 1and 3 acyl tails,

respectively) [7]. In most bacteria, < 1% of the phospholipidome is LPLs [127], but

these lipids constitute up to 45% of theC. jejuni lipidome [7]. The structure of these

lipids is discussed in more detail in Chapter 4. LPLs have recently been identi�ed as a
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novel virulence factor in C. jejuni , permeabilising host cell membranes and causing cell

damage/death via an oxidative stress mechanism [128].

The periplasm is known to be a crowded environment with solvated ions, proteins,

and small molecules [16]. Owing to incomplete glycosylation events there are known

to be additional Free Oligosaccharides (fOS) within theC. jejuni periplasm [129, 130].

Finally, the C. jejuni PGN is modi�ed compared to the E. coli cell wall: MurNAc

residues areO-acetylated by the PatAB system [131, 132], which confers resistance to

PGN-degrading enzymes such as lysozyme [133, 134] (Fig. 1.3A).

1.3 Antimicrobials: Development and Resistance

Antibiotics, in the form of moulds and plant extracts, have been used to treat infections

for millennia [135{137], but only since the late 19th Century have we truly begun to

understand the microbial basis for infection and hence develop targeted and e�ective

treatments. The �rst modern antibiotic, arsphenamine (Salvarsan), was discovered by

Paul Ehrlich in 1909 and used to treat syphilis (caused byTreponema pallidum) [138]

- an endemic and practically incurable disease at the time [139]. More well-known is

Alexander Fleming's fortuitous discovery of penicillin in 1928 when he observed the

mould Penicillium notatum to display bactericidal properties [140]. In the following

decades penicillin was developed as an antibiotic drug [141, 142], for whichthe 1945

Nobel Prize in Physiology or Medicine would be awarded [143]. By the end of World

War II, penicillin was nicknamed `the wonder drug' and was being widely used to treat

soldiers across Europe [144]. The� -lactam structure of penicillin was solved by Dorothy

Crowfoot Hodgkin in 1945 [145], paving the way for the development of semi-synthetic

derivatives to widen the pool of available antibiotic treatments [146].

Figure 1.7: Timeline of antibiotic discovery. Important resistance discoveries are also shown.
Adapted from Ref. [137].

The discovery of penicillin and its structure started the `goldenage' of natural product

antibiotic discovery [137] (Fig. 1.7): most antibiotic classes in use today were discovered

between the 1940s and 1960s [137, 147]. Discovery of new antibiotics has slowed in

recent decades, and there have been no new classes of natural product antibiotics since

the 1980s [137, 148]. As stated by the World Health Organisation (WHO), \the clinical
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pipeline of new antimicrobials is dry" [148, 149]. Pharmaceutical companieshave all

but abandoned antibiotic research in favour of lower-risk, higher-reward investments

[150{152]. Remaining development is predominantly in the modi�cation of existing

therapies [152, 153]: of the 32 antibiotics in clinical development for the treatment of

WHO priority pathogens in 2019, just six were classi�ed as innovative [149]. This is

paired with an alarming rise in Antimicrobial Resistance (AMR). AMR occ urs when

microbes (bacteria, viruses, fungi, and parasites) do not respond to drugs used to treat

infections. Resistance patterns can be characterised as [154]:

ˆ Multi-Drug Resistance (MDR) : non-susceptibility to at least one agent in

three or more antimicrobial categories

ˆ Extensive Drug Resistance (XDR) : non-susceptibility to at least one agent

in all but two or fewer antimicrobial categories

ˆ Pan Drug Resistance (PDR) : non-susceptibility to all agents in all antimicro-

bial categories

Some bacteria show inherent non-susceptibility to particular antibiotics. For example,

Gram-negative bacteria often do not respond to� -lactam antibiotics [155], whose mode

of action inhibits cell wall formation [156]. Many drugs in this class lack the chemical

properties required to penetrate the OM (via OMPs or di�usion) and are therefore

unable to reach the target PGN in the periplasm. In this case, the bacterial infection is

simply treated with a class of antibiotics with a more appropriate entry route/mode of

action.

More concerning is acquired resistance, where bacteria evolve and stop responding

to previously e�ective treatments. Such resistance is commonly found in healthcare

settings where overuse and/or misuse of antibiotic treatments applies selective pressures;

Alexander Fleming himself was among the �rst to warn of penicillin resistance if too low a

dose or too short a treatment period was employed [139]. High-pro�le resistant bacteria,

dubbed `superbugs', include Methicillin-ResistantStaphylococcus aureus(MRSA) [157,

158], `super gonorrhoea' (MDR/XDR Neisseria gonorrhoeae) [159, 160], and MDR

Mycobacterium tuberculosis[161]. There are several common modes of resistance [162]:

ˆ Drug Inactivation or Alteration : antibiotics can be irreversibly modi�ed or

inactivated by bacterial enzymes.

ˆ Modi�cation of Drug Binding Sites : the antibiotic target site within the

bacterial cell can be modi�ed to avoid recognition.

ˆ Bio�lm Formation : bacteria in bio�lms are protected by a mechanical and

biochemical `shield' in the form of a matrix of extracellular polymers, providing

conditions that attenuate the activity of antibiotics ( e.g. low O2, low pH, and low

water availability)

ˆ Reduced Intracellular Drug Accumulation : bacteria reduce the concentration

of the antibiotic within the cell. Bacteria can prevent entry of anti biotic agents
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via the loss of OM porins, and/or they can remove antibiotics from the cellvia

e�ux pumps .

Exploring and exploiting the details of these resistance mechanisms is therefore important

in the development of novel therapies to address AMR.

1.4 Drug Resistance & E�ux in Campylobacter jejuni

While C. jejuni infection is usually self-limiting, antibiotics may be prescribed in

severe cases. The macrolide antibiotic erythromycin is used if campylobacteriosis is

suspected [163] but 
uoroquinolones are commonly used if the infectionsource is unclear.

Fluoroquinolones are also used in low doses for growth promotion in poultry farming

[164]; C. jejuni now displays widespread resistance to 
uoroquinolones, as well as

macrolides, � -lactams, tetracyclines, and aminoglycosides [165]. In all but the last

class, a common theme in resistance is a synergy between e�ux and at least one other

mechanism [165]. Drug resistantCampylobacter has been labelled a serious threat by

The Centers for Disease Control and Prevention (CDC) [80]: it is thus ofinterest to

better understand its e�ux machinery such that we can better tackl e the threat of

MDR Campylobacter.

Multidrug e�ux pumps contribute to both intrinsic and acquired r esistance to a

broad range of toxic compounds, antimicrobials, and heavy metal ions in Gram-negative

bacteria. These systems are generally tripartite, consisting of an Inner-Membrane

Transporter protein; an Outer Membrane Factor (OMF) protein; and a Per iplasmic

Adaptor Protein (PAP) joining the membrane proteins together to create a continuous

channel from the IM-proximal periplasm to the extracellular environment [166] (Fig.

1.8). Substrate recognition occurs in the inner membrane protein, which may belong

to one of many superfamilies (e.g Major Facilitator Superfamily (MFS), ATP-Binding

Cassette (ABC), Resistance-Nodulation-Division (RND)). In the case of MDR this

protein is typically of the RND superfamily [166]. Powered by proton-motive force,

conformational changes in the IM protein extrude the substrate into the PAP. The

substrate then di�uses out of the cell via the OMF (Fig. 1.8).

According to the genomic sequence of the reference Wild Type (WT) strain NCTC

11168,C. jejuni harbours 13 putative e�ux transporters from several superfamilies

[170]. CmeABC is considered the predominant e�ux system in C. jejuni [115, 171{173].

As well as expelling several structurally unrelated antibiotic classes [165], CmeABC

is known to confer resistance to natural antimicrobials such as bile salts [115] and

bacteriocins (antimicrobial peptides produced by bacteria) [174]. Bile resistance is

essential for the survival of this bacterium in its main reservoir of poultry intestinal

tracts [115, 175].

CmeABC consists of the inner membrane RND transporter protein, CmeB;the PAP,

CmeA; and the OMF, CmeC (Fig. 1.9). Speci�c structural and functional d etail for

each protein will be discussed in later chapters. Each of these proteins is N -glycosylated

by the IM-bound oligosaccharyltransferase protein PglB [91], with previous studies
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Figure 1.8: Crystal structures of known e�ux systems. Left to right: AcrAB-TolC (E. coli,
PDB ID: 5NG5 [167]); MexAB-OprM ( P. aeruginosa, PDB ID: 6TA6 [168]); MacAB-TolC ( E.
coli, PDB ID: 5NIK [169]). The inner membrane proteins (AcrB, MexB, MacB) are shown in
dark blue; periplasmic adaptor proteins (AcrA, MexA, MacA) are shown in magenta; and outer
membrane factors (TolC, OprM) are shown in light blue. Membrane and cell wall positions are
indicated. AcrB and MexB are of the RND superfamily and are powered by proton-motive force.
MacB is of the ABC superfamily and is powered by Adenosine Triphosphate(ATP). All three
systems take substrates from the periplasm/periplasmic lea
et of the inner membrane.

showing N -glycosylation to be pivotal in the e�ective function of CmeABC [99, 176];

the absence ofN -glycans results in increased ethidium bromide accumulation (+22%)

and increased susceptibility (+100%) to four unrelated antibiotics compared to WT

CmeABC [99]. Through several experiments it was shown that theN -glycans confer

thermodynamic stability, slow the unfolding process, and modulate protein assembly

and protein-protein interactions [99]. However, the dynamics and interactions of the

glycans at an atomistic level of detail remain unknown, and the CmeABC machinery is

yet to be studied via molecular simulations.

1.5 Aims

MDR, XDR, and PDR microbes, commonly referred to as `superbugs', are onthe rise

[148]. Dubbed \the overlooked pandemic" by The Lancet [177], AMR is an imminent

public health crisis that, coupled with the lack of new therapies, threatens all domains of

life. The 2016 O'Neill Report on AMR commissioned by the UK Government estimated

that drug-resistant infections would cost 10 million lives a year by 2050 [178]. This is

now seen as a conservative estimate: a recent study estimated that in 2019 alone, 4.95

million deaths were associated with resistant bacterial infections, of which 1.27 million
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Figure 1.9: Schematic structure of theC. jejuni e�ux machinery, CmeABC. Inner and outer
membranes are shown in pink/purple, and the putative cell wall position shown in green. Glycans
depicted in the SNFG representation. For visual clarity, not all glycans are shown. Substrates
are removed from the periplasm or periplasmic lea
et of the inner membrane. The IM RND
protein CmeB utilises proton-motive force to pump molecules into the PAP, CmeA. Substrates
then di�use out of the cell via the OMF, CmeC

were attributable solely to AMR [1]. We are hurtling towards a post-ant ibiotic era:

understanding the bacterial cell envelope, mechanisms of resistance, and the development

of new therapeutics for bacterial pathogens are therefore of paramount importance.

The main body of this work focuses on the simulation and molecular modelling of

the N -glycosylated e�ux machinery CmeABC, which confers antimicrobial and bile

resistance to the bacteriumC. jejuni . This project aims to characterise the structure

and dynamics of the protein components of this machinery, as well as investigating their
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glycan modi�cations:

ˆ Chapter 2 outlines the computational methods used in this work;

ˆ Chapter 3 investigates the dynamics of theN -glycosylated OMF CmeC in a

representative outer membrane and extrusion pathways of known substrates;

ˆ Chapter 4 aims to develop and test models for four lysophospholipids from the

C. jejuni lipidome;

ˆ Chapter 5 explores the dynamics of the RND transporter protein, CmeB, in a

complex inner membrane model;

ˆ Chapter 6 utilises structural prediction techniques to generate a model for the

PAP CmeA, with the aim to assemble the envelope-spanning CmeABC complex.

Supplementary data for the each chapter is presented inAppendix I . Where parts of

the work presented have been published, this has been stated after the abstract of the

relevant chapter. These papers are included inAppendix II .

Additional projects have been undertaken with experimental collaborators in which

integrative techniques were used to study membrane proteins fromthe Gram-negative

bacteria Salmonella entericaand Veillonella parvula.

ˆ Chapter 7 presents the computational modelling of the acyltransferase-3 family

protein, OafB, from Salmonella enterica. Protein structure prediction techniques

and bioinformatics were employed to produce a model, which was used to investi-

gate the dynamics of the protein and putative acyl transfer pathways. This work

was in collaboration with Prof. Gavin Thomas, Dr Marjan van der Woude, and

Dr Sarah Tindall at the University of York.

ˆ Appendix II, B.3 presents work undertaken with Prof. Bert van den Berg

and Dr Augustinas Silale at the University of Newcastle. Structural prediction

techniques were used to aid the resolution of a Cryogenic Electron Microscopy

(Cryo-EM) structure of the OMP OmpM from Veillonella parvula. Molecular

dynamics simulations were undertaken to explore the mobility of thePGN-binding

stalk, the constriction loops within the � -barrel, and the transverse electric �eld

within the pore.
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2 j Computational Methods

It describes the path of a projectile determined by natural law.

Et voila, my method. I observe the facts without biases of the

head or heart. I determine the arc's path, stroll leisurely to

its terminus and the truth falls at my feet.

Daniel Craig as Benoit Blanc in Knives Out , 2019

Abstract

Molecular Dynamics (MD) is a popular technique used in computational chemistry

to study the time-dependent behaviour of biological systems. Computer simulations

complement conventional techniques, which extract atomistic detail but yield static

structures that show little of their varied and dynamic in vivo behaviour. MD simulations

are used to emulate biomolecules in their physiological environmentsand extract

meaningful data on their structure-function relationships. Simulations can also act as a

bridge between macroscopic properties observed in the laboratory and the microscopic

spatiotemporal scales of biological processes [179]; simulations allow us tocapture

dynamic interactions on a sub-nanosecond and sub-nanometer scale, the resolution

of which is unmatched by alternative techniques [180]. Since its advent in the 1950s,

this technique has advanced from modelling just a few hundred atomsfor less than a

nanosecond [181, 182] to several million particles and microsecond timescales [183{185].

Today, MD is used in synergy with experimental methods as both an explanatory and

predictive technique. This chapter aims to cover the key concepts of the simulation and

modelling methods employed in this thesis.

2.1 Molecular Dynamics

MD simulations model the motion of particles in a system by applying Newton's second

law of motion:

F i = mi a i = mi
d2r i

dt2 (2.1)

whereF i is the force vector exerted on particlei ; mi , a i , and r i are the mass, acceleration

vector, and position vector of particle i , respectively; andt is time. The force acting on

each particle may also be expressed as the negative gradient of the potential energy:
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F i = �r i U (2.2)

where U is the potential energy of the system. U is calculated from each particle's

bonded and non-bonded interactions with all other nearby particles, as de�ned by the

force �eld (Section 2.2). Combining Eq. 2.1 and 2.2 results in the potential energyof

the system being expressed as a function of particle positions:

�r i U = mi a i = mi
d2r i

dt2 (2.3)

If the initial potential energy of the system is de�ned (calculated for the system

in the force �eld, Eq. 2.4), forces exerted on the particles can be resolved and hence

velocities and accelerations may be calculated [180]. Particles are allowed to move under

the e�ect of these forces for a short period of time, known as thetimestep (Section

2.6); the new coordinates at the end of the timestep are used to update the potential

energy. A time dependent trajectory of the system is generated by iteratively updating

the positions and energies of its constituent particles.

2.2 Force Fields

The potential energy of each particle at a given time is calculated as the sum of

its interactions with other particles in the system. In conventional MD, the global

potential energy function is described by a conservativeforce �eld [180], which contains

descriptions of bonded and non-bonded interactions between all de�ned particle types

in the system. The global potential energy function is generally of the functional form:

Usystem = Ubonded + Unon � bonded (2.4)

where Ubonded is the sum of the bond stretching, bond angle, dihedral, and improper

dihedral potentials:

Ubonded = Ubonds + Uangles + Udihedrals + Uimproper � dihedrals (2.5)

and Unon � bonded is the sum of the dispersion-repulsion (van der Waals) and electrostatic

(Coulombic) interaction potentials:

Unon � bonded = Udispersion � repulsion + Uelectrostatics (2.6)

The constituent energies are described in Sections 2.2.1 and 2.2.2. Eachforce �eld

will have a unique form and will be parameterised to reproduce particular empirical

properties. For example, the atomistic and united-atom force �elds in the OPLS family

are parameterised to reproduce experimental properties of liquids, such as density and

heat of vaporisation [186], and the coarse-grain MARTINI force �eld is parameterised to

reproduce the partitioning free energies between polar and apolar phases of numerous

compounds [187]. As such, parameters cannot be used in a mix-and-match fashion;
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a single force �eld should be employed to yield meaningful and comparable results.

Atomistic simulations in this thesis use the CHARMM36m force �eld [188] which

was parameterised to reproduce numerous properties of both folded andintrinsically

disordered proteins, and has been expanded to include glycans [189]. This force�eld is

widely used in biomolecular simulations, with N - and O-glycosylated proteins featuring

heavily in recent literature due to the importance of these glycansin the SARS-CoV-2

spike protein [190{193].

2.2.1 Bonded Interactions

2.2.1.1 Bond Stretching

The �rst term of the bonded potentials models the energy of interaction between a pair

of directly bonded atoms i and j . This term models bond stretching and compression

as a harmonic oscillation of atoms about the equilibrium bond length (Fig. 2.1A):

Ubonds(r ij ) =
1
2

kij (r ij � req)2 (2.7)

where r ij is the internuclear separation of atomsi and j ; kij is the force constant of the

bond; and req is the equilibrium bond length. This term is reliant on the assumption

that r ij is close to the equilibrium value at all times, such that the harmonicoscillator

model remains valid.

2.2.1.2 Angles

The second term of the bonded potentials accounts for the bending of an angle de�ned by

three bonded atoms (Fig. 2.1B). This models the in-plane bending known as \scissoring"

as the angle de�ned by two sequential bonds oscillates about some equilibrium value.

This term also takes the form of a harmonic potential:

Uangles(� ijk ) =
1
2

kijk (� ijk � � eq)2 (2.8)

where � ijk is the angle de�ned by bondsij and jk ; kijk is the force constant of the

angle; and� eq is the equilibrium angle.

2.2.1.3 Urey-Bradley Corrections

The CHARMM36m force �eld contains an additional term for the valence angles: the

Urey-Bradley correction term limits the vibrational modes of the valence triplet by

applying a 1,3 harmonic restraint (Fig. 2.1B) [194]. This term is not present for every

valence angle, but is used where agreement between vibrational spectra and simulated

molecular vibrations are in poor agreement [195]. The Urey-Bradley term isof the form:

UUB (r ik ) =
1
2

kik (r ik � req)2 (2.9)
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Figure 2.1: Bonded potentials utilised in MD simulations. Atoms are displayed in blue, bonds
in black. (A) Bond stretching/compression. (B) Bond angle bending (� ) and Urey-Bradley
restraints (r ik ). (C) Proper dihedral rotation (example potential has a multiplicity of 2). (D)
Improper dihedral bending. (E) CMAP energy correction in the CHARMM36m force �eld.
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where r ik is the distance between atomsi and k; req is the equilibrium distance between

atoms i and k; and keq is the associated force constant.

2.2.1.4 Proper and Improper Dihedral Angles

The third and fourth terms account for proper and improper dihedral angles between

bonded atoms. Proper dihedral angles for four sequentially bonded atomsi , j , k and

l are de�ned as the angle between the planesijk and jkl (Fig. 2.1C). Accounting for

the 2� rotation available about the central bond jk , the energy of this interaction is a

periodic function:

Udihedrals (� ijkl ) =
1
2

kijkl [1 + cos(m� ijkl � � eq)] (2.10)

where � ijkl is the dihedral angle de�ned by planesijk and jkl ; kijkl is the force constant

of the dihedral angle;m is the multiplicity (how many times the potential passes through

a minimum in a 2� rotation); and � eq is phase shift angle (in
uences the angle at which

the potential passes through minima and maxima).

Improper dihedrals are angles de�ned between three atoms bonded to a fourth

central atom (Fig. 2.1D). This term is used to address out-of-plane motions, e.g.

maintaining the planarity of aromatic ring systems and carbonyl groups, or maintaining

the stereochemistry of a chiral centre. The energy of this interaction is modelled via a

harmonic potential:

Uimpropers (! ijkl ) =
1
2

kijkl (! ijkl � ! eq)2 (2.11)

where ! ijkl is the improper dihedral angle de�ned by atomsi , j , k, l ; kijkl is the force

constant of the improper dihedral angle; and! eq is the equilibrium value of the improper

dihedral angle.

2.2.1.5 CMAP

The basic form of force �elds assumes that all terms are independent (i.e. there is no

coupling between bonds, angles, dihedralsetc.). This assumption does not always hold:

the uncorrected CHARMM36 force �eld displayed enhanced favourability of left-handed

� -helices, which rarely occur in nature [188]. Greater accuracy can be achieved by

accounting for the in
uence of adjacent dihedral angles when modelling proteins. The

CHARMM36m force �eld does this via a Correction MAP (CMAP) [196, 197]. CMAP

is not a continuous function, instead de�ning energy corrections for pairs of backbone

dihedral angles: corrections are speci�ed on grid points comprising a 2D-180 to 180°

surface (Fig. 2.1E). Interpolation is applied for a continuous function, as required for

energy calculations and simulation procedures.

2.2.2 Non-Bonded Interactions

Calculation of the non-bonded interaction energies, in particular the electrostatic com-

ponents, are almost invariably the most computationally expensive stepin a simulation.
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For brevity and to reduce computational complexity, MD simulation packages tend

to neglect three-body and higher order interactions, instead focusing only on pair

potentials [180]. Conventional force �elds also neglect electronic transitions and explicit

polarisation, but approximations are made to account for dispersion [180].

Figure 2.2: Non-bonded potentials utilised in MD simulations. Atoms are displayed in blue.
(A) Lennard-Jones potential representing the van der Waals interaction,with dispersion and
repulsion components shown.(B) Coulombic attraction and repulsion potentials.

2.2.2.1 Van der Waals

The �rst of the non-bonded terms accounts for dispersion and repulsionforces, which

are often combined to come under the umbrella term `van der Waals' forces. These

forces arise from instantaneous 
uctuations in electron density, resulting in a temporary

dipole. This temporary dipole can induce a temporary dipole in neighbouring atoms.

The resulting interaction between temporary dipoles is attractive at larger distances

[180]. Repulsion occurs at very short distances: occupied electron orbitals overlap, repel

one another due to electrostatic and Pauli repulsion [180, 198]. Conventional MD does

not explicitly account for electrons/electron density [180, 198], and most force �elds

(including CHARMM36m) do not allow for polarisability [188]. These interac tions are

thus simply modelled via the Lennard-Jones potential (Fig. 2.2A):
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UvdW (r ij ) = 4 �

" �
�
r ij

� 12

�
�

�
r ij

� 6
#

(2.12)

where r ij is the internuclear separation of atomsi and j ; � is the internuclear separation

of atoms i and j at which the Lennard-Jones potential is zero; and� is the potential

well depth. The repulsive forces (ther � 12 term) dominate at atomic separations less

than � . At separations greater than � , the Lennard-Jones potential becomes favourable

as the attractive forces (the r � 6 term) dominate, with a minimum at the equilibrium

separation, � . � and � are frequently characterised for elemental species,i.e. where

atoms i and j are of the same element. Wherei and j are not the same element,

the Lorentz-Berthelot mixing rules can be used to derive values of� and � for these

heteronuclear interactions [199]:

� AB =
1
2

(� AA + � BB ) (2.13)

� AB =
p

� AA � BB (2.14)

where A and B are the elemental species de�ning atomsi and j .

2.2.2.2 Permanent Electrostatics

The �nal term to consider is the electrostatic interactions. These interactions occur

between charged particles (including partial charges), and the energy of interaction

takes the form of a Coulombic potential (Fig. 2.2B):

Uelectrostatics (r ij ) =
qi qj

4�� 0r ij
(2.15)

where qi and qj are the charges of particlesi and j , respectively; r ij is their separation;

and � 0 is the permittivity of free space.

2.3 Cut-O� Schemes

Calculating all pairwise non-bonded interactions between particlesin a system is

prohibitively expensive. In order to combat this, cut-o� schemes may be used to

limit the evaluation of such interactions to separations up to a given cut-o� distance;

the interactions between atom pairs whose separation,r ij , is greater than the cut-o�

distance are neglected. While such a cut-o� is useful for reducingthe cost of such

calculations, the resulting non-continuous potential introduces large, unphysical errors

into the simulation [200].

For van der Waals interactions, switching functions are often used to avoid these

artefacts. Up to an \inner" cut-o� ( � 1.0 nm) the potential is calculated as per Eq. 2.12.

Between the inner cut-o� and �nal cut-o� ( � 1.2 nm), the potential is smoothed to zero

to yield a continuous potential [199]. Interactions wherer ij is greater than the �nal
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cut-o� are ignored, however, the interaction potentials at these separations are close

enough to zero that they can usually be safely be neglected.

Figure 2.3: Computational cost comparison of electrostatics calculations (direct Coulomb
summation; Ewald; smooth particle mesh Ewald) forN particles

The electrostatic potential decays much slower than that of the van der Waals

interactions (r � 1 versus r � 6, respectively). Electrostatic interactions are subsequently

the most computationally demanding step in simulations. To reduce this cost, the

Particle Mesh Ewald (PME) method is used [201]. Electrostatics are split into long-

and short-range interactions which are treated separately. Short-range interactions

are calculated in real spacevia the Coulomb relationship, employing counter-charge

Gaussians to reduce the range of the real space sum. Beyond a user-de�ned cut-o�

distance (� 1 nm) the electrostatics are calculated in reciprocal space. The useof PME

reduces the cost of these calculations from scaling asN 2 in direct Coulomb summation

to scaling as Nlog(N ), for N particles [201, 202] (Fig. 2.3). When utilising PME

electrostatics, the system must be charge neutral [203]. Systems should also include

mobile ions in solution, especially when the system contains an asymmetric membrane.

Mobile ions alleviate strain caused by permanent dipoles over periodic boundaries,

reducing the risk of electrostatics-induced artefacts [204].

2.4 Periodic Boundary Conditions

Systems simulated using MD are �nite in size. If the simulation cell is treated as a

box where the faces were impermeable barriers, particles at thesesurfaces experience

di�erent forces to those in the bulk material elsewhere in the box [180]. Periodic

Boundary Conditions (PBC) are used to avoid these unrealistic edge e�ects.

Images of the system are projected around the `real' unit cell. The unit cell need not
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Figure 2.4: A 2-dimensional representation of periodic boundary conditions. A particle leaves
the central simulation box on the right face, and simultaneously re-enters the box on the left
face.

be cubic; any 3D shape that tessellates in all directions can be used. The simulation

package GROMACS [205, 206] recommends the use of rhombic dodecahedrons to reduce

the computational cost by more than a quarter compared to an analogous cubic cell

[199]. The coordinates of the surrounding images are updated as particles in the central

box move. Particles are free to move across boundaries. When this occurs, an image of

that particle enters the box from the opposite face, maintaining the number of particles

in the system (Fig. 2.4). Particles are able to interact with those in neighbouring cells.

While this is useful for maintaining bulk properties, this can also cause artefacts where

a molecule interacts with its own periodic image. This is avoided by ensuring that the

simulation cell dimensions are greater than double the cut-o� distancefor short-range

electrostatics.

2.5 Water Models

Water, despite its ubiquity and apparent chemical simplicity, is notoriously challenging

to model accurately due to its anomalous thermodynamic properties [198,207, 208].
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There have been numerous attempts to generate atomistic models thatemulate water

under various conditions, with more than 40 distinct models across at least eight di�erent

families [209, 210]. Models vary in their use of 
exibility, polarisability, bond lengths,

angles, and number of point charges (Fig. 2.5). Each unique model is parameterised

to reproduce an experimentally observed property of water, such as the enthalpy of

vaporisation, dipole moment in the gas phase, or its phase behaviour [210].

A model that accurately represents water properties under physiological conditions is

vital for the simulation of biomolecular systems. The complexity of the model must also

be considered as water will vastly outnumber all other species in a typical biomolecular

simulation, dominating the computational cost. With these criteria i n mind, rigid non-

polarisable 3- and 4-point models have become standard in biological MD simulations

[211, 212]. Force �elds are parameterised using a speci�c water model: the use of models

that the selected force �eld was not parameterised for can result in inconsistencies as

water-protein and protein-protein interactions may not be well-balanced [213]. The

CHARMM36m force �eld used in this work was parameterised with a modi�ed TIP3P

water model [188, 214]. Standard TIP3P utilises Lennard-Jones parameters only on the

oxygen atoms [215], while TIP3Pm has additional Lennard-Jones parameters associated

with the hydrogens for more favourable dispersion interactions between water and

proteins [188]. Despite the inaccuracies in reproducing several properties of pure water

for the original TIP3P model [211, 215{218], this force �eld-water model combination is

widely used in biomolecular simulations and has been validated in numerous biological

systems including membrane protein systems [219{222], Deoxyribonucleic acid (DNA)

[223], and both folded and intrinsically disordered proteins in solution[188, 224{226].

Figure 2.5: Illustrations of 3-, 4-, and 5-point water models. Oxygen in red, hydrogenin
white, dummy atoms in yellow. (A) 3-point water model, de�ned by the O-H bond length (l1);
the H-O-H angle (� ); the charges on each atom (q1, q2); and the Lennard-Jones parameters on
oxygen (� ). (B) 4-point water model. An additional dummy atom is added at the bisection of
the H-O-H angle, displacing the charge of the oxygen; both possible positions are shown, but
only one will be used. These models are additionally de�ned by the dummy-O-H angle (�) and
the dummy-O distance (l2). (C) 5-point water model. Two dummy atoms are used, mimicking
the oxygen lone pairs. The dummy-O-dummy angle de�nes � instead of the dummy-O-H angle.
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2.6 Time Evolution of the System

2.6.1 Integrators

Models of biological systems regularly contain a vast number of particles(� 104 to

� 108). The force acting on every particle is possible to solve analytically, however,

solving the coupled di�erential equations to yield the coordinates of the particles as

a function of time is an intractable problem. In order to integrate the equations of

motion and thus resolve the evolution of positions and velocities of each particle through

time, a �nite-di�erence approach is taken. Such algorithms are known as integrators.

These algorithms must be time-reversible, conserve energy, and allow a su�ciently

long timestep that meaningful simulation timescales may be sampled with reasonable

computational cost [198]. The leap-frog integrator [227], which satis�es these criteria, is

used in this work. This integrator is derived from the Verlet algorith m [228] as described

below.

Taylor expansions of Newton's equations of motions in the forwards and reverse

timestep, �t , yield:

r i (t + �t ) = r i (t) +
dr i (t)

dt
�t +

1
2

d2r i (t)
dt2 �t 2 +

1
6

d3r i (t)
dt3 �t 3 + O

�
�t 4�

(2.16)

and

r i (t � �t ) = r i (t) �
dr i (t)

dt
�t +

1
2

d2r i (t)
dt2 �t 2 �

1
6

d3r i (t)
dt3 �t 3 + O

�
�t 4�

(2.17)

These expansions can be written in terms of velocity,v i , and acceleration,a i :

r i (t + �t ) = r i (t) + v i (t) �t +
1
2

a i (t) �t 2 +
1
6

d3r i (t)
dt3 �t 3 + O

�
�t 4�

(2.18)

and

r i (t � �t ) = r i (t) � v i (t) �t +
1
2

a i (t) �t 2 �
1
6

d3r i (t)
dt3 �t 3 + O

�
�t 4�

(2.19)

Summing Equations 2.18 and 2.19 yields

r i (t + �t ) = 2 r i (t) � r i (t � �t ) + a i (t) �t 2 + O
�
�t 4�

(2.20)

Equation 2.20 is the form of the Verlet integrator, with positions accurate to O
�
�t 3

�
.

Velocities, which are important for the calculation of kinetic energy and temperature,

are absent in Eq. 2.20. Velocities can be obtained by subtracting Eq. 2.18from Eq.

2.19:
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v i (t) =
1

2�t
[r i (t + �t ) � r i (t � �t )] + O

�
�t 2�

(2.21)

The leapfrog algorithm may be derived from the Verlet scheme by �rst estimating the

velocities at half timesteps:

v i

�
t +

�t
2

�
=

r i (t + �t ) � r i (t)
�t

(2.22)

and

v i

�
t �

�t
2

�
=

r i (t) � r i (t � �t )
�t

(2.23)

Equation 2.22 may be rearranged to obtain an expression for new positions at integer

timesteps as a function of old positions and velocities:

r i (t + �t ) = r i (t) + v i

�
t +

�t
2

�
�t (2.24)

Subtracting Eq. 2.23 from Eq. 2.22, and substitution of the Verlet scheme (Eq. 2.20)

yields an expression for velocity at half timesteps as a function of oldvelocities and

accelerations:

v i

�
t +

�t
2

�
= v i

�
t �

�t
2

�
+ a i �t (2.25)

Equations 2.24 and 2.25 de�ne the leapfrog integrator. It is so-called as the velocities

and positions `leapfrog' over one another: positions,r i , are calculated at whole integer

timesteps, and velocities,v i , are calculated at half integer timesteps (Fig. 2.6).

Figure 2.6: Schematic representation of the leapfrog algorithm. Positions,r i , are calculated at
integer multiples of the timestep �t . Velocities, v i , are calculated at half-integer multiples of �t .

2.6.2 Timestep & Constraints

When selecting the timestep a balance must be struck between conserving energy and

running an e�cient simulation [180]. Smaller timesteps allow detailed exploration of the

system and reduce the error in integration (the use of Taylor expansions necessitates

small steps), but are more computationally expensive as a greater number of steps

must be taken to sample the same temporal scale. Longer timesteps run the risk of

allowing particles to move so much in a single step that they may overlap, resulting

in extreme repulsive forces and an energetically unstable system.The upper limit for
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the timestep is determined by the highest frequency oscillations: �t must be at least

an order of magnitude smaller than the fastest timescale in the system [198]. For

atomistic simulations this is typically the C-H bond vibration with an oscillatory period

of approximately 10 fs, limiting the �t to 1 fs [198]. The timestep can be increased by

discounting these vibrations via constraint algorithms.

The constraint algorithm used throughout this body of work is LINCS [229]. This

approach replaces the vibrating bonds between heavy atoms and hydrogenswith a

constraint that maintains their separation. The next fastest motion is t he oscillation of

bond angles between hydrogens and the heavy atom to which they are bonded. These

could also be replaced by constraints, however LINCS is unable to process the highly

connected network of constraints when applied to both bonds and angles. It should

also be noted that constraining both bond lengths and bond angles can introduce

distortions in the energy landscape, reducing conformational samplingand the number

of dihedral transitions [230]. The limiting factor on �t is thus the accurate sampling

of the unconstrained angle vibrations, with a period of � 13 fs [231]. The leap-frog

algorithm requires a minimum of �ve integration steps per period, giving a maximum

timestep of 2.6 fs. Atomistic simulations generally use a 2 fs timestep; unless stated

otherwise, this is the timestep for all atomistic simulations in this work.

2.7 Ensembles

MD integrators inherently give rise to the micro-canonical ensemble(NVE - constant

number of particles, volume, energy), however canonical (NVT - constantnumber

of particles, volume, temperature) and isothermal-isobaric (NPT - constant number

of particles, pressure, and temperature) ensembles are of more use for calculating

physical and thermodynamic properties. To produce and maintain such ensembles,

the temperature and pressure of the system must be regulated throughthe use of

thermostats and barostats, respectively.

2.7.1 Calculating Temperature and Pressure

Initial particle velocities are assigned according to a Maxwell-Boltzmann distribution,

where the distribution of particle velocities, p(v), is calculated as:

p(v ix ) =

s �
mi

2�k B T

� 3

exp
�

� mi v2
ix

2kB T

�
(2.26)

where kB is the Boltzmann constant; mi is the mass of atomi ; vix is the velocity of

atom i in the x direction; and T is the system temperature [198, 199]. The temperature

of the system at a given time is calculated as:

T (t) =
NX

i =1

mi v2
i (t)

kB (3N � Nc)
(2.27)

where mi and v i are mass and velocity of particlei respectively; t is time; N is the
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number of particles in the system; Nc is the number of constraints on the system (N � Nc

represents the number of degrees of freedom; Nc=3, accounting for the translational

degrees of freedom of the centre of mass of the system); andkB is the Boltzmann

constant. As temperature is a function of velocity, it is important th at velocities are

calculated accurately. The choice of integration algorithm necessarily a�ects velocity

values; the leapfrog algorithm calculates the velocities with su�cient accuracy for the

reliable calculation of temperature.

The pressure of the system is calculatedvia the virial theorem [198, 232] (Appendix

I, Section A.1.1):

P =
1
V

2

4NkB T �
1

3kB T

NX

i =1

NX

j = i +1

r ij � F ij

3

5 (2.28)

where P is the pressure;V is the volume of the system;N is the number of particles in

the system;kB is the Boltzmann constant; T is the temperature; r ij is the vector between

atoms i and j ; and F ij is the force acting between atomsi and j . Temperature and

pressure are important properties to monitor as simulations progress toensure system

equilibration and energy conservation, and for the accurate calculation of thermodynamic

properties [198].

2.7.2 Thermostats

2.7.2.1 Berendsen Thermostat

The Berendsen temperature coupling scheme [233] rescales particlevelocities, suppressing


uctuations in kinetic energy. It does so through exponential relaxation to correct for

deviations from the reference temperature according to:

dT (t)
dt

=
T0 � T (t)

� T
(2.29)

where T0 is the temperature of the heat bath (reference temperature);T(t) is the

temperature of the system at time t; and � T is the time constant (coupling strength

between the bath and the system). Suppression of kinetic energy 
uctuations means

that systems treated with this scheme are not true canonical ensembles, and 
uctuation

properties (e.g. heat capacity) are necessarily a�ected [180].

2.7.2.2 Velocity-Rescaling Thermostat

The velocity-rescaling thermostat [234] is similar to the Berendsen scheme with an

e�cient �rst-order decay for the temperature deviation, but with an additional stochastic

term to correct the kinetic energy distribution. The algorithm is of the form:

dK = ( K 0 � K )
dt
� T

+ 2

s
KK 0

N f

dW
p

� T
(2.30)

where K and K 0 are system and reference kinetic energies, respectively (analogous
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to the temperature terms in the Berendsen scheme);� T is the time constant; and

N f is the number of degrees of freedom.dW is a Wiener process: a continuous-time

stochastic process, equivalent to Brownian motion in 1 dimension.Unlike the Berendsen

thermostat, velocity-rescaling produces a correct canonical ensemble, however, the

stochastic drawing of kinetic energies may lead to unrealistic jumps in particle dynamics

[234].

2.7.2.3 Nos�e-Hoover Thermostat

The Nos�e-Hoover thermostat [235, 236] introduces a frictional term into the equations

of motion. The friction parameter � is a dynamic quantity with its own momentum.

The magnitude of � depends on the di�erence between the current and reference

temperatures:

dp�

dt
= ( T � T0) (2.31)

The particles are integrated according to:

d2r i

dt2 =
F i

mi
�

p�

Q
dr i

dt
(2.32)

where Q is a constant termed the mass parameter of the Nos�e-Hoover thermal reservoir.

This thermostat produces a correct canonical ensemble and will not result in unrealistic

dynamics, though the inclusion of an additional term results in increased expense and

slow equilibration to the ensemble average [199].

2.7.3 Barostats

2.7.3.1 Berendsen Barostat

The Berendsen pressure coupling scheme [233] rescales box vectorsand particle coordi-

nates everynpc steps to allow �rst-order relaxation of the system pressure,P, towards

the reference pressure,P0:

dP (t)
dt

=
P0 � P (t)

� P
(2.33)

where� P is the pressure coupling constant. This exponential relaxation leadsto variation

in the simulation cell size. At each step the box volume is scaled bya factor � , and all

particle coordinates and cell vectors scaled by�
1
3 :

� (t) = 1 �
�t
� P

� (P0 � P(t)) (2.34)

where � is the isothermal compressibility of the system [180]. While the boxvectors

and coordinates are scaled, the velocities are neither scaled nor rotated. The equations

of motion are a�ected accordingly and the conserved energy quantity must be modi�ed:

the work applied to the system by the barostat at each step must be subtracted from the

total energy. Despite producing the correct average pressure acrossthe simulation, the
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Berendsen barostat does not produce a true NPT ensemble; thermodynamic properties

cannot be reliably calculated from systems employing this couplingscheme [199].

2.7.3.2 Parrinello-Rahman Barostat

The Parrinello-Rahman barostat [237, 238] couples the system pressure to an external

pressure bath by adding an extra degree of freedom to the equations of motion:

d2r i

dt2 =
F i

mi
� M

dr i

dt
(2.35)

The additional term in this equation corresponds to a frictional component: an artefact

of the coordinate scaling being de�ned relative to the box vectors.Box dimensions are

scaled with their own equations of motion:

M = b� 1
�
b

db
dt

+
db
dt

b
�

b� 1 (2.36)

db2

dt2 = VW � 1b0(� 1) (P � P0) (2.37)

where b is the matrix of box vectors; V is the volume of the box; P and P0 are the

system and bath pressures, respectively; andW is the mass parameter matrix. The

(inverse) mass parameter matrixW � 1 is calculated as:

�
W � 1�

ij =
4� 2� ij

3� 2
p L

(2.38)

where L is the largest box matrix element; � is the isothermal compressibility; and � p is

the pressure time constant. This matrix determines the couplingstrength between the

system and the pressure bath.

A combination of the above barostats is often used to achieve an isothermal-isobaric

ensemble. While the Parrinello-Rahman regime results in an exact NPTensemble,

deviations in system pressure are minimised through oscillatory convergence: for systems

far from equilibrium this can result in large 
uctuations in box dime nsions and an

unstable system. This is avoided by using the Berendsen barostat in initial equilibration

stages where pressure coupling is introduced to exponentially converge the system

pressure to a value close to the reference, then switching to the Parrinello-Rahman

regime for production [180].

Pressure coupling regimes can be employed in di�erent modes: isotropic, semi-

isotropic, and anisotropic. For homogeneous systems,e.g. a solvated protein, isotropic

coupling is used and box vectors are scaled uniformly inx, y, and z. In interfacial

systems, such as those containing a membrane, semi-isotropic coupling is used to scale

the x � y plane and the z-axis independently. This re
ects the di�ering orders of

magnitude of the lateral forces among the lipids and the forces of water acting along

the z-axis. Finally, anisotropic coupling is used in crystalline materials or solid phases

to allow all dimensions (including diagonals across the box) to be scaled independently.

Anisotropic coupling is necessary for systems containing peptidoglycan due to the
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di�ering compressibilities of the glycan strands and peptide linkers [239].

2.8 Preparing a Molecular Dynamics Simulation

2.8.1 System Construction

The �rst step in the simulation process is to generate an initial con�guration for the

system. Atomistic structural data for proteins is usually sourced from the RCSB Protein

Data Bank (PDB) [240]. Experimental structures may be missing residues: 
exible loops

and termini are often poorly resolved in crystallographic structures. Missing residues

can be built back in using programs such as MODELLER [241]. Protein structure

prediction may be used when an experimental structure is unavailable (Section 2.12).

As bond making/breaking does not occur in conventional MD, protonation states must

be selected at this stage and will be �xed for the simulation (unless using methods such

as free energy perturbation of constant pH MD) [242]. States are typically selected as

that at pH 7: acidic residues (ASP, GLU) are deprotonated, basic residues (LYS, ARG)

are protonated. Alternative protonation states can be explicitly selected for individual

residues (e.g. where there is a known proton transfer event) or set at a di�erent solution

pH (e.g a lower pH where acidic residues are protonated). Simulation systems, e.g.

proteins in solution or embedded in a membrane, can be generated `by hand' through the

use of structure �les for each system component, scripts, and functionality in simulation

packages such as GROMACS [243]. However, online services such as CHARMM-GUI

[244] are becoming increasingly popular for the generation of complex systems due to

their ease-of-use.

The initial con�guration of such systems is almost invariably idealised: atom coordi-

nates obtainedvia X-ray Di�raction (XRD) are that of the crystalline structure at low

temperatures, and membrane models are often generated in such a way that the lipids

are ordered beyond what is observed in biological systems. The system must therefore

be appropriately equilibrated to become a biologically relevant model. There are three

key steps undertaken to bring the system to a physiologically relevant equilibrium:

energy minimisation; NVT equilibration; and NPT equilibration.

2.8.2 Energy Minimisation

Energy minimisation is used to ensure that the system contains no steric clashes or

inappropriate geometries, either of which can cause unnaturally large forces to be exerted

on atoms in the system. Finding the global energy minimum for a complex system is

an intractable task. Instead, commonly employed energy minimisation algorithms, such

as the conjugate gradient [245] and steepest descent [246] methods, search for a local

minimum on the energy hypersurface. In this work, the steepest descent algorithm is

used.

Steepest descent is a �rst-order iterative optimisation algorithm. It is robust, and

quickly reduces the potential energy of systems far from a minimum,but can become

ine�cient when approaching minima due to its `zig-zag' nature [198]. Initial forces and
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potential energy are calculated as described in Section 2.2, and the atom positions are

updated as follows:

r n+1 = r n +
Fn

max (F )
hn (2.39)

where r n and r n+1 are the current and new position vectors, respectively;hn is the

maximum atomic displacement (the extent to which atomic positions arepermitted to

change per iteration); and Fn is the force (equivalent to the negative gradient of the

potential energy function, U (r n )). The energy and the forces acting on the system are

calculated for the new conformation. If the energy is reduced, the newpositions are

accepted and the maximum displacement increased(hn+1 = 1 :2hn ). If the potential

increases or stays the same, the new positions are rejected and the step size decreased

(hn+1 = 0 :2hn ) [199]. Minimisation stops once the absolute value of the maximum

force on any atom is below a given threshold, or the number of iterations exceeds a

user-de�ned maximum.

2.8.3 Equilibration under the NVT Ensemble

Before initiating production simulations in a given ensemble (typically NPT), the system

must be equilibrated under the same conditions. Whilst it is possible to transition from

an energy minimised system to equilibration under the NPT ensemble, this can introduce

instabilities due to the simultaneous generation of both velocitiesand scaled coordinates,

especially if the system is far from equilibrium [243]. A more robust approach is to �rst

equilibrate the system under the NVT ensemble.

This equilibration phase raises the temperature from 0 K to a user-de�ned value of

the coupled heat bath. Atom velocities are increased until the velocity distribution gives

the correct average system temperature (Eq. 2.27). Pressure coupling is not considered

and the box dimensions are static. Larger biomolecular systems such as proteins often

have position restraints applied to prevent large deformations induced by the sudden

application of randomised starting velocities and any subsequent collisions between

atoms [243].

2.8.4 Equilibration under the NPT Ensemble

The �nal equilibration stage is used to adjust the system pressure,normally to 1

bar. Temperature coupling is maintained and pressure coupling is introduced, scaling

coordinates and box dimensions according to the barostat. It is not uncommon to

use multiple sequential steps under the NPT ensemble for large systems, reducing the

position restraints at each stage; biomolecules and membranes can thus relax towards

an equilibrium conformation in a controlled fashion without sudden conformational

changes. This is particularly important when structures within th e system interact with

one another, such as membrane-embedded proteins. It is important to check physical

parameters such as box dimensions, density, temperature, and pressure at this stage.

As temperature and pressure are imposed on the system through couplingto heat and
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pressure baths, respectively, these values are monitored to ensure proper implementation

of the thermostat and barostat. Box dimensions and density are checked to ensure

that the simulation box is stable and the contents are approaching some equilibrium

con�guration.

The system is then ready for unrestrained production simulationsunder an NPT

ensemble. While the trajectory from this point onward will contain m eaningful data on

the system dynamics, it is not usually advisable to use the �rst � 100 ns of simulation

data for systems containing a lipid membrane: the high density of thelipids in the

bilayer means this region requires additional time to fully equilibrate. This is especially

important for LPS/LOS-containing membranes due to their slow lateral di �usion [247,

248].

2.9 Steered Molecular Dynamics

The conformational space available to biomolecular systems is vast. Without external

energetic input, only a tiny proportion of the conformational landscape is sampled,

mainly around a local energy minimum close to the starting conformation.As a result,

equilibrium MD, especially when simulations are not run out for long enough, often fails

to sample biologically important conformations or events. There are several enhanced

sampling methods available to encourage increased exploration of the energy landscape.

One such method is Steered Molecular Dynamics (SMD). SMD is a non-equilibrium

technique used to accelerate sampling by applying an external pulling force to a subset

of particles within a system. This method is often used to encourageprotein unfolding

events [249{251] and to guide molecules through lipid bilayers or protein channels [123,

223, 252, 253].

There are two main implementations for the pulling force: constant force, or constant

velocity. In constant force SMD, the force is applied directly to the subset of atoms,

and displacement is measured as a function of time. Constant velocitySMD applies a

moving harmonic potential (a virtual spring) to induce motion along the user-de�ned

reaction coordinate; this is often a displacement, but can also be an angle or dihedral.

A dummy atom at the other end of the spring is moved at a constant velocity, while

the selected atoms at the other end are subjected to the steering force. The applied

force, up to the user-de�ned maximum, is determined by the spring constant and the

extension of the spring:

F t = k (vt � r t ) (2.40)

where F is the force vector applied to the atoms;k is the spring constant of the virtual

spring; v is the velocity of the dummy atom; t is time; and r is the displacement of the

atom from its starting position along the reaction coordinate.
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Figure 2.7: Steered Molecular Dynamics force application. Adapted from Ref. [254](A) Con-
stant force pulling. Force applied to the subset of particles is constant with time. Displacement
is measured.(B) Constant velocity pulling. The atom(s) to be pulled (purple) are connected to
a dummy atom (pink) via a virtual spring. The dummy atom translocates along the reaction
coordinate at a constant velocity (dashed line) and the steered atom(s) follow behind, subjected
to the force de�ned by their separation from the dummy atom and the spring constant of the
virtual spring (Eq. 2.40). The force applied to the atom(s) is measured.

2.10 Trajectory Analysis Methods

2.10.1 Root-Mean-Square Deviation

The Root-Mean-Square Deviation (RMSD) is a measure of how di�erent agiven structure

is to a reference structure. This is used to assess how much a structure changes over

time (comparing the structure over the trajectory to the initial conformation), and

whether an equilibrium conformation has been reached (RMSD has plateaued). For

proteins this value is calculated for the backbone atoms; the motions of 
exible side

chains can heavily in
uence the value of the RMSD. In the GROMACS simulation

package the atoms of interest undergo a least-squares �tting to those inthe reference

structure to account for any rotational and translational motions [199]. The RMSD is

calculated via:

RMSD (t1; t2) =

"
1

M

NX

i =1

mi jj r i (t1) � r i (t2)jj2

# 1
2

(2.41)

where M =
P N

i =1 mi ; mi is the mass of atomi ; and r i (tx ) is the position vector of

atom i at time tx [199].

2.10.2 Root-Mean-Square Fluctuation

Root-Mean-Square Fluctuation (RMSF) is a measure of 
exibility/mov ement for each

residue in a protein over a simulation. RMSF is calculatedvia:
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RMSF i =

2

4 1
T

TX

t j =1

jj r i (t j ) � r ref
i jj2

3

5

1
2

(2.42)

where T is the time over which the RMSF is calculated; t j is the current time; r i

is the position vector of particle i [199]. The reference structure,r ref
i , is usually a

time-averaged position of that particle: �r i . As with RMSD, this value is calculated for

the backbone or C� atoms as these are better indicators of conformational changes than


exible side chains. RMSF can be plotted by residue number to identify which residues

have the greatest contribution to the protein dynamics.

2.10.3 Principal Component Analysis

Principal Component Analysis (PCA) is a statistical technique that reduces the number

of dimensions required to capture essential features of complex datasets while retaining

as much variability as possible. In the context of MD, PCA is employedto extract the

most signi�cant modes of motion of molecules in the trajectory [255]. Similar to RMSD

and RMSF, only backbone or C� atoms are used.

From the trajectory, a correlation/covariance matrix is generated, which represents

pairwise covariances between all atom positions. This matrix is then diagonalised to

yield a complete set of eigenvectors (orthogonal collective modes, eachrepresenting a

Principal Component (PC)) and eigenvalues (the variance explained byeach eigenvector).

Eigenvectors are sorted by eigenvalue, such that the �rst eigenvectorexplains the greatest

variance and therefore corresponds to the largest motions. When the positions of the

atoms from the structure are projected onto an eigenvector, the result is a PC.

A large proportion of the variance can often be accounted for by a linear combination

of the �rst few eigenvectors. The associated PCs describe the largest intramolecular

motions: the \essential dynamics" [255]. These larger motions are often those of

functional relevance.

2.10.4 Secondary Structure Analysis

Secondary structure describes how regions of a protein fold. The mostcommon secondary

structures are � -helices and� -sheets. Assessing secondary structure as a simulation

progresses can reveal how proteins fold/unfold under the simulated conditions. There

are two widely used Secondary Structure Analysis (SSA) methods: Dictionary of

Secondary Structure of Proteins (DSSP), and STRuctural IDEnti�cat ion (STRIDE).

DSSP calculates the energy of the hydrogen bonds in the backbone [256]. Input hydrogens

are discarded, and new hydrogen atoms are added 1�A from the backbone nitrogen in

the opposite direction from the backbone carbonyl. Energies are calculated assuming a

purely electrostatic interaction, i.e. ignoring angular-dependence. The most favourable

two hydrogen bonds for each atom are used to assign the most probable secondary

structure for each residue. STRIDE uses the hydrogen bond energiesin combination

with backbone dihedrals [257]. The hydrogen bond energy term accounts for both
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distance and angle in the interaction. STRIDE utilises statistical probabilitie s derived

from the secondary structures of experimental structures for categorising dihedrals. A

weighted product of hydrogen bond energy and dihedral probabilities for� -helices and

� -sheets determines the beginning and end of secondary structure features based on

empirically-optimised thresholds.

2.10.5 Depletion-Enrichment Index

The Depletion-Enrichment Index (DEI) is a measure of the di�erence in concentration

of a molecule (typically lipids in a bilayer) in a local environment compared to the bulk.

This is used to assess whether particular lipid species are forming clusters within the

membrane, either spontaneously aggregating [258] or clustering around a membrane

protein to form the annular lipid shell [259]. The relative lipid content of the bulk

material and the local environment (e.g. within a cut-o� distance around each lipid or

around a membrane protein) are calculated separately [260]. For lipid species L , the

ratio of this lipid with respect to the bulk is calculated as:

Ratio (L )bulk =
total no: L

total no: all lipids
(2.43)

The ratio of this lipid in a given area (within a cut-o� distance x of another species,

such as another lipid or protein) is calculated as:

Ratio (L )x =
(no: L)x

(total no: all lipids )x
(2.44)

The local concentration is then divided by the bulk concentration to yield the DEI [260]:

DEI (L ) =
Ratio (L )x

Ratio (L )bulk
(2.45)

A value of 1 suggests no local depletion or enrichment of that particular species. Values

below 1 indicate depletion, while values above 1 indicate enrichment of that lipid in the

local environment.

2.11 Bioinformatics

2.11.1 Multiple Sequence Alignment

Multiple Sequence Alignment (MSA) is a bioinformatics technique used to compare

biological sequences (e.g. DNA, proteins). MSAs may be constructed from a list

of homologous sequences provided by the user or by searching a database of known

sequences. Sequences are treated as character strings which are aligned to one another,

minimising the number of mismatches, insertions, and deletions ateach position. Al-

gorithms can be progressive (repetition of pairwise alignments until all sequences are

aligned, e.g. ClustalW [261]) or iterative (iterative improvement of a seed alignment

using position-speci�c scoring matrices,e.g. PSI-BLAST [262]). Alignments are scored

using a substitution matrix such as BLOSUM [263], rewarding those that maximise
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similarities at each position, and penalising unlikely mutations, insertions, or deletions.

MSA allows the identi�cation of conserved motifs, which can re
ect structural or func-

tional importance. It can also be used to identify evolutionary relationships between

sequences and to develop a phylogenetic tree.

2.11.2 Co-evolution Analysis

Co-evolution analysis identi�es interdependence between biological entities, such as

residues in a protein sequences, or bases in DNA sequences [264]. This method assesses

correlated changes in sequences over evolutionary time: in protein sequences, if pairs of

residues display correlated mutations over time, it is likely that those residues interact

or are dependent on one another. Correlation metrics include mutual information and

Pearson correlation coe�cients, with additional statistical signi�can ce tests applied to

assess the probability that the co-evolution signals are true rather thanbackground

noise [265]. These data are useful for identifying structural and functional relationships

between residues in proteins.

2.12 Protein Structure Prediction

The structure of a protein largely determines its function [266]; an understanding of the

structure of a protein can aid our understanding of its mechanism of action. However,

experimental determination of proteins via XRD, Cryo-EM, or Nuclear Magnetic

Resonance (NMR) is labour-intensive, expensive, and slow - assuming an appropriate

sample of the protein can even be produced. Additionally, the pace at which sequences

can be determined outstrips our ability to elucidate structures. Gargantuan e�orts

in the �eld of structural biology have led to the experimental determination of the

structures of � 100,000 unique proteins [267], but this represents only a small proportion

of the billions of known protein sequences [268, 269]. To span the gap between sequences

and structures we need techniques that can accurately and e�ciently predict structures

based on amino acid sequence alone. This task represents the third facet of the famed

`protein-folding problem' [266, 270].

Finding solutions to this problem has been the focus of intense research for the

last half-century, proving to be one of the greatest challenges in structural biology.

A major hurdle in its solution is the vast number of ways in which a polypeptide

could potentially fold before reaching the lowest energy conformation.Despite folding

spontaneously (and often on millisecond timescales) in nature, a brute-force calculation

of all possible conformations of a typical protein (� 10300) would take longer than the

age of the known universe [271] - a problem known as Levinthal's Paradox. Techniques

developed to predict protein structure use existing experimental structural data to

narrow down the search space on the conformational landscape, reducing computational

cost. Prediction techniques generally fall into two broad categories based on their use of

existing data: template-based modelling, andde novo(template-free) modelling. The

following sections aim to provide a brief overview of these methods.
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We note here that while we have decisively carved up protein structure prediction

into four neat categories, the implementation of these methods in theform of prediction

software is not always so clear-cut. For example, there is often much overlap between

threading and homology modelling pipelines, especially in cases where multiple templates

are used [272{275]. Additionally, Machine Learning (ML) is becoming increasingly

popular to predict residue contacts used to guide and re�ne models from techniques

such as threading [276].

2.12.1 Template-Based Modelling

Methods that directly utilise at least one existing experimental structure as a sca�old

(template) for prediction are known as template-based techniques.

2.12.1.1 Homology Modelling

Homology Modelling (or Comparative Modelling) predicts the 3D structure of a `target'

protein from its sequence and the experimentally-determined structure of a homologous

(`template') protein. This method is reliant on two observations: protein structure is

de�ned solely by its amino acid sequence [277]; and as proteins evolve the rate of change

of structure is much slower than that of the sequence [278, 279]. Taken together: if

two sequences have a su�ciently high percentage identity, theylikely share a fold. The

threshold for similarity between target and template for e�ective homology modelling is

summarised in Fig. 2.8. The key steps in homology modelling are outlinedbelow [280].

Homology modelling begins with the identi�cation of template(s) via MSA: the

target sequence is aligned with those in a database of resolved structures [240]. The

protein with the greatest sequence identity is usually selectedas the template, and

alignments are re�ned to ensure a good match to the template. Multiple templates

may be used, reweighting regional modelling of the target based on the local identity

to each template. The backbone of the target model is then built, �tt ed to that

of the template. To avoid the disruption of existing secondary structural features,

insertions and deletions are shifted to intrinsically disorderedloop regions. Loops can

be modelled using knowledge-based methods (search the PDB for loops of the same

length and geometry as a template), or energy-based methods (use of force�elds and

MD/Monte-Carlo techniques to �nd a lower energy conformation). Side chains are then

added, most commonly using a knowledge-based approach. The resultingatomistic

model is optimisedvia iterative remodelling and energy minimisation and/or short MD

simulations. Finally, the model is validated by calculating its energy in a given force

�eld or, if available, comparison to an experimentally-determined structure of the target.

Homology modelling typically produces a single, re�ned target model.The quality

of the predicted structure is dependent on the sequence similarity between target and

template [278]; this method is most useful where there are experimentally-resolved

structures of homologues with high sequence identity.
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Figure 2.8: Suitability of a target-template pair for homology modelling. Identity i s the
extent to which two sequences have the same residues at the same positions in an alignment.
If percentage identity falls within the `safe zone', the protein sequences can be assumed to be
homologous. Sequence identity below the safe zone but above 20% are considered to be in
the `twilight zone', where homologous relationships are less certain. In the `midnight zone',
percentage identity is below 20%; homologous relationships cannot be reliably determined here.
Adapted from Ref. [281]

2.12.1.2 Protein Threading

Protein Threading (or Fold Recognition) is used when there are no protein structures

with su�cient identity to the target, i.e. there is no appropriate singular template.

Threading uses statistical knowledge of relationships between sequence and fold based

on the library of sequences and structures in the PDB. This is reliant on the observation

that across the � 105 unique resolved protein structures, only a limited number of folds

have been identi�ed (� 1,300 [282]). Thus it is likely a protein with the same or a similar

fold to that of the target has already been resolved.

There are four main steps in protein threading [283]. First, a templatedatabase

is generated by selecting appropriate resolved structures. Many possible MSAs are

explored. A scoring function is then determined to measure the �t between target and

template using statistics derived from existing sequence-structure pairs, but may also

include terms accounting for mutation potential, secondary structure compatibility, gap

penalties, pairwise potentials, and environment �t. The target sequence is aligned with

those in the template database by optimising the scoring function. Finally, a model

is generated: the most probable threading alignments are selected and the backbone
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of the target is built, aligned with the backbones of the templates. Depending on the

method, side chains may be added using the template rotamers, or maybe addedpost

hoc via separate side chain packing software.

As there are often many valid alignments, threading software will usually produce

a set of models. This method is used when there are no experimental structures of

homologous proteins, but the structures of distantly related proteinsare available.

2.12.2 Template-Free Modelling

Prediction methods that do not directly utilise existing experimental structures are

known as template-free techniques. These methods are also referred to as physics-

based orde novomodelling. Template-free prediction aims to derive folds given only

sequences: predictions are not reliant on the existence of related resolved structures.

While template-based methods sample only a limited conformational space around the

template(s), de novomethods sample a much larger space. This allows the description

of novel structures, but is substantially more computationally demanding. De novo

modelling can be useful in elucidating a folding pathway, which is not possible with

template-based methods. Template-free techniques may beab initio or utilise ML

models.

2.12.2.1 Ab Initio Methods

Ab initio modelling conducts a search of the conformational space of the sequence, guided

by an energy function. This produces several conformers (decoys) from which the �nal

models are selected. Accurateab initio structure prediction is therefore dependent on:

(1) an energy function (knowledge- or physics-based) where the native fold corresponds to

the most thermodynamically stable state compared to all decoys; (2) a search algorithm

that e�ciently identi�es low energy states through a conformational se arch; (3) the

ability to select a native/near-native structure from a pool of decoys [284].

For a physics-based energy function to be trulyab initio , particles and their in-

teractions are calculated by the number of electrons and fundamental constants only

[285, 286]). However, this is prohibitively expensive for large molecules [287]. In-

stead, physics-based functions use classical force�elds (Section2.2) to calculate energies.

Knowledge-based energy functions utilise sets of empirical energyterms derived from

statistics and regularities of resolved structures. Potentials can include terms to account

for hydrogen bonding; local backbone sti�ness; secondary structure propensities; pair-

wise residue contact potentials; and distance-dependent atomic contact potentials [284].

Knowledge-based approaches may also utilise secondary sequence fragments, where the

target sequence is split into segments which are matched to fragments of known folds;

this greatly reduces the entropy of the conformational search and the uncertainty in

secondary structure [284].

There is no `one-size �ts all' method to search the conformational space of mod-

elled proteins. A popular technique is simulated annealing. Severalconformational

states are generated following the canonical Boltzmann energy distribution for a given
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temperature; a high temperature Monte-Carlo simulation is followedby simulations at

lower temperatures, though such simulations are prone to kinetic trapping. This issue

can be reduced by combining simulated annealing with replica-exchange. Conventional

MD could be used instead, especially when the folding pathway is of interest, though

folding timescales are generally beyond that achievable for atomistic simulations. Other

search algorithms, such as genetic algorithms, (e.g. conformational space annealing)

and mathematical optimisation have been successfully implemented[288, 289].

Ab initio modelling generates many non-native folds (decoys) from which the �nal

model is selectedvia energy based or free-energy based methods [284]. Energy based

methods evaluate the potential of each decoy through force �elds and/or statistical

information from known structures. Free-energy based methods are more demanding,

considering the entropy of the system. This is a measure of the number of accessible

states: in biological systems, the native fold should be that with the lowest energy and

the greatest number of accessible states.

2.12.2.2 Machine Learning Methods

ML methods employ neural networks to predict structures based onpatterns in large

databases of sequence-structure relationships. The use of MSA and co-evolution analysis

has dramatically improved the feasibility and accuracy of ML techniques by providing

distance restraints that reduce the dimensionality of the conformational search [282].

While many groups have developed ML methodologies with varying architectures,

AlphaFold2 and RoseTTAFold are considered the dominant forces in the ML category

[290] at the time of writing.

AlphaFold2 debuted at CASP14 where its performance was markedly betterthan

all other entries [291], and its architecture was revealed several months later [292].

AlphaFold2 �rst constructs an MSA and extracts co-evolution data from the primary

sequence input. Template structures may be provided by the user to further narrow

the search space, but are not a necessary input. The 1D (MSA) and 2D (co-evolved

residue pairs) data are passed through a transformer network coined an \evoformer".

A mechanism known as `attention' is utilised to extract the most important features

from the data. The MSA and pair data are cycled through the network to iteratively

improve the quality of the structural hypothesis. The result is passed to a separate

neural network that generates the 3D structure prediction. The �nal model is not

optimised by AlphaFold2 itself, though online implementations, suchas ColabFold [293],

do o�er relaxation steps at the end of the prediction pipeline. In training, AlphaFold2

uses a loss function termed Framed Alignment Point Error (FAPE), which is analogous

to RMSD but is not invariant to rotation and translation; this penalises s tructures with

incorrect chirality.

RoseTTAFold was developed after CASP14 in an attempt to mimic the success of

AlphaFold2 before the full details of its architecture were released[294]. The framework

is similar to AlphaFold2, with some additions. AlphaFold2 iteratively im proves the MSA

and residue pairs which are fed into aseparate 3D structure predictor. By contrast,
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RoseTTAFold incorporates the 1D and 2D data but also the current predicted 3D

structure in a `three-track' neural network, allowing the network to \collectively reason

about relationships within and between sequences, distances, and coordinates" [294].

The attention mechanism is also incorporated, extracting the most important features

from the 1, 2, and 3D data. Instead of a novel loss function, an SE(3)-equivariant layer

was utilised at the 3D structure prediction stage to re�ne the �nal st ructure. This

architecture produced substantially better predictions than those produced by previous

methods from the same lab, though slightly worse than those of AlphaFold2. This

was rationalised as a di�erence in training methodology; due to hardwarelimitations,

RoseTTAFold was trained using small subsets of the training data ratherthan the full

dataset.

2.12.2.3 Recent Developments in Machine Learning Methods

When this chapter was written, AlphaFold2 and RoseTTAFold were the dominant ML

methods for protein structure prediction. As such, these were the ML methods employed

in Chapter 6. However, both protein structure prediction and ML are areas of intense

research; the �eld moves at an astounding pace, with new developments published on

a daily basis. Within the last few months, new iterations of both AlphaFold2 and

RoseTTAFold have been released: AlphaFold3 [295] and RoseTTAFold All-Atom [296].

These methods are not explored in this work, but the di�erences with their predecessors

are worth noting. A key enhancement in both AlphaFold3 and RoseTTAFold All-A tom

is the ability to include ligands, metal ions, nucleic acids, multiple protein chains,

and posttranslational modi�cations in the prediction pipeline. This presents a more

streamlined approach to generating biomolecular complexes (for examplein virtual drug

screening [297]), where previously additional molecules would need to be added through

classical docking methods [298].

AlphaFold3 features a smaller MSA block compared to AlphaFold2, replacing its

Evoformer with a `pairformer' to include only the pair data (rather th an the full MSA)

in the prediction. Information is passed from the pairformer to a generative di�usion

module, directly predicting raw atom coordinates [295]. Utilising di�usion yields an

ensemble of predicted structures from which con�dence can be extracted, rather than

a single predicted structure with associated uncertainty. AlphaFold3 also employs

cross-distillation in an attempt to avoid `hallucination' or `arrogance', where plausible

secondary structure is predicted where there should be an unstructured region. This is

done by including AlphaFold2 predicted structures that feature intrinsically disordered

regions in the training set [295].

RoseTTAFold All-Atom retains the 3-track network design previously used, adding

additional parameters for nonpolymer molecules [296]. The chemical element of each

nonpolymer atom is added as input to the 1D track, with connections between the atoms

included in the 2D track in the form of an atomic graph. The chirality of stereocenters

is added to the 3D track. Moieties comprising the system (amino acids, ions, ligand

atoms etc.) are represented as a disconnected gas, which is transformed into aphysically
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plausible complex through successive passes through the network. This was further

explored through co-folding, wherein the protein structures were allowed to assemble

around the ligand of interest without the need for a sca�old at the bindin g site [296].

2.12.3 Local Con�dence/Quality Metrics

It is important to evaluate the con�dence of the output model. Predic tion software

suites give each model a global score (e.g. QMEAN [299]), but the majority will also

provide con�dence estimates for each residue. There are several metrics used to assess

model quality.

One metric is a predicted B-factor, analogous to that determinedvia crystallography

experiments. These values are used to describe the mean-square displacement of an

atom relative to the average structure. Flexibility yields larger displacements, leading to

less well-de�ned density maps and higher B-factors. Predicted B-factors are estimated

by comparing all models or comparison to templates: larger B-factors correspond to

greater variation across the models or large di�erences between the template and model,

hence lower con�dence. Similarly, an estimated RMSD value between the C� positions

of the model compared to the native structure can be used. Where there is no reference

structure the RMSD is typically calculated with reference to any template structures

used, or estimated from a �t of RMSD values for predictions in a benchmark set. Greater

values indicate lower con�dence predictions [300].

Other methods give a normalised score. Local Distance Di�erence Test (LDDT)

assesses disagreements between inter-atom distances from a predicted structure and a

template or target structure, and evaluates stereochemical plausibility [301]. A score

from 0 to 1 (or 100) is calculated for each atom by evaluating the number of other

atoms correctly predicted to be within a given cut-o�. This method is used in Critical

Assessment of Structure Prediction (CASP) competitions: its localnature reduces

the risk of arti�cially poor scores when domains are correctly predicted, but 
exible

linkers between them result in relative orientations that do not match the experimental

structure. When no experimental structure is available, LDDT is predicted (pLDDT)

as an expected value across a set of reference structures.

QMEANDisCo uses ML to combine global prediction scores with local accuracy

assessments [301, 302]. QMEAN is a global score considering structural features and

statistical potentials of mean force. This is combined with Distance Constraints (DisCo)

that assess agreement between pairwise distances in the predictionand an ensemble of

distance constraints derived from homologous structures. The networkwas trained to

reproduce LDDT scores. The result is a per-residue con�dence prediction as well as a

global score.

2.12.4 Assessing Predicted Structures

In the absence of an experimental structure to validate the predicted structure, we can

further assess models in several ways. Stereochemical and steric metrics such as bond

lengths and angles may be considered by comparison to a database of experimental values.
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Backbone dihedrals may be assessed through Ramachandran plots [303], whichdepict

energetically favourable combinations of� and  for amino acids within a polypeptide

(Fig. 2.9). Regions are de�ned by accessible conformers: large areas are unfavourable

as the � - combinations lead to steric clashes. The e�ect of the side chain on these

plots is small, with the exception of glycine and proline. Glycine (hydrogen side chain)

has a much smaller van der Waals radius than all other residues: a greater combination

of dihedrals are accessible, leading to greater areas of favourable angles.By contrast,

proline has a 5-membered-ring side chain which encompasses the backbone C� and

N atoms, reducing conformational mobility (highlighted in Fig. 2.9). This extends

to the preceding residue (`pre-proline'), with both these residues displaying reduced

allowed � - combinations. A large number of unfavourable bond lengths, angles, and/or

dihedrals may indicate a poor or unrealistic model. The above metrics can be combined

into a global score, such as a MolProbity Score [304, 305]. Analogous and of comparable

scale to the resolution of crystal structures, MolProbity scores are away to quickly

assess the physical validity of a predicted structure.

Figure 2.9: Ramachandran plots for allowed backbone dihedrals. Favourable regions are shown
in dark blue, allowed regions are shown in light blue, and disallowed/unfavourable regions are
shown in white. The backbone atoms comprising the dihedrals� and  are highlighted.

2.13 Protein-Protein Docking

Docking is a molecular modelling technique used to predict the3D structure of complexes.

This is of particular interest in drug discovery for the exploration of binding modes, and

in structural biology for the prediction and re�nement of protein-prot ein complexes,

which can be challenging to elucidate experimentally [306]. Protein-protein complexes

in this work are constructed using High Ambiguity Driven protein-prot ein DOCKing

(HADDOCK) [307{309]. HADDOCK is a data-driven 
exible docking method: exp eri-
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mental/bioinformatics data are integrated to guide the docking process in the form of

restraints, with protein 
exibility considered to account for conf ormational changes on

binding.

HADDOCK initially uses rigid-body docking to generate an ensemble of� 103

complexes, sampling di�erent orientations and conformations guided bythe user-de�ned

restraints. Complexes are rankedvia a scoring function, which is a linear combination

of: van der Waals and Coulombic interaction energies in the OPLS force �eld; buried

surface area; an empirically-derived desolvation energy term; and restraint energy

terms re
ecting the agreement between the docked structure andinput restraints [310].

The top 200 complexes undergo semi-
exible re�nementvia simulated annealing. A

�nal 
exible re�nement (short MD simulation in explicit solvent) is applied, and the

structures clustered by RMSD. The best-scoring clusters are returned as output for

analysis and interpretation.
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Factor, CmeC

All points have been addressed in style!

Reviewer 3

Abstract

The outer membrane factor CmeC of theN -glycosylated e�ux machinery CmeABC

plays an important role in conferring antibiotic and bile resistance to Campylobacter

jejuni . In this chapter, we will characterise the dynamics of this proteinand its associated

glycans using equilibrium atomistic molecular dynamics. The glycansare shown to be

more conformationally labile than previously thought. The extracellular loops of CmeC

visit the open and closed states freely, suggesting the absence of a gating mechanism

on this side. By contrast, the narrow periplasmic entrance remains tightly closed in

the absence of the periplasmic adaptor protein, regulatedvia coordination to solvated

cations. Several cation binding sites are identi�ed on the interior surface of the protein.

Additionally, steered molecular dynamics simulations reveal translocation pathways for

a bile acid and a macrolide antibiotic. These, and additional equilibrium simulations,

suggest that the anionic bile acid utilises multivalent cations to climb the ladder of

acidic residues that line the interior surface of the protein.

Note: The work presented in this chapter has been published in PLOS Computational

Biology: doi.org/10.1371/journal.pcbi.1010841 (Appendix II, Section B.1; Ref. [311])
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3.1 Introduction

3.1.1 Outer Membrane Factor Structure

OMFs are ubiquitous in Gram-negative bacteria and share a characteristic channel-like

organisation [312] (Fig. 3.1), typically 130-140�A in length. These OM conduits are

non-speci�c with respect to their substrates; selectivity is determined by the IM protein

[313]. Despite their similar trimeric assemblies, percentage sequence identity across

the family is relatively low [166] (Appendix I, Section A.2.1). The Transmembrane

Domain (TMD) adopts a porin-like fold, with 12 � -strands (4 from each protomer)

organised as a� -barrel � 30-40�A in height. The periplasmic domain presents a unique

�̀ -barrel' and coiled-coil architecture; each protomer contributes six � -helices which

delimit the periplasmic channel extending� 90-100�A into the periplasm. Encircling the

mid-section of the � -barrel is an equatorial domain, consisting of 9-12 shorter� -helices

(12 in CmeC). Some OMFs, including OprM (P. aeruginosa) and CmeC, are lipidated

at the N-terminal cysteine of each protomer, anchoring the OMF into the inner lea
et

of the OM [314{316].

Figure 3.1: Structure of the Outer Membrane Factor, CmeC. (A) Topology of a single protomer
of CmeC (adapted from Ref. [171]). Glycosites indicated by yellow stars, lipidated N-terminus
indicated by pink lines. (B) XRD structure of CmeC. One protomer highlighted in blue,
remaining protomers transparent. OM position shown with illustrated lipids. (C) Cut-away
of CmeC, highlighting the interior acidic and basic residues (red andblue sticks, respectively).
Residues identi�ed as constricting (R104, E416) in the XRD structure are highlighted.

Crystal structures of isolated OMFs typically display two constri ction regions: the

periplasmic entrance, and the extracellular exit. Extracellular loops between the� -

sheets of the TMD (L1, L2 in Fig. 3.1A) can constrict the channel exit: in crystal

structures, these loops are frequently observed pointing towards the centre of the

barrel, occluding the lumen [171, 312, 314, 317]. Additionally, extensive intra- and

inter-protomer hydrogen bonding and salt bridges are observed in the lower part of the

coiled-coil domain of isolated OMF structures [318]. This conformation is denoted the

`closed' conformation of the coiled-coil, with a channel diameter of just � 5 �A in this
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region [171, 312, 314]. By contrast, Cryo-EM structures of assembled tripartite e�ux

machinery show the coiled-coil in an `open' state; OMFs have a closedresting state to

prevent the uncontrolled di�usion of solutes when not partnered to a PAP [166].

The crystal structure of CmeC was determined in 2014 by Suet al. via XRD (PDB

ID: 4MT4) [171]. Like other OMFs, CmeC has a `strikingly electronegative' interior

surface, and two constriction regions were identi�ed: the periplasmic entrance, de�ned

by a circular salt bridge network of E416 and Q412' residues, and one at the extracellular

exit, de�ned by R104 residues in L1 [171] (Fig. 3.1A, C). CmeC has two experimentally

veri�ed N -glycosylation sequons: 30EAN YS34 and 47ETN SS51 (N13 and N30 after

signal peptide cleavage).

3.1.2 Prior Art

Previous in silico studies aiming to elucidate OMF dynamics have primarily focusedon

TolC from the archetypal Gram-negative bacterium E. coli [318{325], though OprM (P.

aeruginosa) and MtrE ( N. gonorrhoeae) have also been simulated [326{328]. Several

common behaviours have been identi�ed [322, 324, 326]. Crystal structuresand short

MD simulations of TolC initially suggested a gating mechanism at both constriction

regions [320]. However, longer simulations of TolC and OprM in the presenceof NaCl

have since shown the extracellular loops to open and close freely [319,326]. This is in

contrast to the periplasmic entrance, which remains closed due to extensive inter- and

intraprotomer hydrogen bonding and salt bridges. TolC and OprM also display cation

binding in this region [322, 323, 325, 326]. The coiled-coil domain of these proteins can

open in an `iris-like' fashion, at the cost of disrupting the circular hydrogen bonding

and salt bridge networks; this putatively occurs spontaneously on coupling to the PAP

in vivo, but requires energetic input for isolated OMFs [318, 324, 325].

Previous simulation studies of TolC and OprM used simpli�ed membrane models

[319{323, 326]. While useful data may still be extracted, symmetric phospholipid

bilayers are not fully representative of the physicochemical properties of Gram-negative

OMs; experimental and computational studies have shown LPS to a�ect the structure

and function of OMPs [123, 329{332]. Recentin silico studies of systems containing

e�ux machinery have used more complex outer membrane models, thoughthe dynamics

of the OMF were not the main focus [327, 333].

Analogous simulations of the OMF CmeC are absent in the literature and, to the

best of our knowledge, the components of theN -glycosylated CmeABC system have not

previously been simulated. This chapter presents equilibriumMD simulations of the

N -glycosylated OMF CmeC in a biologically-relevant C. jejuni OM model (Fig. 3.2A).

The results of these simulations suggest that theN -glycans are more conformationally

labile than previously thought, and that CmeC behaves similarly to other OMFs with

cation-dependent gating at the periplasmic entrance and no gating at theextracellular

exit. In addition, SMD simulations were undertaken in which two known substrates of

CmeABC, the macrolide antibiotic erythromycin and the bile acid Chenodeoxycholic

Acid (CDCA) (Fig. 3.2B, C), are pulled through this outer membrane channel. The

49



Chapter 3: CmeC in the Outer Membrane

orientation preference of these molecules within the channel is investigated, and a

mechanism of translocation for the anionic CDCA substrate is proposed.

Figure 3.2: Outer Membrane Simulation system. (A) Glycosylated, lipidated CmeC, embedded
in a representativeC. jejuni OM. CmeC shown in blue with N -glycans in green and lipidated
N-termini shown as pale pink spheres; membrane lipid tails shown asa translucent pink surface;
headgroup phosphorus atoms shown as purple spheres; LOS core oligosaccharides shown as
purple sticks. For clarity, only part of the membrane is shown, and water and ions are omitted.
(B) Chemical structure of the macrolide antibiotic, erythromycin. (C) Chemical structure of
the bile acid, chenodeoxycholic acid.

3.2 Methods

All MD simulations were performed in the CHARMM36m force �eld [188, 334] with

modi�ed TIP3P water [215] in GROMACS 2019.4 [205, 206]. LINCS was utilised

to constrain all bonds between heavy atoms and hydrogens [229]. Van der Waals

interactions were smoothed at distances beyond 1.0 nm to a cut-o� at 1.2 nm. Long-

range electrostatics were treated using PME [202] with a cut-o� of 1.2 nm.The system

was coupled to a heat bath at 315.15 K using the velocity-rescale thermostat throughout

[234] (� T = 1.0 ps). Analyses were performed using GROMACS and MDAnalysis

utilities [335{338]. Molecular graphics were generated in Visual Molecular Dynamics

(VMD) 1.9.4a51 [339]. The contents of each simulated system can be found in Appendix

I (Section A.2.2).

3.2.1 System Construction

The CmeC structure was obtained from the PDB (ID: 4MT4) [171]. CHARMM-GUI

Membrane Builder [124, 195, 244] was used to modify the structure with N-terminal
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lipidation and appropriate N -glycosylation at residues N13 and N30 in each protomer.

This utility was then used to embed the � -barrel domain of CmeC in a modelC. jejuni

OM (1:1 GM1- and GD1a-mimicry LOS outer lea
et; 4:1 POPE and 1-palmitoyl-2- oleoyl-

sn-glycero-3-phosphoglycerol (POPG) periplasmic lea
et) [124, 340]. An additional

system was generated withoutN -glycans (henceforth referred to as `plain'). The

protein-membrane systems were solvated in 150 mM KCl with additional Ca2+ (125

mM) associated with the LOS core oligosaccharide phosphates. Systems were energy

minimised in 50,000 steps using the steepest descent algorithm [246], then equilibrated

sequentially using 2 NVT and 4 NPT stages, decreasing position restraintstrength at

each stage (Table 3.1). All NPT stages coupled the system to a pressure bathat 1 bar

using the semi-isotropic Berendsen scheme [233] (� p = 5.0 ps, � = 4 :5 � 10� 5 bar� 1).

Eq. Stage
Position restraint / kJ mol � 1 nm � 2

� t / fs Length / ps
Prot. BB Prot. SC Lipid P Dih.

NVT1 4000 2000 1000 1000 1 125
NVT2 2000 1000 400 400 1 125
NPT1 1000 500 400 200 2 500
NPT2 500 200 200 200 2 500
NPT3 200 50 40 100 2 500
NPT4 50 - - - 2 500

Table 3.1: Position restraints, timestep, and duration for equilibration stages. Prot. = protein;
BB = backbone; SC = side chain; Dih. = dihedrals.

3.2.2 Equilibrium Molecular Dynamics

Three replicates of each equilibrated system were generated for production. One replicate

for each system used the �nal frame of the NPT4 stage as the initial conformation.

Additional replicates were heated to 330 K for 20 ns with position restraints of 4,000

and 2,000 kJ mol� 1 nm� 2 applied to the protein backbone and side chains, respectively,

to induce new starting con�gurations for the lipids. Each replicate was simulated at

315.15 K for 500 ns. One glycosylated replicate was extended to 1.25� s. Pressure was

maintained at 1 bar using the semi-isotropic Parrinello-Rahman coupling scheme [237,

238] (� p = 5.0 ps, � = 4 :5 � 10� 5 bar� 1).

3.2.3 Cation Removal

The �nal frame of one replicate of the glycosylated system was used as the starting

conformation for further simulations to assess the role of cations at the periplasmic

entrance. Two systems were generated: (1) all Ca2+ within the channel were removed,

remaining Ca2+ restrained (1,000 kJ mol� 1 nm� 2); (2) all Ca2+ and K+ within the

channel were removed, all remaining cations restrained (1,000 kJ mol� 1 nm� 2). Chloride

ions were removed from solution until the systems were net charge neutral. Both systems

were energy minimised in 5,000 steps, then simulated in duplicate for 80 ns.
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3.2.4 Steered Molecular Dynamics

Erythromycin and CDCA molecules were generated in the CHARMM36m force �eld

using CHARMM-GUI Ligand Modeler [341] and energy minimisedin vacuo in 5,000

steps. Each molecule was manually positioned below the periplasmic entrance of

glycosylated CmeC (in �nal frame of NPT4) in three di�erent orientations . The system

was energy minimised in 5,000 steps.

A harmonic spring of force constant 1,000 kJ mol� 1 nm� 2 was attached to the

centre of mass of each substrate. This was pulled along thez-axis (membrane normal)

at a constant velocity of 0.1 nm ns� 1. No restraints were applied in the x-y plane.

Nine replicates were generated for each substrate, with each simulation lasting 160{170

ns. For the CDCA system, snapshots were taken with CDCA at various positions

within the channel. These were used as initial con�gurations for subsequent equilibrium

simulations, each run for a minimum of 100 ns (conditions as described inSection 3.2.2);

a total of 23 equilibrium simulations were run with CDCA within the c hannel.

3.2.5 Solvation Sphere Reference Values

For comparison of solvation spheres for calcium, CDCA, and erythromycin, reference

solution simulations were carried out. A solution of 125 mM CaCl2, a single erythromycin

in 150 mM KCl, and a single CDCA 150mM KCl were minimised and equilibrated

in a single NPT stage (250 ps; velocity-rescale thermostat and Berendsen barostat,

parameters as described in Section 3.2.1). Each system was simulated for50 ns under

the isotropic Parrinello-Rahman regime (parameters as per Section 3.2.2).

3.2.6 Electrostatic Pro�les of Substrates

The electrostatic potential surfaces of erythromycin and the deprotonated CDCA

molecules were calculated using the Density Functional Theory (DFT) package ONETEP

[342, 343], using the PBE exchange-correlation functional [344] augmented with Grimme's

D2 dispersion correction [345]. Open boundary conditionsvia real-space solution of

the electrostatics were used in a simulation cell with dimensions5 nm � 5 nm � 5

nm. Norm-conserving pseudopotentials were used for the core electrons, and the psinc

basis set, equivalent to a plane wave basis set with a kinetic energy cut-o� of 800 eV,

was employed. 8.0 Bohr localisation radii were used for the non-orthogonal generalised

Wannier functions.

3.3 Results & Discussion

3.3.1 CmeC Dynamics

A previous MD study on the e�ect of N -glycans on the global structure and dynamics of

globular proteins indicated that glycans reduce the dynamic 
uctuations of the proteins,

enhancing their stability without signi�cantly a�ecting protein s tructure [100]. We will

brie
y compare the glycosylated and unglycosylated (`plain') proteins.
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Figure 3.3: RMSD and Principal Component Analysis of CmeC dynamics.(A) RMSD analysis
for the backbone atoms of CmeC in each replicate.(B) RMSD analysis for the backbone atoms
of the �rst glycosylated replicate, extended to 1.25 �s . (C) Projection of trajectories along the
�rst three PCs identi�ed via PCA. The origin represents the XRD structure. (D) Porcupine
plot of the �rst major motion identi�ed via PCA; PC1 corresponds to opening/closing of the
extracellular loop L1.

The RMSD of the protein backbones were calculated to assess equilibration. The

RMSD continued to increase across the simulation in all cases (Fig. 3.3A) indicating

that CmeC is not yet fully equilibrated. This is expected, given the size and complexity

of the system, and the starting conformation being close to the crystalstructure. Even

when extended to 1.25�s , the backbone RMSD continued to increase (Fig. 3.3B). The

continual rise is driven by the � -barrel; this is the domain in which the crystallisation

and simulation environments are most di�erent, and full equilibrati on in this region

is slow due to the use of slow-moving LOS [346]. Both plain and glycosylated CmeC

display similar global RMSDs, with neither experiencing any substantial change in

secondary structure (Appendix I, Section A.2)).

The 6 � 500 ns trajectories were concatenated and PCA was undertaken. Trajectories

were projected along the �rst three eigenvectors, cumulatively accounting for 32.4% of

the variance. Each trajectory sampled a di�erent subspace, each unique from the crystal

structure (Fig. 3.3C). The glycosylated and plain systems sample di�erent subspaces

along PC1, which corresponds to an opening/closing motion in the L1 extracellular

loops (Fig. 3.3D).

This is also re
ected in the RMSF. The RMSF is consistent with the topology

de�ned by Su et al. (Fig. 3.1A) [171]: the greatest 
uctuations are observed for residues

in unstructured regions such as extracellular loop L1 (residues 96{108), the C-terminus,

and between� -helices at the periplasmic end of the protein (e.g. residues 195{200) (Fig.
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3.4A). The N-terminus is lipidated, anchored to the inner lea
et of the membrane, hence

displaying less 
uctuation than the C-terminus. The RMSF for L1 di �ers between the

plain and glycosylated system, consistent with the di�ering occupation of PC1. The

plain systems display greater 
uctuation at L1 as highlighted by RMSD analysis of

these residues (Fig. 3.4B).

Figure 3.4: RMSF analysis of CmeC indicates dynamic extracellular loops.(A) Average
RMSF by residue for CmeC, with standard deviation. � -helices and� -sheets are indicated by
orange and yellow shading, respectively. Glycosite locations are indicated with dashed vertical
green lines. (B) RMSD for the backbone atoms of extracellular loop L1 (residues 96-108).

The second extracellular loop, L2 (residues 309{323), shows substantiallyless


uctuation than L1. Where the L1 loops are directed upwards, normal to the membrane

or tilted towards the centre of the � -barrel, the L2 loops are parallel to the membrane,

projecting out into the LOS headgroups (Fig. 3.5A, B). Hydrogen bond analysis(cut-o�s:

3 �A and 20°) reveals multiple high-occupancy interactions between LOS and residues

within L2. The basic side chains of residues K322 and K318 interact extensively with

the phosphate groups of the LOS molecules (Fig. 3.5C): salt bridging between lysine

side chains and LOS phosphates were observed in> 80% of trajectory frames. Acidic

residues D312 and D314 were observed to hydrogen bond to core sugar moieties(Kdo)

of nearby LOS molecules. The occupancy of these hydrogen bonds was much lower at

10% of frames across all systems; the sugar moieties are further from the L2 residues and

more dynamic than the phosphate head groups, so these interactions are less prevalent.

In addition, these acidic residues were observed to coordinate Ca2+ in the outer lea
et

(Fig. 3.5D). It is of note that the latter interactions would not have been observed with

a simpli�ed phospholipid membrane model, and similar interactionswere found when

OprM was modelled in aP. aeruginosa OM [327]. Finally, the hydrophobic side chain

of L313 embedded amongst the acyl tails of the LOS molecules in the hydrophobic

membrane core, further anchoring the L2 loops into the outer lea
et (Fig. 3.5D).

3.3.2 Channel Pro�le

Two constriction regions were identi�ed by Su et al. in the crystal structure of CmeC

[171]: one at the periplasmic entrance, de�ned by residues Q412, D413, E416, andN420

in H9; and one at the extracellular exit, de�ned by residue R104 in L1. The channel

diameter across the �nal 100 ns of the equilibrium simulations was characterised using

the analysis program HOLE [347]. Our �ndings were consistent with these constrictions,
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Figure 3.5: Extracellular loops anchor the � -barrel in the membrane. (A) Top-down view
of the CmeC � -barrel and extracellular loops. (B) Side-view of the � -barrel and top of the
� -barrel in the OM. Phosphorus atoms of the headgroups are shown as transparent spheres.
(C) Salt bridge formed between K322 residue in L2 and the phosphates of neighbouring lipid
A moieties. (D) Acidic residues D312 and D314 can simultaneously coordinate Ca2+ (yellow
sphere) from amongst the LOS headgroups, and hydrogen bond with Kdo sugar moieties in
neighbouring LOS molecules. The hydrophobic side chain of L313 is embedded amongst the
lipid tails within the membrane core.

with the narrowest points aligning with residues E416 and R104 (Fig. 3.6).

The extracellular constriction displays considerable variation. During equilibrium

MD the L1 loops sample conformations both more and less `open' than those in the

crystal structure. This was determined via the dihedral angles de�ned between the three

N112 C� atoms and a single R104C� atom (Fig. 3.7A, B); in the crystal structure the

average dihedral across the three protomers is 90.7°, but during equilibrium MD angles

ranging from 32.3° to 130.1° are sampled. The distributions appear to be bimodal, with

the more open conformation dominating in both systems. On average, the glycosylated

system displays a more open conformation than the plain system, however occupation

of the more closed conformation is also greater in the glycosylated system (accounting

for its greater variation in the HOLE plot). Dynamic loops are similarly observed in the

simulation of TolC and OprM, though the loops of these homologues open to a greater

extent and sample a greater range of angles [322, 326]. This may be a result of theuse of

LOS in the outer lea
et, where the bulky headgroups and core oligosaccharides sterically

hinder further opening. Despite this, these data further support the hypothesis that

OMFs are not gated at the extracellular side as the loops freely explore open and closed

conformations.

Su et al. suggest a circular hydrogen bonding pattern in the coiled-coil, in which E416
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Figure 3.6: CmeC channel pro�le.(A) HOLE pro�le of the CmeC channel. Pro�le from
the XRD structure shown in black, average pro�le across the �nal 100 ns of the equilibrium
simulations, with associated standard deviation, blue/pink for glycosylated and plain systems,
respectively. (B) Cutaway of CmeC, to the same scale as the HOLE pro�le. The two constriction
regions align with the residues identi�ed as constricting by Suet al. [171].

and Q412 of an adjacent protomer interact to form the core of the periplasmic constriction

[171]. Contrary to this, this salt bridge is not persistent across the simulations; hydrogen

bonding between the amide of Q412 and the carboxylate of a neighbouring E416is

observed in just 1% of trajectory frames. Despite this, the E416 and Q412residues

do still constitute the narrowest constriction of the channel, with an average e�ective

diameter of just 4{5 �A in this region. As shown in Fig. 3.6A, there is very little

variation in the channel radius in coiled-coil and � -barrel domains. Several intra- and

interprotomer salt bridges and hydrogen bonds in a circular network maybe promoting

this closed conformation (Fig. 3.7C). Intraprotomer hydrogen bonds were observed

across the simulations between H9 and H4 (K432-E171, N429-N172, Q161-D441); H5

and H4 (K222-E173); H9 and H8 (W421-E390). Interprotomer salt bridges R370-E226',

R395-E201', and N385-E212' (H8-H5') were also observed in every replicate.

Previous simulation and mutational studies of OMFs have suggested an `iris-like'

motion of the coiled-coil domain to allow the periplasmic entrance to open, requiring a

major conformational rearrangement at a high energetic cost. Mutational and Markov

state modelling studies have demonstrated that for the periplasmic entrance of TolC

to open, interprotomer interactions must be disrupted, but intrap rotomer interactions

may remain intact [318, 325]. We do not observe this twisting motion in any of the

equilibrium replicates, nor was any correlated disruption of the inter- and intraprotomer
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Figure 3.7: CmeC constriction regions. (A) The dihedral angle determining the degree
of opening of the L1 loops is de�ned by the three N112 C� (yellow) and one R104 alpha
carbon (pink). (B) Histogram of the dihedral angles observed over the equilibrium simulations.
(C) Circular inter- and intraprotomer hydrogen bonding network between the helices of the
coiled coil domain. I: Interprotomer (H5-H8') salt bridges R370-E226, N385- E212, R395-
E201. II: Intraprotomer (H8-H9) hydrogen bond W421- E390. III: Intraprotomer (H9-H4)
Hydrogen bonding and salt bridges K432-E171, N429- N172, Q161-D441, N172/N168-N430. IV:
Intraprotomer (H4-H5) salt bridge K222-E173.

hydrogen bonding network observed.

Despite simulating each system for a total of 1.5� s, these simulations are still

relatively short for such a large and complex system. Simulation studies of TolC in

smaller and simpler membrane systems demonstrated that sub-microsecond simulations

were insu�cient to adequately sample the equilibrium behaviour of the periplasmic

gate [324]. To prevent the uncontrolled di�usion of solutes, OMFs adopt a closed

conformation when not coupled to their periplasmic adaptor partners: in vivo this

protein is coupled to the PAP CmeA, likely interacting with the cel l wall [333, 348, 349]

and potentially other proteins/e�ux machinery [350]. We have simulated membrane-

bound CmeC in isolation, so it expected that only the closed state is observed under

equilibrium conditions. Another factor is the presence of cations, which is discussed in

Section 3.3.4.

3.3.3 N -Glycan Dynamics & Interactions

From this point only glycosylated systems will be considered. The glycans adopt a

variety of orientations relative to the principal axis of the protein (ap proximately parallel

to the z-axis, and normal to the membrane plane). This is shown as a timeseries of

the angles de�ned between the glycan vectors (N13/N30 C� to the C4 position of

the terminal GalNAc, also de�ning the end-to-end length) and the principal axis of

the protein (Fig. 3.8A, B). At small angles the glycans point `upwards' towards the
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periplasmic lea
et of the membrane where they can interact with the unstructured

N-terminal residues and the lipid headgroups (Fig 3.9A, B). At larger angles the glycans

protrude `downwards' into the periplasmic space, where the heptasaccharide units may

hydrogen bond to one another (Fig 3.9C). The volume occupied by the glycans over the

course of a single (representative) replicate is shown in AppendixI, Fig. A.6.

Figure 3.8: Glycan orientation and length. The glycans adopt a wide range of orientations
relative to the principal axis of the protein. (A) View of CmeC and a single glycan, with atoms
de�ning the end-to-end length shown as green spheres.(B) Vectors de�ning the glycan length
and orientation. (C) Timeseries of the glycan orientations from a single replicate, where A-F
are identi�ers for each of the 6 glycans. (D) Histogram of the end-to-end lengths of all glycans
across all replicates.

The 
exibility of the glycans was assessedvia the end-to-end lengths and glycosidic

torsions de�ned by the linkages between saccharide units. The end-to-end length


uctuates during the simulations, ranging from 20.40 to 29.66�A , with a mean length

of 26.84� 1.11 �A (Standard Deviation (SD)). The distribution of end-to-end lengths

across the replicates shown in Fig. 3.8D implies there is some inherent 
exibility in

the glycans. To further investigate this 
exibility, the glycosid ic torsion angles and �

were calculated for each glycosidic linkage across the three simulations. We de�ne these

dihedrals as [351]:

� = O5 � C1 � O1 � CX (3.1)

 = C1 � O1 � CX � C(X � 1) (3.2)

In 2009, Slynkoet al. used NMR to assess the glycosidic torsions of this heptasac-
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Figure 3.9: Glycan interactions within the simulation system. (A) Hydrogen bonding between
the terminal GalNAc moiety and POPE headgroups in the inner lea
et. (B) Hydrogen bonding
between the bacillossamine moiety and the the backbone of E11 in the unstructured N-terminus.
(C) Glycans in the same protomer can hydrogen bond to one another.

charide attached to a truncated CmeA monomer, though di�erent de�nit ions of � and

 were used [352]. Across their 20 `best' structures, the glycans occupied a very limited

conformational space within minima on the energy surfaces for these linkages. In 2015,

Pedeboset al. used metadynamics to generate potential energy surfaces for� and  

as de�ned in Eq. 3.1 and 3.2 for each unique linkage in this glycan, and employed

MD to investigate the equilibrium values of these linkages in a solvated, peptide-linked

heptasaccharide [351]. They also found the glycans to be rigid, with little variation in �

and  in their 1 � 200 ns simulation. In Figure 3.10B the torsion angles observed in

our simulations are plotted over the energy surfaces produced by Pedeboset al. [351]:

in contrast to both the previous simulation and NMR studies, there is considerable

variation in these dihedrals. The glycans predominantly occupy the global minima on

the energy surfaces, with the exception being the bacillosamine-asparagine linkage which,

in agreement with the MD presented by Pedeboset al., explores only local minima [351].

Pedeboset al. present average values for each linkage with associated SD [351];

whilst the mean values observed are similar in our simulations, the SDs for our values

are considerably greater as the distribution of these values is not always unimodal (Table

3.2, Fig. 3.10; Appendix I, Fig. A.5). Slynko et al. present only 20 structures for the

glycosidic torsions [352], and Pedeboset al. present 1� 200 ns MD for a single glycan

[351]. The data presented here are collected across 1.5� s of simulations (15,000 frames,

each with 6 glycans, for 90,000 heptasaccharide conformations). The greater variation

in our results is likely due to this increased sampling of the conformational landscape.

We also note the use of a di�erent force�eld (united-atom, GROMOS 53A6/GROMOS

53A6GLY C [353{355]) which may subtly a�ect the conformational space available to

each glycan.
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Figure 3.10: Glycosidic torsion angles explored by theN -glycans. (A) Examples of torsion
angles� and  highlighted on the chemical structure of the heptasaccharide.(B) Scatter plot
of the � and  values for each unique glycosidic linkage in the heptasaccharide, plotted in green
atop the free energy contour plots generatedvia metadynamics simulations by Pedeboset al
(adapted from Ref. [351]). The mean value� the standard deviation observed for each linkage
in Ref. [351] are plotted as pink rectangles.

Torsion  / � � / �

Bac-Asn -55 � 55 117 � 9
GalNAc1-Bac 71 � 18 -150 � 31

GalNAc2-GalNAc1 97 � 15 -96 � 19
GalNAc3-GalNAc2 94 � 15 -99 � 20
GalNAc4-GalNAc3 96 � 21 -105 � 27
GalNAc5-GalNAc4 97 � 13 -94 � 18

Glc-GalNAc3 -72 � 16 -133 � 16

Table 3.2: Average values of the glycosidic torsion angles� ,  , over the equilibrium simulations
with associated SD.

3.3.4 Cation Binding Sites

Cation binding sites have been identi�ed in TolC and OprM [356, 357], and simulations

have shown that for the coiled-coil of the WT proteins to openin silico these cations must

be removed from the system [322, 326]. Cations have also been identi�ed aspotential

orthosteric inhibitors of OMFs due to their strong coordination by th e conserved rings

of acidic residues in the coiled-coil domain [317, 356, 358]. Here we identify regions

within CmeC that display substantial cation density in equilibri um simulations and

observe cations contributing to the closed conformation of the coiled coil domain.

Initially, solvated potassium ions were expected to be the prime candidate for cation

coordination within the channel, however very little K + density was identi�ed within

CmeC. Unlike previous simulations studying OMF dynamics, which used symmetric

phospholipid bilayers and Na+ and Cl� ions in solution, this model included LOS in the
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outer lea
et with cross-linking divalent Ca 2+ , in addition to K + and Cl� in solution.

Using the VMD plugin VolMap, Ca 2+ density was identi�ed within the channel across

the equilibrium simulations (Fig. 3.11A). During equilibration and pr oduction stages,

Ca2+ ions escape the LOS headgroups, and due to PBCs were able to enter the protein

from both the extracellular and periplasmic ends. Due to the increased Coulombic

attraction between Ca2+ and the carboxylate residues compared to K+ , calcium ions

coordinated preferentially. The density is primarily situated proximal to acidic residues

D413, E416, E353, E107, D86, and D77. Table 3.3 lists the proportion of equilibrium

trajectory frames in which a calcium ion was coordinated by each of these acidic residues

(in at least one protomer).

Figure 3.11: Acidic residues within the channel coordinate calcium ions.(A) Ca2+ density
(yellow surface) is located close to acidic residues within CmeC. Considerable density was found
near residues D413, E416, E353, D77, D86, and E107.(B) Acidic residues above the coiled-coil
region coordinate Ca2+ in a 1:1 stoichiometry. Here, two calcium ions (yellow spheres) are
bound to two of the three E353 residues.(C) The calcium ions bound to E416 see drastic
changes in hydration as 1 (green), 2 (yellow) or 3 (red) acidic residues coordinate a single
ion. Coordination is coupled with the triangular cross-sectional area: as more E416 residues
coordinate, the Triangular Cross-sectional Area (TCA) de�ned by the E416 C� atoms decreases.
TCA in the XRD structure shown as a dashed black line.

Residue
% Frames coordinated

� % p-value
Eqm. MD CDCA SMD

D413 62 72 +10 0.266
E416 96 99 +3 0.007
E220 16 26 +9 0.267
E107 91 97 +6 0.071
E353 89 92 +3 0.380
D86 24 42 +18 0.214
D77 32 91 +59 0.002

Table 3.3: Proportion of MD trajectory frames in which selected CmeC residuescoordinate
Ca2+ , with statistical signi�cance of the change in percentage occupancy.

Calcium ions may be coordinated by up to three acidic residues simultaneously, one
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from each protomer. For aspartate/glutamate residues in the� - and � -barrel regions of

the protein (e.g. E353), the internal diameter of CmeC is such that an acidic residue

from only one protomer can coordinate a single calcium ion at any given time (Fig.

3.11B). By contrast, the lower coiled-coil region is su�ciently narrow that acidic residues

from multiple protomers can coordinate the same Ca2+ ; in all replicates, two E416

residues consistently coordinate a single Ca2+ , and occasionally all three residues will

coordinate this central ion (Fig. 3.11C). This additional level of coordination results in

calcium ions remaining bound in this region for hundreds of nanoseconds ata time.

We note here that previous studies have identi�ed systematic overestimation of

protein-ion a�nities for cations in the CHARMM force �elds using single -point cation

models [359, 360]. Updates to the force �eld in 2020 attempted to rectify this by

increasing the Lennard-Jones parameter,� , for carboxylate-cation interactions [361].

A similar change to non-bonded parameters was shown to improve binding a�nities

dominated by cation-� interactions [362]. We have used the CHARMM36m force �eld

with these updated Lennard-Jones parameters which, to our knowledge, is appropriate

for the scope of this work.

Coordination of Ca2+ by acidic residues near the periplasmic entrance causes a

contraction in the TCA de�ned by C � of the E416 residues (TCAE 416, Fig. 3.11C). The

increased coordination is also re
ected in the reduced solvation sphere (number of water

molecules with at least one constituent atom within 3 �A of the Ca2+ centre of mass)

for the bound calcium. Ca2+ in CHARMM36m using modi�ed TIP3P water displays

an average solvation sphere of 7{8 water molecules, in agreement with experimental

data [363]. Coordination to one, two, or three acidic residues within CmeC results in

solvation spheres of 5{6, 4{6 and 2{3 water molecules, respectively (Fig. 3.11C).

To further assess the link between this coordination and tight periplasmic constriction,

additional simulations were undertaken in which the cations within the channel were

removed. When only Ca2+ ions were removed and remaining calcium ions restrained to

prevent re-entry, there was a small increase in the average TCA (Table 3.4). In these

simulations, K+ can be coordinated at sites previously occupied by Ca2+ . This includes

the rings of acidic residues at the periplasmic constriction;in lieu of Ca2+ , K+ ions can

hold the coiled-coil in a closed conformation.

Eqm. sims Ca 2+ removed Ca 2+ and K + removed

TCA E 416 / �A 2 63.4 � 3.8 67.1� 4.2 115.4� 9.5

Table 3.4: Average TCAE 416 (with associated SD) over the equilibrium simulations with
cations and with cations removed. For equilibrium simulations, TCA is calculated from the
�nal 100 ns over the three replicates. For systems where cations havebeen removed, TCA is
calculated from the �nal 20 ns over the two replicates.

When both K + and Ca2+ were removed and all remaining cations restrained, there

was a large increase (+82%) in the average TCA (Table 3.4; Fig. 3.12A) as there is no

longer a central cation holding the coiled-coil tightly closed. This isalso re
ected in

the pore radius pro�le (Fig. 3.12C). This increase is consistent with simulation studies

in which the removal of Na+ in the coiled-coil of TolC/OprM caused an increase in
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TCA at D374 and D416 (equivalent to E416 in CmeC), respectively [322, 326]. This

increase is driven by the outwards motions of H8 and H9, as shown in Fig. 3.12B. For

further opening of the coiled-coil in an iris-like fashion, interprotomer interactions must

be disrupted [324, 325]; as with the equilibrium simulations, no correlated disruption of

interprotomer (or intraprotomer) hydrogen bonding networks in the coil ed-coil domain

was observed. These data further reinforce the hypothesis that theperiplasmic entrance

of OMFs is regulated both by interprotomer interactions [324, 325] and by cations [319,

326].

Figure 3.12: Cation removal allows the coiled-coil domain to open.(A) Timeseries of TCAE 416

when only calcium ions are removed from the channel and remaining calcium ions restrained
(pink), and when all cations within the channel are removed and all remaining cations restrained
(yellow). Removing all cations within the channel allows the coiled-coil to open. (B) Porcupine
plot indicating the direction and magnitude of motion between the init ial, closed conformation of
CmeC to the most open structure observed in these simulations (Ca2+ & K + removed, replicate
1 at t = 36.5 ns). Bottom-up view of the coiled-coil domain. Colour scale from 0.06 �A (green) to
12.13�A (red). (C) Channel radius pro�le for the most open conformation, with the XRD pro�le
for comparison. The channel radius at the periplasmic entrance has increased considerably.(D)
Bottom-up view of the periplasmic entrance to CmeC in the initial equilibrated conformation
(left) and the most open conformation (right). Distances between E416 C� atoms of E416
residues displayed (�A)

3.3.5 Substrate Translocation

CmeABC is known to extrude a variety of structurally unrelated compounds, including

various antibiotics and bile salts [115, 172, 364{366]. To investigate the translocation of

substrates through CmeC, SMD was used to pull the macrolide antibiotic erythromycin

(therapy of choice [163] for campylobacteriosis) and the bile acid CDCA (commonly

found in avian species [175]) through the channel.

Both substrates successfully entered and translocated the channel with the aid of

the external pulling force. Force pro�les for both substrates indicate that entry is
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the greatest barrier to translocation (Fig. 3.13A). The force required to pull CDCA

is greater than that for erythromycin by approximately 50%, despite erythromycin

being a larger molecule. Erythromycin is polar but uncharged in solution, whereas

CDCA becomes deprotonated, yielding a net negative charge. This is re
ected in the

electrostatic potential pro�les shown in Fig. 3.13B, C. The periplasmic constriction is

primarily acidic residues and the interior surface of CmeC is `strikingly electronegative'

[171] (Fig. 3.1C); CDCA faces a greater barrier to entry in the form of electrostatic

repulsion.

Figure 3.13: Pulling force and desolvation of substrates during SMD.(A) Top: Average force
pro�le for the translocation of each substrate with associated SD, withaverage HOLE pro�le for
reference. Bottom: Average hydration pro�les for the substrates as theytranslocate the channel
with associated SD, with the HOLE pro�le for reference. Average hydration shell population
in bulk solution indicated for each substrate as a vertical dashed line. (B, C) Electrostatic
pro�les for erythromycin and CDCA, respectively. Regions of positive potential are shown in
blue, regions of negative potential in red.

We did not observe either substrate to enter the channelvia the centre of the

constriction, but instead these molecules entered in gaps de�ned by the periplasmic

ends of helices H4, H5, H8 and H9 (Fig. 3.14A). This resulted in a temporary increase

in TCA as helices moved to accommodate the substrate (Fig. 3.14B). Despite this, the

translocation of the substrates did not appear to a�ect the intra- and int erprotomer

hydrogen bonding networks, though E416-Ca2+ coordination was disrupted: as the

substrates move through this constriction, H9 moves outwards and the glutamate

residues from di�erent protomers are separated, such that at most one E416coordinated

a calcium ion during this time.

When simulated in bulk solution, erythromycin has an average solvation sphere of

� 57 water molecules, and that of CDCA is� 39 waters. These solvation shells increase

the e�ective radius of the substrates: to enter and translocate thechannel the substrates
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must shed water molecules. The decrease in water molecules around each substrate is

linked to the pore radius: at the narrowest constriction point, the average number of

water molecules around erythromycin decreases by 35%, and around CDCA by49%

(Fig. 3.13A; Appendix I, Fig. A.4). As the channel increases in radius, hydration

increases for both substrates, though the solvation sphere contains fewer waters than in

bulk solution at all points during translocation.

3.3.6 Substrate Orientation Preference

It has previously been shown that OMPs can enforce orientation requirements for

substrate passage [123, 253]. By overlaying every nth frame from the SMD trajectories,

the orientation of each substrate during translocation can be visualised. Erythromycin

shows no clear preferences/requirements in the SMD simulations: there are no regions

within CmeC in which erythromycin displays a consistent orientation (Fig. 3.14C).

Erythromycin is polar, but uncharged at physiological pH. Its polar functi onal groups

(hydroxyls, esters, amine) are distributed across the molecule (Fig. 3.2B,C; Fig. 3.13B).

As such, erythromycin is capable of hydrogen bonding with channel-lining residues

regardless of its orientation, thus showing no clear preferences.

CDCA has only three polar groups: two hydroxyl groups, and a carboxylicacid

moiety which is deprotonated at physiological pH. The resulting anionic carboxylate will

therefore dominate interactions between CDCA and the electronegative interior surface

of CmeC. Across the nine SMD simulations in which CDCA is pulled through CmeC,

CDCA shows orientation preference at several positions wherein thecarboxylate moiety

of the molecule orients towards the side chains of channel-lining residues (Fig. 3.15A).

Counter-intuitively, these regions of preferred orientation correlate with the positions of

acidic residues lining the channel. This is explained by the presence of the multivalent

Ca2+ ions: the carboxylate moieties of both CDCA and aspartate/glutamate residues

can simultaneously coordinate a single Ca2+ (Fig. 3.15B, C). Across the 9 trajectories,

CDCA coordinated Ca2+ in 64% of frames, with an average coordination lifetime of 3.6

ns (maximum lifetime of 23.5 ns, Fig. 3.16A). 21% of these coordination interactions

were transient (lasting less than 0.5 ns). In turn, these CDCA-coordinated calcium ions

were found to be simultaneously coordinated by acidic residues lining CmeC in 20%

of the total frames. When these CDCA-Ca2+ -ASP/GLU interactions are broken on

CDCA translocation, CDCA abstracts the calcium from the acidic linin g residue in

67.7% of unbinding events.

The presence of CDCA within the channel also appears to promote the coordination

of Ca2+ by acidic lining residues: as shown in Table 3.3, the proportion of frames in

which a Ca2+ is coordinated is increased in the SMD trajectories compared to the

equilibrium simulations. While these changes are statistically signi�cant for D77 and

E416 (p-values< 0.05) larger data sets are needed to con�rm whether the increase in

ion coordination is a general phenomenon or speci�c to some sites. We notethat E416

is part of a ring of acidic residues at the periplasmic entrance that isconserved across

OMFs, while D77 is not conserved.
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Figure 3.14: Translocation of Erythromycin through CmeC. (A) Entry of erythromycin
(overlaid transparent structures) occurs between the coiled-coil helices rather than through the
central constriction de�ned by the side chains of the E416 residues.This entry pathway is also
observed for CDCA. (B) Timeseries of TCAE 416. Erythromycin enters the channel within the
�rst 35 ns, which disrupts the coordination of E416 residues to the central calcium ion, causing
the protomers to move apart and the TCA to increase. When erythromycin has passed this
constriction region the TCA returns to a value below that in the x-ra y structure as multiple
E416 residues coordinate a central calcium ion.(C) Cutaway of CmeC with every 5th frame
for erythromycin from three replicates overlaid. Erythromycin di splays no clear orientation
preference on translocation.

We do observe salt bridges between CDCA and the basic residues lining CmeC,

though only in 6.3% of trajectory frames (Fig. 3.16C). Basic residues are found

predominantly in the � - and � -barrel domains (Fig. 3.1C): by the time CDCA reaches

these basic residues it is often already coordinating a calcium ion. Additionally, the

basic residues are often positioned close to an acidic residue, wheretheir side chains

become less readily available to translocating substrates by engagingin intramolecular

salt bridges.

Full umbrella sampling with adequate convergence for the calculationof a potential of

mean force pro�le was deemed unfeasible for a channel of this length and width. Instead,

several equilibrium simulations were initiated from snapshots with CDCA within the

channel to further assess CDCA-CmeC interactions. A separation of approximately 1 nm

was used between windows, with additional replicates where an orientation preference was

observed in SMD. In these equilibrium simulations a similar trend in interactions with

the acidic lining residues is observed. Over the 23 equilibriumsimulations (totalling 2.78

� s) CDCA coordinates Ca2+ in 78% of frames, with 39% of the total frames displaying
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Figure 3.15: Translocation of CDCA through CmeC.(A) Cutaway of CmeC with every 5th

frame for CDCA overlaid from one representative SMD simulation (sticks, coloured by element,
with carboxylate oxygens shown as spheres). CDCA displays orientation preference in several
regions, generally when close to acidic lining residues.(B) A snapshot from SMD, CDCA
can coordinate Ca2+ ions that are bound to acidic residues within the channel. They can
simultaneously hydrogen bond to nearby basic residues. (C) A snapshotfrom an equilibrium
simulation. CDCA coordinates a Ca2+ bound at the periplasmic entrance. This interaction
with the tightly bound calcium is much longer-lived than interaction with bound calcium ions at
wider points in the channel. (D) A snapshot from SMD. CDCA coordinates an aspartate-bound
calcium as it translocates. (E) A snapshot from an equilibrium simulation. In this replicate
CDCA did not coordinate a calcium ion, instead forming a salt bridge with K444 multiple times.

Figure 3.16: Lifetime of interactions between CDCA and Ca2+ , acidic residues, and basic
residues. Horizontal black lines indicate observations, shaded areas indicates kernel density
estimates. (A) CDCA-Ca2+ interactions. (B) CDCA-Glu/Asp interactions, mediated by Ca 2+

ions. (C) CDCA-Lys/Arg interactions.

a calcium ion coordinated to both CDCA and an acidic residue simultaneously.

The mean lifetime of CDCA-Ca2+ coordination is 28 ns, with coordination lifetimes
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of up to 151 ns were observed (Fig. 3.16B). Around a third of these interactions

were transient. In turn, these CDCA-coordinated Ca2+ ions are also coordinated by

ASP/GLU residues: on average, CDCA remains coordinated to the GLU/ASP-bound

calcium ions for 7 ns. A maximum lifetime of 106 ns was observed wherein CDCA

coordinated a calcium bound to the D413 residues at the periplasmic entrance (Fig.

3.15C); the four replicates that included this interaction or the analogousinteraction

with E416 saw an average lifetime of 22 ns, with CDCA coordinating this tightly bound

calcium in 80% of frames. When CDCA-Ca2+ -GLU/ASP interactions are disrupted,

the calcium ion can remain bound to the GLU/ASP residue, or be abstracted byCDCA.

In 61.4% of unbinding events CDCA abstracts the calcium.

Interaction with basic residues is observed, though again these interactions are less

prevalent (6.2% of frames) and shorter-lived (Fig. 3.16C). The interaction with basic

residues is transient and/or occurs simultaneously with coordination to a calcium and

nearby acidic residue in the majority of cases (Fig. 3.15B). The exception is a single

equilibrium simulation in which the starting conformation places CDCA (without a

coordinated Ca2+ ion) proximal to K444 (Fig. 3.15E). In this case CDCA is initially

free in solution within the channel. It interacts with K444 multip le times across

the simulation (average lifetime of 17 ns), and is not observed to coordinate Ca2+ .

However, orientational preference around this basic residue was not observed in the

SMD simulations; the signi�cance of this interaction remains to be determined.

3.3.7 Speculation: An Acidic Ladder for an Anionic Substrate?

Taking these results in combination, we can begin to build a picturefor how the anionic

CDCA translocates this predominantly anionic channel. Equilibrium MD showed that

acidic residues coordinate Ca2+ from solution, partially neutralising the anionic channel

lining. In SMD, the CDCA carboxylate moiety is observed coordinating bound Ca2+ , as

well as calcium ions in solution, resulting in several regions of preferred orientation in the

channel. CDCA often abstracts this Ca2+ on translocation (67.7% of unbinding events in

SMD, 61.4% in equilibrium MD). We propose that CDCA can utilise multi valent cations

to climb the ladder of acidic residues lining the CmeC interior. There is precedence for

such a ladder mechanism in the translocation of arginine through the OMPOprD ( P.

aeruginosa) [253]: SMD, docking, and equilibrium MD revealed distinct orientational

requirements along the permeation pathway in which the carboxylatemoiety of free

arginine interacted with a previously-identi�ed ladder of arginine residues. We note

that while CDCA does not display orientational requirement for translocation, there

are clear areas of preference observed in all SMD replicates that suggestcoordination to

protein-bound calcium ions is important.

3.4 Limitations

As with any simulation study, adequate sampling is of concern. Even after 500 ns,

CmeC has not reached an equilibrium conformation in any replicate (Fig. 3.3A). Longer
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simulations are required to reach equilibrium, but given the large system size it is unclear

how long this may take: even when a replicate was extended to 1.25� s the RMSD was

still rising. However, PCA indicates that the equilibrium simul ations sampled di�erent

conformational states, unique from the XRD structure; we have begun toexplore the

conformational landscape of this system.

We have simulated CmeC as an isolated membrane protein, whenin vivo this

protein would be coupled to the PAP CmeA, and likely interacts with PGN [333]. OMFs

are known to adopt a closed state when not coupled to their PAP partner toavoid

uncontrolled movement of species into and out of the cell; in the presence of cations only

the closed state is observed. CmeC may also interact with other OMPsor e�ux systems

[350] which have been omitted. Additionally, despite using an LOS outerlea
et our

model still falls far short of the in vivo complexity. The phospholipidome ofC. jejuni

has been demonstrated to contain> 200 lipid species, a substantial proportion of which

are lysophospholipids [7]. Such lipids may in
uence protein structure and dynamics but

have not been included here. The modelling and inclusion of lysolipids is discussed in

Chapters 4 and 5.

When initialising the system the `default' protonation states were assumed for all

residues at pH 7,i.e. all aspartates/glutamates are deprotonated, and all lysine/arginine

residues are protonated. As conventional force �elds cannot account for bond making and

breaking, no protonation/deprotonation events may take place during the simulations.

However, changes in protonation states of channel-lining residues maybe important for

the translocation substrates, which have not been accounted for in this study.

When considering drug/small molecule translocation pathways, it is desirable to

compute free energies for unambiguous comparisons. We have performed several SMD

simulations and the temptation is to exploit the Jarzynski equality t o extract free energies

from force pro�les [367]. However, the large system size (� 106 atoms) [368], insu�cient

simulation lengths with only a single pulling rate [369, 370], and the importance of

electrostatics in protein-substrate interactions [369] precludes this.

3.5 Conclusions

The equilibrium simulations presented here show that CmeC behaves in a similar fashion

to other OMFs TolC and OprM. We observe a periplasmic gate which displays very little

dynamic nature, held tightly closed by cations and inter- and intraprotomer hydrogen

bonding networks, and a highly dynamic extracellular constriction in which extracellular

loops visit both open and closed conformations. TheN -glycans display greater 
exibility

than previous studies have suggested. Within the channel, severalacidic residues were

observed to coordinate calcium ions from solution and it was show that thecoordination

of cations in the coiled-coil contributes to the closed conformation of CmeC. SMD

showed that acidic sites lining the channel were areas in which theanionic substrate

CDCA displayed a clear orientation preference. CDCA was observed to coordinate the

bound calcium ions, and we propose that this substrate coordinates these calcium ions

to `climb' its way up the channel interior.
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3.6 Future Work

Future study could look to elucidate the translocation pathways of other known sub-

strates of the CmeABC system. The orientation and interactions of other anionic species

(e.g. 
uoroquinolone antibiotics) or cationic substrates would be of interest to further

investigate the `acidic ladder' we have observed.

The N -glycan trajectories generated here could be of use for future model parame-

terisation. Coarse-grained force�elds such as MARTINI are often used to increase the

timescales accessible through simulation and to enhance sampling by smoothing the

energy landscape of the system. However, parameterisation of these force�elds is often

di�cult where experimental data is sparse. All-atom and/or united-atom trajectories

are often used as a benchmark for parameterisation e�orts [371{373]; the glycan data

generated in this chapter (and Chapter 5) could be used to aid in the parameterisation

of glycans models in the MARTINI force�eld.

Finally, we could look to increase the complexity of the system by including lysophos-

pholipids in the periplasmic lea
et and osmolytes in the periplasmic space, both of which

may a�ect membrane properties and protein dynamics. Molecular crowding within the

periplasm has recently been shown to signi�cantly impact interactions between species

within the system [374]. Further to this, other proteins would be included, such as the

major OM porin, MOMP [375, 376] and other OMFs such as CmeD of anotherC. jejuni

RND system, CmeDEF [350]. Finally, the other components of the e�ux machinery,

the inner membrane, and the cell wall could be included; this is discussed in Chapter 6.
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4 j Atomistic Modelling of C. jejuni

Lysophospholipids

All models are wrong but some are useful.

George E. P. Box

Abstract

Lysophospholipids are an important class of lipids in both prokaryotic and eukaryotic

organisms. These lipids typically constitute a very small proportion (< 1%) of the

bacterial lipidome, but can comprise 20-45% of theC. jejuni lipidome under various

growth conditions. It is thus of importance to include these lipids in model C. jejuni

membranes for an accurate representation of the lipidic complexity of these systems. In

this chapter, we present atomistic models for four lysolipids from the C. jejuni lipidome,

each derived from existing phospholipid models in the CHARMM36m force�eld. Herein

we evaluate the ability of these models to reproduce the expectedmicellar, hexagonal,

and lamellar phases of this lipid family at varying levels of hydration. Mixtures of

phospholipids and lysophospholipids emulating the WT lipidome under ideal growth

conditions were found to self-assemble into bilayers in solution.The properties of these

mixed bilayers were compared to those containing only phospholipids: we show that

the presence of the selected lysophospholipids causes a subtle thinning of the bilayer

and a reduction in area per lipid, but no signi�cant di�erence in li pid di�usion was

measured. Finally, we show that lysophospholipids facilitate the formation of pores in

the membrane. Our simulations reveal that lysophospholipid-containing bilayers are

more susceptible to electroporation than those containing only phospholipids.

4.1 Introduction

4.1.1 Lysophospholipids: Synthesis & Function

The default assumption when referring to phospholipids is a molecule with a hydrophilic

(charged/polar) headgroup connected totwo hydrophobic acyl tails via a glycerol

3-phosphate group (Fig. 1.2, 4.1). However, phospholipids may have an additional

acyl chain, or may have just one tail; these lipids are termed acylphospholipids and

lysophospholipids (LPLs), respectively. LPLs are intermediates in phospholipid synthesis:
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acyl tails are added to the glycerol 3-phosphate headgroup precursor in a step-wise

fashion by acyltransferase proteins [377] (Fig. 4.1). These lipids are alsometabolites of

phospholipid degradation [127]. There are several processes resultingin the hydrolysis

of phospholipids in the Gram-negative cell envelope, including: transfer of a palmitoyl

tail from Phosphatidylethanolamine (PE) phospholipids to lipid A by P agP [378]; host

cell sPLA2 phospholipase proteins degrading lipids in the OM [379]; and transfer of acyl

tails from phospholipids to mature lipoprotein N-termini by Lnt [380].

Figure 4.1: LPLs are generated as intermediates in phospholipid biosynthesis and as byproducts
of phospholipid degradation.

LPLs are known to be important in signalling, lipid raft formation, and memb rane

remodelling (induced curvature a�ecting the assembly and function of membrane

proteins) in eukaryotes [381]. The exact role(s) of LPLs in bacteria remains poorly

understood, though they are thought to be involved in bacterial survival and invasion

[381, 382]. Diverse mixtures of lipids likely aid bacteria in maintaining their shape,

which in turn is important for function, e.g the helical shape ofCampylobacter and

Helicobacter is important for motility in the gut [383]. LPLs have been shown to

constitute a substantial proportion of the C. jejuni lipidome, with a small proportion of

acylphospholipids also present [7]. This is in contrast to most other bacterial species,

where LPLs are typically found in concentrations below 1% [127]. Under idealgrowth

conditions the C. jejuni lipidome was shown to contain 45% PG, 28% PE, 16% lysoPE,

4% PX (unknown headgroup), 3% lysoPG, 2% PA, and 1% acylPG [7]. Under stress

conditions (high or low [O2]) the proportion of LPLs increased to as much as 45% [7].

It is hypothesised that this high lysophospholipid content may be due to the absence of

the LplT-Aas `phospholipid repair' system in C. jejuni [7]: LplT proteins translocate

LPLs across the IM of Gram-negative bacteria where they can be re-acylatedby the

acyltransferase protein Aas on the cytoplasmic face of the membrane [127, 384, 385].

Without this system, LPLs can accumulate in the membranes of the bacterium. LPLs

are thus of interest for modelling a biologically relevantC. jejuni membrane.
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4.1.2 Lipid Geometry

As well as having varied chemical properties, phospholipid molecules can adopt a range

of shapes based on their headgroup, the number of acyl tails, tail length, and tail

saturation. This in turn a�ects the assemblies these lipids can form. The shape of a

lipid can be described by its Critical Packing Parameter (CPP) [386]:

CPP =
V

a0 � lc
(4.1)

where V is the volume of the hydrophobic tail(s); a0 is the optimal headgroup area;

and lc is the length of the hydrocarbon tail. V and lc can be derived analytically as

they are dependent only on the number of carbon atoms in the hydrophobic tail(s)

[387]. The determination of a0, however, is non-trivial. This value is usually resolved

experimentally, though di�erent methods can yield disparate results [388, 389]. MD

simulations of lipid monolayers have recently been used to quantify a0 [390]. While

the shapes of the lipid species were generally in agreement with theknown geometries,

quantitative agreement between calculated and experimentally-determined values fora0

(and subsequently CPP) was limited [390].

Figure 4.2: Lipid shapes and resulting aggregates. Adapted from Ref. [391].(A) Visualisation
of the parameters de�ning the Critical Packing Parameter, CPP (Eq. 4.1). (B) Approximate
thresholds for the value of CPP for geometry classi�cation [392].(C) Aggregates arising from
lipids of di�erent geometries. (D) Examples of lipids of the described geometries.

The geometry of individual lipid molecules, de�ned by the CPP, largely determines

their resulting aggregates in aqueous solution (Fig. 4.2). LPLs have a singleacyl tail:

due to the reduced ratio ofV to a0lc these lipids are of a conical geometry and typically

self-assemble into micelles in solution [386, 393{395]. Pure LPLs are non-bilayer-forming

lipids under physiological conditions [396]. However, LPLs can stabilise membranes

containing multiple lipid types via shape complementarity, for example in a bilayer

rich in inverted conical lipids such as cardiolipin [397]. Conversely, LPLs can disrupt
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membranes as they display detergent-like character, increasing the permeability and

decreasing the integrity of phospholipid bilayers [398{400].

Assemblies can also be a�ected by pH, salt concentration, temperature,hydration

level, and the presence of divalent cations [394, 395, 401]. Phase diagrams relating

temperature and hydration have been resolved for some LPLs [395]: the phasediagrams

for 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphatidylcholine (lysoPC(16:0) ) and 1-stearoyl-

2-hydroxy-sn-glycero-3-phosphatidylcholine (lysoPC(18:0) ) are shown in Fig. 4.3 [402].

In excess water but at concentrations above the critical micelle concentration, lysolipids

will typically self-assemble into micelles (MI phase). As the level of hydration decreases,

di�erent phases are known to form. For the lysoPC lipids shown in Fig. 4.3, hexagonal

(H I ) and cubic (QI ) phases form as the ratio of water to lipids decreases. At even greater

levels of dehydration, lamellar (L� , Lc) phases can form. Similarly, at low temperatures,

lysoPE has been shown to achieve a metastable interdigitated lamellargel phase [393,

394].

Figure 4.3: Phase diagrams for lysoPC lipids [394], adapted from Ref. [395]. LC , solid
crystalline phase; L� , liquid crystalline (
uid) bilayer phase; Q x

I , cubic phase; HI , hexagonal
phase; MI , micellar phase. (A) Structure and phase diagram of 1-palmitoyl-2-hydroxy-sn-
glycero-3-phosphatidylcholine (lysoPC, 16:0).(B) Structure and phase diagram of 1-stearoyl-2-
hydroxy-sn-glycero-3-phosphatidylcholine (lysoPC, 18:0). Both of these LPLs aggregate into
micelles in excess water, but form hexagonal, cubic, and lamellar phases when the water content
(CW ) is reduced.

4.1.3 Lipid Modelling

Due to time constraints and a lack of readily available models, LPLs wereomitted in the

asymmetric bilayer system in the previous chapter. However, dueto their wide-ranging

e�ects on membranes and proteins [403, 404], as well as their high concentration in the

lipidome [7], we feel it important to include this family of lipids i n further C. jejuni

membrane models. Four of the most abundant LPLs were selected from theC. jejuni

lipidome [7] for modelling: lysoPE (16:0, 18:1, and 19:0c) and lysoPG (18:1) (Fig. 4.4).

The development of parameters for individual molecular models is ordinarily an iterative

process that can be automated given appropriate reference data [405]:

1. Generate an initial guess for parameters of the molecular model;

2. Simulate the model under relevant conditions;

74



Chapter 4: Modelling Lysophospholipids

3. Compare properties derived from the simulations to macroscopic experimental

observable properties (e.g Area Per Lipid (APL), tail order parameters) or ab

initio calculation reference data;

4. Update parameters to improve the �t of the model to experimental/Quan tum

Mechanical (QM) data;

5. Repeat steps 2-4 until the model is converged.

However, experimental data for all but the most common lipid species is generally

sparse; to the best of our knowledge, there is no experimental data available to iteratively

improve any models we generate speci�cally relating to the selected lipids. It is also

important to note that QM data alone is insu�cient for parameterisation of l arge

biomolecules [406]. Whileab initio data is useful to parameterise quantities such as

dihedral energy surfaces and optimal bond lengths, it cannot accurately capture non-

bonded parameters relevant to Lennard-Jones potentials and electrostatics, which are

key for capturing phase behaviour. We will therefore look to qualitatively validate

our models against general properties of lysolipids. To this end we have produced

models for four LPLs by modifying existing, experimentally validated lipid models in

the CHARMM36m force �eld, with the aim to generate more diverse bilayers that better

represent the complexity of WT C. jejuni membranes. Here we have tested these models

via aqueous self-assembly simulations and by evaluating their e�ects on the properties

of phospholipid bilayers.

Figure 4.4: Structures of the lysolipids modelled. Three lysoPE lipids and one lysoPG lipid
were selected from theC. jejuni lipidome.
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4.2 Methods

All MD simulations were performed in the CHARMM36m force �eld [188, 334] with

modi�ed TIP3P water [215] in GROMACS 2021.5 [205, 206]. LINCS was employed

to constrain all hydrogen to heavy atom bonds [229]. Long-range electrostatics were

treated using PME [202] with a cut-o� of 1.2 nm. Van der Waals interactions were

smoothed to zero between an inner cut-o� of 1.0 nm to a �nal cut-o� of 1.2 nm. Analyses

were performed using GROMACS, MDAnalysis, and LiPyphilic utilit ies [335{338, 407].

Molecular graphics were generated in VMD 1.9.4a55 [339]. Where necessary, aggregates

that were split across PBC were reassembled using FixBox [408].

4.2.1 Model Generation

Models for the selected LPLs were derived from existing, validated phospholipid models

in the CHARMM36m force�eld [195, 409]. LysoPE lipids were generated by modifying

the POPE and PMPE models; lyso-PG was generated by modifying the POPG model.

In each case, the relevant lipid tail was removed, and the linking ester group replaced

with a hydroxyl group. Parameters for the O-H bond and hydroxyl hydrogen were

taken from the CHARMM36m model for the lysolipid 1-myristoyl-2-hydrox y-sn-glycero-

3-phospho-(1'-rac-glycerol) (LMPG), which has a saturated C14 tail. Where necessary,

the partial charge of the headgroup phosphorus atom was modi�ed (at most� 0.08e) to

yield the correct net integer charge across the molecule. The resulting molecular models

were each energy minimisedin vacuo in 5,000 steps using steepest descent [246].

4.2.2 Self-Assembly Simulations

How the LPLs assemble in solution was assessed by simulating the lipidsin water boxes.

Lipid molecules were placed randomly in a simulation box using the GROMACS utility

insert-molecules , with neutralising counterions (K + ) plus additional KCl in solution

(50-150 mM depending on the system). Several setups were explored, detailed in the

following subsections. The contents and initial unit cell sizes ofall simulated systems

are detailed in Appendix I (Section A.3.1).

4.2.2.1 Small Single-Lysolipid Systems

In the �rst setup, each box contained 140 lysolipid molecules, plus ions and water

molecules such that the ratio of lipids to water was 1:50 (Water weight fraction (CW )

� 0.65-0.7), CW = 0.4, or CW = 0.1. Three unique boxes were generated for each lipid

at each concentration. Systems were energy minimised in 5,000 steps (steepest descent

[246]). This was followed by NVT and NPT equilibration stages. In the NVT stage,

the system was coupled to a heatbath at 315.15 K using the velocity rescale thermostat

[234] (� T = 1.0 ps) for 100 ps (� t = 2 fs), with position restraints of 20 kJ mol � 1 nm� 2

applied to all lipid heavy atoms. The NPT stage introduced pressure coupling via the

isotropic Parrinello-Rahman barostat [237, 238] to bring the system to a targetpressure
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of 1 bar (� P = 2.0 ps; � = 4 :5 � 10� 5 bar� 1). This stage also lasted 100 ps (� t = 2

fs). The above temperature coupling was maintained during the NPT stage. Each of

these systems was then simulated at 315.15 K (velocity rescale thermostat; � T = 1.0 ps)

under the isotropic Parinello-Rahman barostat at 1 bar (� P = 2.0 ps; � = 4 :5 � 10� 5

bar� 1). Simulations lasted 1 � s for excess water (CW 0.65/0.7), and 1.5 � s for CW of

0.4 or 0.1. One replicate for each lipid at CW 0.1, 0.4 was extended to 2� s.

4.2.2.2 Larger Single-Lysolipid Systems

To further probe the phases formed by single LPLs species in solution,larger boxes

containing more lipids were also simulated. For each lysolipid, three unique boxes were

generated containing: 500 lipid molecules; water such that CW was 0.7, 0.4, or 0.1;

counterions and KCl to 80-150 mM (system dependent). These larger systems were

energy minimised and equilibrated as described in Section 4.2.2. To allow the volume

and density of the box to stabilise, a 5 ns unrestrained isotropic simulation (conditions

as described for the production simulations in Section 4.2.2.1) was applied after the

NVT and NPT equilibration stages. Each system was then simulated under anisotropic

pressure coupling at 1 bar (Parrinello-Rahman;� P = 2.0 ps; � = 4 :5 � 10� 5 bar� 1).

Simulated annealing was applied to discourage `trapping' of the systemsin metastable

phases: each system was simulated at 315.15 K for 40 ns followed by 10 ns at 400 K

(velocity rescale; � T = 1.0 ps), cycling for 500 ns in total.

4.2.2.3 Small Mixed-Lipid Systems

To assess whether a mixed (containing both phospholipids and LPLs) bilayer would

form spontaneously, we repeated the above isotropic simulations (Section 4.2.2.1) with

phospholipids and phospholipid-lysolipid mixtures. Three unique systems were estab-

lished for each pure phospholipid species: 140 POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphatidic acid (POPA), or POPE molecules were each placed randomly in boxes with

50 water molecules per lipid, with counterions and salt (KCl) to 80 mM. These systems

were minimised, equilibrated, and simulated for 1� s under the conditions described in

Section 4.2.2.1. Three unique boxes containing a lipid mixture with20% LPLs were also

generated: molecules of POPG, POPE, POPA, and the four lysolipids were placed in

the simulation box in a 9:6:1:1:1:1:1:1 ratio. Solvation, minimisation, equilibration, and

production simulations (1 � s) were employed with the conditions described in Section

4.2.2.1.

4.2.3 Bilayer Simulations

The self-assembled 20% LPLs bilayer systems were tiled in a 3� 3 grid to yield larger

mixed bilayer systems. The three replicates were combined, re
ected in the xy plane

where appropriate to minimise bilayer asymmetry. A small gap was leftbetween these

tiles to avoid steric clashes. After energy minimisation (5,000 stepssteepest descent),

these gaps in the bilayer were closed using 2� 1 ns restrained NPT stages at 300 K
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(velocity rescale; � T = 1.0 ps). Position restraints were applied to the z coordinates of

lipid heavy atoms to allow only lateral translation, and the systems were coupled to heat

and pressure baths using the Berendsen regime [233] in both stages. A semi-isotropic

barostat was employed; a pressure of 1.2 bar was applied in thexy plane (� = 4 :5� 10� 3

bar� 1) to encourage compression, and a pressure of 1 bar was applied along thez-axis

(� = 4 :5 � 10� 5 bar� 1). Position restraints of 500 kJ mol� 1 nm� 2 were applied to the

P and C/N/O atoms of the lipid in the �rst nanosecond, and restraints of 200 and 50,

respectively, were applied in the second nanosecond. Once the gaps had been closed,

each bilayer was solvated in 150 mM KCl with additional neutralising counterions. Three

analogous bilayer systems of comparable size containing only phospholipids (POPG,

POPE, POPA in a 9:6:1 ratio) were generated using CHARMM-GUI Membrane Builder

module [124, 195].

All systems were energy minimised in 50,000 steps (steepest descent), then equi-

librated in two NVT stages followed by four NPT stages utilising the parameters

described in the previous chapter (Section 3.2.1). This was followedby 1 � s unrestrained

production simulation. Systems were coupled to a temperature bathof 315.13 K using

the Nose-Hoover thermostat (� T = 1.0 ps) and a pressure bath of 1 bar using the

semi-isotropic Parrinello-Rahman regime (� P = 5.0 ps; � = 4.5 � 10� 5 bar� 1).

4.2.4 Electroporation Simulations

Three mixed phospholipid-LPL bilayers were generated as described in the previous

section using a 2� 2 grid (4 tiles total) rather than a 3 � 3 grid. In this case, each bilayer

was generated from 4 copies of a single self-assembled bilayer replicate; two tiles were


ipped in the xy plane to generate fully symmetric bilayers. Three bilayers containing

only phospholipids were generated in the CHARMM-GUI Membrane Builder module to

be of comparable size to the 2� 2 mixed tiled systems. All bilayers were solvated in 150

mM KCl, minimised and equilibrated as described in Section 3.2.1, andsubjected to

100 ns unrestrained equilibrium simulation as described in Section4.2.3. An electric

�eld was then applied to each equilibrated system along thez-axis. Field strengths

of 0.100, 0.125, 0.150, 0.175, 0.200 V nm� 1 were applied, and the time taken for each

bilayer to electroporate was measured.

4.3 Results & Discussion

4.3.1 Micelle Formation in Excess Water

LPLs in excess water are known to form micelles (Fig. 4.3) [394, 395]. Our simulations

of the four modelled lysolipids are consistent with this observation. Each lipid model

was simulated in solution at CW of 0.65-0.7 in a small box (140 lipids) under isotropic

pressure coupling for 1� s. In most cases, approximately spherical micelles formed

(Fig. 4.5A). At the start of most production simulations, multiple mice lles form as the

hydrophobic tails aggregate; usually this was two micelles, each containing approximately

half of the lipids (Fig. 4.5B). As the simulation progresses, these aggregates combine
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to form a single micelle containing all 140 lysolipids that is roughly spherical in shape

(Fig. 4.5C). In two simulations, a single micelle containing all of the lipids formed

immediately. In eight of the twelve simulations, these spherical micelles were maintained

for the remainder of each simulation.

Figure 4.5: Formation of micelles in solution. Snapshots from lysoPE(19:0 c) R1, 50 waters per
lipid, isotropic pressure coupling. Lipids shown in surface representation, coloured by element.
Unit cell shown with black lines. Water and ions omitted for clarity. (A) Initial solution of lipids,
water, and ions. (B) Lipid tails aggregate to form multiple (2) smaller micelles. (C) Smaller
micelles combine to form a single large spherical micelle.(D) Lipid bridges form between one
side of the micelle and the opposite side in the adjacent periodic image. (E) Bridged micelles
rearrange to form cylindrical micelles that are continuous across periodic boundaries.

In some cases (3� lysoPE(19:0c) replicates and a single lysoPE(18:1) replicate), where

the shape of the lysolipid was less conical, cylindrical micelles formed. As with the

other replicates, these simulations initially proceedvia spherical micelle aggregates (Fig.

4.5A-C). One side of the micelle then interacts with the other throughits periodic image

allowing lipid bridges to form; a single cylindrical micelle formsover periodic boundaries

(Fig. 4.5D,E).

Further simulations of these lipids in solution in a larger box (500 lipids, CW = 0.7)

with anisotropic pressure coupling displayed similar micelle formation. In each case,

multiple micelles formed in each simulation box. However, as therewere no extended,

rigid structures formed over the periodic boundaries, there is alack of both cohesive

forces that would prevent expansion and of repulsive forces that prevent collapse of the

simulation cell along a given axis. In all replicates, box deformation andsubsequent

collapse (a box dimension became smaller than the electrostatic cut-o�) occurred rapidly

(< 100 ns) in all replicates (Appendix I, Figure A.7).

4.3.2 Aggregates at Higher Concentrations

4.3.2.1 Small Isotropic Boxes

LPLs at a higher concentration/lower CW self-assemble into other phases: for lysoPC(16:0)

and lysoPC(18:0) , at CW � 0.4 the hexagonal HI phase forms, while at CW below �

0.2 lamellar bilayer Lc=� phases form [394, 395] (Fig. 4.3). Additionally, lysoPC(16:0)

displays a cubic phase between CW = 0.5-0.6. Each lipid model was simulated in

solution at CW = 0.4 and CW = 0.1 in a small box (140 lipids) under isotropic pressure

coupling for 1.5-2 � s at 42 � C to assess whether these phases would also form for our

modelled LPLs.

79



Chapter 4: Modelling Lysophospholipids

These simulations displayed some success in reproducing the expected phases. At

CW = 0.1, four of the twelve replicates were observed to approach a lamellar phase with

one of these achieving the L� phase (Fig. 4.6A,B): one replicate of lysoPE(19:0c) formed

a multilayer L � system in 1.25� s. One replicate each of lysoPE(16:0) , lysoPE(18:1) , and

lysoPG(18:1) were observed to approach a multilayered lamellar phase, but not reach

the Lc=� phase on the timescales simulated. While a clearly layered aggregate isformed,

headgroups remain in what should be an exclusively hydrophobic region (Fig. 4.6A).

As this was also an intermediate stage of the bilayer formation for the lysoPE(19:0c)

replicate, it is likely that a lamellar phase may form if these replicates were extended.

Figure 4.6: Final phases formed by the modelled lipids at low hydration under isotropic
pressure coupling.(A-C) snapshots from CW =0.1 systems. (D-G) Snapshots from CW =0.4
systems. Unit cells indicated by a black box. Lipids coloured by element in stick representation,
with headgroup phosphorus atoms shown as tan spheres. Water and ions omitted for clarity.
(A) LysoPE(18:1) approaching a multilayered lamellar phase; there are still headgroupswithin
the hydrophobic core of the bilayers. One replicate each of lysoPE(16:0) and lysoPG(18:1) also
reached this phase.(B) Multilayered L � phase formed by a single replicate of lysoPE(19:0 c) . (C)
Cubic phase formed in eight of the twelve simulations at CW = 0.1. (D) Hexagonal (HI ) phase
formed by a single replicate of lysoPG(18:1) . (E) Primitive cubic arrangement of cylindrical
micelles, formed by three replicates of lysoPE(16:0) and two replicates of lysoPG(18:1) . (F) A
porated bilayer formed by all three replicates of lysoPE(18:1) . (G) L � phase formed by a single
replicate of lysoPE(19:0 c) .

The other eight replicates at CW =0.1 formed a state that resembled neither a

lamellar nor a hexagonal phase. Instead these replicates displayed cubic phases, wherein

highly interconnected micelle-like aggregates organise in a primitive-cubic unit (Fig.

4.6C). Where this state formed, it was found to be stable for the remainder of the

simulation.

At C W = 0.4 the aggregates formed can be clustered into two broad categories:

cylindrical micelle-based assemblies; and bilayer-like assemblies. In six of the twelve

replicates, cylindrical micelles formed: in one replicate (1� lysoPG(18:1) ) a hexagonal

arrangement of these aggregates is observed, consistent with the expected HI phase

(Fig. 4.6D). In the other �ve replicates (3 � lysoPE(16:0) ; 2� lysoPG(18:1) ) these were in a

primitive cubic arrangement (Fig. 4.6E). The remaining six replicates formed bilayer-
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like aggregates. All three replicates of lysoPE(18:1) and two replicates of lysoPE(19:0c)

were observed to assemble into a porated bilayer (Fig. 4.6F). The �nalreplicate of

lysoPE(19:0c) was observed to enter the L� phase (Fig. 4.6G) within the �rst 200 ns of

the simulation. We note that these inconsistencies likely indicate a lack of convergence

across our simulations.

The use of isotropic pressure coupling and a small simulation box a�ects the

likelihood of particular phases forming. When the box is small, the requirement for

periodic replication can trap the system in a particular phase. Isotropic pressure

coupling enforces uniform scaling along all box dimensions; under this coupling regime

the ability of a given lipid to form a lamellar bilayer will be dependent on selecting an

appropriate initial box size and hydration level, or require a multil ayered bilayer to form

to appropriately span the periodic boundaries. Furthermore, whilethe simulations were

relatively long in an attempt to sample more of the phase space available to the systems,

most replicates became trapped in the �rst stable/metastable state they sampled even

if this was not the most thermodynamically favourable phase. We attempted to address

these issues with additional simulations with a di�erent simulati on regime.

4.3.2.2 Larger Anisotropic Boxes with Simulated Annealing

To further assess the formation of these phases, each lipid model was simulated in

solution at CW = 0.4 and CW = 0.1 in a larger box (500 lipids) under anisotropic

pressure coupling with simulated annealing for 500 ns (Section 4.2.2.2).The use of

anisotropic pressure coupling leads to more degrees of freedom for extended structure

formation, and reduces the e�ects of templating due to PBCs as the boxcan deform in

each dimension independently. Simulated annealing enhances sampling by temporarily

increasing the kinetic energy of the system, encouraging the crossing of energy barriers

and reducing the risk of the system becoming stuck in a metastable state.

At C W = 0.1, four of the twelve simulations approached a multilamellar assembly

(Fig. 4.7A): two replicates each lysoPE(18:1) and lysoPE(19:0c) were observed to reach

this state by the end of the 500 ns simulations. We note that a fully lamellar assembly

(where all headgroups have retreated from the hydrophobic core) was not achieved by

any replicate on the timescale of these simulations. All eight other replicates at CW

= 0.1 assembled into a cubic assembly, as observed in several of the smaller isotropic

systems (Fig. 4.6C).

The CW = 0.4 simulations displayed some diversity in the phases formed. Impor-

tantly, two replicates (2 � lysoPG(18:1) ) achieved the HI phase (Fig. 4.7B) that was

expected at this concentration. The remaining replicates formed extended aggregates in

two dimensions. In some cases, this was in the form of bilayer-like assemblies that ex-

tended across periodic boundaries in one plane, intersected by perpendicular cylindrical

micelles that extend across periodic boundaries along the remainingaxis (Fig. 4.7C). In

others, cylindrical micelles formed along two axes which intersect through lipid bridges

(Fig. 4.7D). The simulation box collapsed within the �rst 300 ns in all bu t two of these

simulations: the replicates of lysoPG(18:1) which formed the HI phase did not collapse
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Figure 4.7: Final phases formed by the modelled lipids at low hydration under anisotropic
pressure coupling. Unit cells indicated by a black box. Lipids coloured by element in stick
representation, with headgroup phosphorus atoms shown as tan spheres. Water and ions omitted
for clarity. (A) CW = 0.1. LysoPE(18:1) approaching a multilayered lamellar phase; there are
still headgroups within the hydrophobic core of the bilayers. Two replicates each of lysoPE(18:1)

and lysoPE(19:0 c) reached this phase.(B-D) CW = 0.4. (B) Hexagonal phase (HI ) formed by
2 replicates of lysoPG(18:1) . (C) Mixed phase: combination of a bilayer-like assembly and a
cylindrical assembly. (D) Cylindrical micelles in 2 directions, with lipid bridges at inte rsections.

in these 500 ns simulations.

4.3.3 Mixed Bilayer Formation

With the end goal of simulating a bilayer more representative of theC. jejuni lipidome,

we then moved to assemble bilayers containing these lysolipids.The WT C. jejuni

lipidome (under ideal growth conditions) contained � 20% LPLs [7]: we hypothesised

that a mixture similar to that described in Section 4.1.1 would self-assemble into a

lamellar bilayer. We �rst simulated the phospholipids POPG, POPE , and POPA in

excess water (50 waters per lipid) to verify that the existing models for these lipids were

bilayer-forming.

Systems containing only POPA, POPE, or POPG in solution all formed bilayers

within 400 ns under the simulated conditions. The observed mechanism of self-assembly

was as described by Skjeviket al. [410] (Fig. 4.8):

1. Initial solution of lipids, ions, and water.

2. Tails aggregate to form a micelle-like assembly. Lipid bridges form between one

side of the micelle and the periodic image of the opposite side.

3. Bridging lipids insert into the assembly, forming a pore-containing lamellar bilayer

4. Lipid headgroups retreat from the hydrophobic core to the water-lipid interface; a

non-porous bilayer is formed.
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These bilayers were stable for the remainder of the simulation time(1 � s). We note

that PE and PA lipids are of an inverted truncated cone shape, and may therefore be

expected to form an inverse hexagonal phase (HII ). Although a curved structure such

as the HII phase may be more thermodynamically favourable, the energetic cost to

forming these structures is high. Under the conditions simulated,this cost is su�ciently

high to prevent the formation of non-lamellar phases. Each lea
et may tend to display

negative curvature but the lea
ets stay together to maintain the hydr ophobic core,

resulting in what is known as a `frustrated bilayer' [411{413]

Figure 4.8: Stages of bilayer self-assembly as described in Ref. [410]. Snapshots taken from
self-assembly simulation of 20% LPL-phospholipid mixture. Lipids shown in stick representation
coloured by element. Phosphorus atoms of the lipid headgroups highlighted as tan spheres. Unit
cell indicated by a black box. Water and ions omitted for clarity. (A) Initial lipid solution.
(B) Micelle-like assembly with lipid bridges between micelles andtheir periodic images. (C)
Porated bilayer with lipid headgroups still within the hydrophobic core region. (D) Non-porous
bilayer formed.

We then simulated a phospholipid-lysophospholipid mixture in an attempt to mimic

the proportions of each lipid type found in WT C. jejuni under ideal growth conditions.

Three boxes, each containing 140 lipid molecules, were generated, with 20% lysolipid

content: 63 POPG (45%); 42 POPE (30%); 7 POPA (5%); 7 lysoPE(18:1) (5%); 7

lysoPE(16:0) (5%); 7 lysoPE(19:0c) (5%); 7 lysoPG(18:1) (5%). Similar to the pure

phospholipid systems, the 3 independent replicas of this systemeach yielded a bilayer.

The mechanism of bilayer self-assembly closely followed that described above (Fig. 4.8).

A non-porous bilayer was formed in under 150 ns for 2 replicas and in� 300 ns in the

third replicate. In all cases, the self-assembled bilayers remained stable and non-porous

for the remainder of the simulation time (1 � s).

The contents of each lea
et were calculated to assess the level of asymmetry in the

self-assembled bilayers (Table 4.1). While a strictly symmetric bilayer was not possible

due to an odd number of molecules for most species, the lysolipid content of each lea
et

was considered. We would expect that the contents of each lea
et shouldapproximately

re
ect the contents of the whole system,i.e. � 20% LPLs, to minimise asymmetry and

therefore curvature stress. For replicates 1 and 3 this was found to be the case, with

the lysolipid content of each lea
et within 2.1 percentage points of theexpected value.

However, replicate 2 displayed greater asymmetry, with substantially more lysolipids in

the lower lea
et (18 versus 10).

Formation of the porated bilayers (Fig. 4.8C) occurred within 40 ns in each case.

As lipid di�usion is relatively slow, the initial arrangement and aggregat ion of the

lipids will therefore have a large in
uence on the �nal contents of each lea
et; once a
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R1 R2 R3
Upper Lower Upper Lower Upper Lower

POPG 32 31 33 30 31 32
POPE 24 18 21 21 18 24
POPA 3 4 5 2 4 3

LysoPE (18:1) 2 5 3 4 4 3
LysoPE (16:0) 4 3 4 3 4 3
LysoPE (19:0 c) 3 4 1 6 2 5
LysoPG (18:1) 4 3 2 5 5 2

% LPL 18.1 22.1 14.5 25.4 22.1 18.1

Table 4.1: Contents of each lea
et in the self-assembled phospholipid-LPL bilayers.

stable/metastable bilayer arrangement is achieved it is unlikely that this will change

substantially without additional energetic input on the timescales sampled. Further

to this, no lipid 
ip-
opping (switching of a lipid from one lea
et to the other) was

observed during the simulations; the lipid content of each lea
et wasconstant once the

bilayer had formed in each case. This is expected: in arti�cial/non-biological bilayers

the energy barrier to lipid 
ip-
op events is large (typically > 20 kJ mol� 1 [414, 415])

resulting in timescales on the order of hours to weeks [416, 417], which isinaccessible

through simulation.

We did not observe any large persistent clusters of LPLs within the formed bilayers.

While the lateral distribution of the LPLs in the self-assembled bilayers was not uniform,

there was no obvious phase separation or clear enrichment of LPLs that was maintained

for longer periods of time (Fig. 4.9; Appendix I, Section A.3.3). However, we do note

that the stochastic dimerisation of LPLs across the two lea
ets does appear to be

important in poration of the bilayers; this is discussed in Section 4.3.5.

Figure 4.9: Lateral distribution of lysophospholipids in a self-assembled bilayer. Shapshots
from replicate 1 of the self-assembled bilayer at di�erent times. Lysophospholipids shown in
purple, phospholipids in pink. While there is occasionally some aggregation of the lysolipids in
the bilayer (e.g t = 300-320 ns, highlighted with a circle), these clusters are not long-lived.

4.3.4 Mixed Bilayer Properties

The mixed (20% LPLs) self-assembled bilayers were combined, tiledin a 3� 3 grid that

maximised the symmetry of the lea
ets to yield three unique largerbilayer con�gurations.

Three phospholipid-only bilayers of comparable dimensions and the same ratios of POPG,

POPE, and POPA were generatedvia CHARMM-GUI for comparison [124, 195, 244].

The properties of these bilayers under equilibrium conditions were compared to assess
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the e�ect(s) of LPLs.

4.3.4.1 Bilayer Thickness

Bilayer thickness was calculated over the �nal 500 ns of each simulationusing the

Python package LiPyphilic [337, 338, 407]. Each lea
et was divided into a 10� 10 grid

and the bilayer thickness calculated in each bin as the distance between phosphorus

atoms in the two lea
ets. The bilayer thickness returned is the mean across all bins,

rather than the average distance between phosphorus atoms of the two lea
ets over the

whole bilayer. This allows for greater accuracy in the calculation of thethickness where

the bilayer displays curvature. The phospholipid-only bilayers were found to be slightly

thicker than those containing LPLs: the bilayers containing only POPG, POPE, and

POPA displayed a mean (� SD) thickness of 39.17� 0.25 �A, whereas the 20% LPLs

bilayers displayed a thickness of 38.26� 0.27 �A.

Figure 4.10: Partial densities of lipid moieties and water molecules in equilibrium simulations
of the model bilayers. PL indicates phospholipid-only systems; LPL indicates 20% LPL systems.
Top: Lipid phosphorus atoms and water molecules. Bottom: Lipid glycerol ester groups and
lipid acyl tails. All partial densities are consistent with a subtle thinning of the bilayer on
addition of LPLs.

The GROMACS utility gmx density [205, 206] was used to calculate the distribution

(partial density over the z-axis) of the phosphorus atoms of the lipid headgroups in

each bilayer over the same time period. The partial densities of the acyl tails, the

glycerol groups, and of water molecules were also calculated. Segmentingthe z-axis

into 100 bins to generate a histogram of the atom positions over the selected frames,
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these distributions were largely very similar across the two bilayer con�gurations (Fig.

4.10). The main di�erence between the two systems is a shift towards a thinner bilayer

for the LPL-containing systems, though the change is subtle. For each moiety under

consideration, there is a small shift in the distributions towards the centre of the

bilayer (z = 0) for the 20% LPLs systems: the hydrophobic core is thinner and the

distance between glycerol/phosphate groups of the two lea
ets is reduced on inclusion

of lysolipids. Furthermore, the hydroxyl groups of the lysolipids are more hydrophilic

than the ester groups that link the headgroup to the acyl tails. The e�ective size of

the polar headgroup is thus increased in a lysolipid compared to its diacyl counterpart;

the presence of LPLs allows water to penetrate deeper into the bilayer than in a pure

phospholipid membrane [393].

4.3.4.2 Lipid Di�usion

Previous studies have shown that the addition of LPLs to egg phosphatidylcholine (16:0,

18:0 tails) bilayers can increase or decrease the 
uidity of the membrane [418]. Addition

of lysophosphatidylcholine (16:0) signi�cantly increased di�usion, while addition of

lysophosphatidylethanolamine (16:0) caused a slight decrease in di�usion [418]. A

combination of factors were cited, including changes in: van der Waals interactions;

lipid packing; hydrogen bonding between phosphate groups and di�eringheadgroups;

and changes in bilayer thickness due to di�erent tail lengths [418]. Due to the complex

mixture of lipids we investigated here with a variety of headgroups andacyl tail types,

it is di�cult to predict exactly how we would expect the di�usion of each lipid in the

bilayer to change.

The lateral di�usion constant for each lipid type in each bilayer was calculated

using the GROMACS utility gmx msd[205, 206] over the �nal 500 ns of each simulation.

This method calculates the Mean Square Displacement (MSD) of atoms from an initial

position at time t0, and can be connected to the di�usion coe�cient via the Einstein

relation [199, 419]:

MSD (t) = lim
t !1

*
1
N

NX

i =1

jj r i (t) � r i (t0)jj2

+

= 2dDt (4.2)

D =
1
2d

lim
t !1

d
dt

*
1
N

NX

i =1

jj r i (t) � r i (t0)jj2

+

(4.3)

where D is the di�usion coe�cient in d dimensions;t is the time; N is the number of

atoms/molecules over whichD will be calculated; r is the position vector of particle i .

Angular brackets indicate the average over time origins,t0 [419]. D is calculated via

linear regression; plotting MSD against time yields a plot with gradient 2dDN , from

which D can be derived. GROMACS uses the central 80% of frames (discarding the �rst

and last 10%) for �tting [199]. The lateral di�usion coe�cients for the lip ids calculated

over the �nal 500 ns of each simulation are presented in Table 4.2.

The average value for the phospholipid di�usion coe�cients appears to decrease
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D xy / 1 � 10� 7cm 2s� 1

Phospholipid Only 20% LPL Mix

POPG 1.32 � 0.07 1.20� 0.25
POPE 1.23 � 0.14 1.16� 0.15
POPA 1.36 � 0.38 1.24� 0.25

LysoPE (18:1) - 1.29 � 0.30
LysoPE (16:0) - 1.33 � 0.69
LysoPE (19:0 c) - 1.46 � 0.36
LysoPG (18:1) - 1.34 � 0.40

Table 4.2: Di�usion coe�cients for the lipids in each bilayer system. Each v alue is presented
as the mean� standard error of the mean across the three replicates of each system.

slightly when the LPLs are introduced. However, the relatively largestandard errors

mean that the con�dence in these values being representative of thetrue mean is low.

We might expect a given lysolipid to display greater mobility compared to its diacyl

counterpart [393], e.g lysoPE versus POPE. However, the standard error in these values

again precludes any signi�cant conclusions.

4.3.4.3 Area Per Lipid

The APL was calculated for each system in two di�erent ways. The average area per

lipid across all lipids in both lea
ets was calculated by dividing the total area (twice the

area of thexy plane) by the total number of lipids in the system. The species-speci�c

APL was then calculated using 2D Voronoi tessellation in LiPyphilic [407, 420, 421]. In

both cases, values were calculated over the �nal 500 ns of each trajectory, considering 1

frame per ns. The calculated areas are presented in Table 4.3.

Area Per Lipid / �A 2

� %
Phospholipid Only 20% LPL Mix

All 63.58� 0.01 59.77� 0.01 -5.99

POPG 67.78� 0.03 64.71� 0.03 -4.53
POPE 61.19� 0.05 57.97� 0.04 -5.26
POPA 61.53� 0.14 57.61� 0.11 -6.37

LysoPE (18:1) - 56.39� 0.11 -
LysoPE (16:0) - 55.42� 0.11 -
LysoPE (19:0 c) - 56.36� 0.11 -
LysoPG (18:1) - 62.20� 0.12 -

Table 4.3: Area per lipid for the lipids in each bilayer system. Each value is presented as the
mean � standard error of the mean across the three replicates of each system. The �rst row
indicates the average APL across all lipids, calculated using the total area of the two lea
ets
divided by the total number of lipids. Species-speci�c values were calculated using 2D Voronoi
tessellation of atomic positions in LiPyphilic. The �nal column presents the percentage change
between the phospholipid only system and the phospholipid-LPL system.

Three main observations were made from these values: the APL for a given lysolipid

is smaller than that for its diacyl counterpart; the average APL across all lipids is

reduced in bilayers containing the LPLs; and the APL for POPG, POPE, and POPA
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decreases on inclusion of LPLs. As the lysolipids possess only a single acyl tail they can

occupy less space in thexy plane, leading to a reduced APL compared to the equivalent

two-tailed lipid. Further to this, the lysolipids appear to encour age closer packing of the

phospholipids. If each phospholipid continued to occupy the same area as in a purely

phospholipid bilayer, the reduced volume of the hydrophobic tails ofthe LPLs could

lead to small vacuums in the regions around the LPLs tails. Thus, the lipids occupy

less space in order to maintain the hydrophobic core of the bilayer.

4.3.4.4 Tail Order Parameters

The tail order parameter, SCD , is a measure of the orientational order of the lipid

acyl chain(s) in a bilayer, quantifying the alignment of the tails along a particular

axis. This can be calculated experimentally using quadrupolar splitting measured

from deuterium NMR experiments [422, 423] wherein lipid hydrogen atoms have been

exchanged for deuterium, and/or can be extracted from MD trajectories [424{428]. The

order parameter for each carbon atom in the acyl chain is calculated as [422, 423]:

SCD =
h3 cos2 � CD � 1i

2
(4.4)

where� CD is the angle between the bilayer normal (z) and the carbon-hydrogen/deuterium

bond vector. The angular brackets indicate the ensemble average (molecular and tem-

poral). Where the carbon has more than one bonded hydrogen,SCD may be calculated

for each individual C-H bond, though through rotation these hydrogens are generally

considered equivalent and the average C-H bond vector is used.SCD ranges from a

value of 1, where the C-H bond aligns with the bilayer normal, to -12 , where the C-H

bond aligns with the membrane plane. A value of 0 indicates an isotropic ensemble

with no overall preference in orientation.

There are several tools available for the calculation of tail order parameter [199,

429{431]. These methods have been reviewed in Ref [427]. The most convenient of

these is the GROMACS utility gmx order. However, this was designed for use with

united-atom representations, assuming a tetrahedral con�guration for each carbon to

predict the C-H vector and ignoring any hydrogen atoms present. This assumption

breaks down for unsaturated chains where carbons are planar, which results in inaccurate

values for SCD in unsaturated tails [427]. Due to these inaccuracies, and di�culties in

implementing existing all-atom tools, an MDAnalysis script was writ ten to undertake

this analysis (Appendix I, Section A.3.4). Here we will compare the orderparameters

for POPG, POPE, and POPA in the phospholipid-only and mixed bilayer systems.

SCD was calculated separately for each acyl chain across all lipids of the same species

over the �nal 100 ns of each replicate. The results are shown in Fig. 4.11. All three

phospholipids display a small decrease in order on addition of LPLs to thebilayer. As

discussed in the previous section, the packing of the lipids in the bilayer changes on

addition of LPLs to maintain the hydrophobic core: the APL is reduced in order to

maximise hydrophobic interactions between the acyl tails. However,due to the conical

shape of LPLs there will still be an increased amount of free space withinthe core for
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Figure 4.11: Comparison of tail order parameters for the phospholipids in di�erent bilayer
environments. (A) Structure of the phospholipid POPA with the Sn-1 and Sn-2 tails labelled,
with start and end carbon atoms labelled on each chain. POPE and POPG share this tail
structure. (B) Magnitude of the order parameter SCD for each carbon in each tail. Pink line
indicates the average over replicates containing only phospholipids; purple line indicates mixed
(20% LPLs) systems. Error bars show the standard deviation across the three replicates of each
system. In all cases, the presence of LPLs reduces the order of the tails.

the mixed bilayers compared to those containing only phospholipids.As a result, the

phospholipid tails exhibit greater mobility and thus reduced order parameters in the

mixed bilayer systems.

4.3.5 Electroporation

Application of an electric �eld perpendicular to the bilayer has been explored extensively

via MD as a method to induce pores [248, 432{437] - a process known as electroporation.

The mechanism of electroporation begins with the formation of a water wire(a single-�le

water channel) through the lipid bilayer, favouring locations with local defects in the

headgroup region [433, 434]. The water wire is stabilised through interactionswith

the lipid headgroups, which move into the hydrophobic core to further stabilise the

water within the bilayer [434, 435]. This allows the water wire to expand, resulting in

pores in the membrane. In simulations this will often cause the rapidacceleration of

water molecules into the channel and hence expansion of the pore in thebilayer plane.

As the presence of varied lipid types (both headgroup and tails) results in a greater
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number of defects in the bilayer due to changes in the hydrophobic packing of the tails

and hydrogen bonding interactions in the headgroup region, we hypothesise that the

presence of lysolipids will allow electroporation at lower �eld strengths. To compare

the integrity of the bilayers containing the lysophospholipids versus those without, we

subjected these bilayer con�gurations to an electric �eld normal to the membrane plane.

Bilayers of comparable size were generated, containing: only POPG, POPE, and

POPA phospholipids (3 replicates generated in CHARMM-GUI); or the 20% LPLs

mixture (3 replicates generated using a 2� 2 grid of self-assembled bilayers). After

equilibration, a constant electric �eld was applied to each of the bilayers along thez-axis,

with �eld strengths varying from 0.1 to 0.2 V nm � 1. The time taken for the bilayer to

electroporate was then measured as the time at which the boxx dimension (equivalent

to the y dimension due to semi-isotropic pressure coupling) increases to> 10% more

than the equilibrium box dimensions (Fig 4.12), i.e. the bilayer is expanding in the xy

plane to accommodate a large pore that has formed in the membrane. The measured

electroporation times are shown in Table 4.4.

Poration time / ns
20% LPL Phospholipids Only

Field strength /
V nm � 1 R1 R2 R3 R1 R2 R3

0.100 - - - - - -
0.125 - - - - - -
0.150 11.1 - 14.7 - - -
0.175 69.6 73.6 41.9 - - -
0.200 20.4 11.2 7.8 31.0 17.5 5.5

Pore closure time / ns

- 66.9 10.2 76.5 8.4 7.8 15.3

Table 4.4: Electroporation times for the modelled bilayers under di�erent � eld strengths and
pore closer times under equilibrium conditions. Poration time measured as the time at which
there is a large pore in the bilayer, resulting in thex dimension increasing by> 10% compared
to the equilibrium box dimensions. Pore closure time measured as the time at which all water
had retreated from the hydrophobic core.

The electroporation times indicate that bilayers containing LPLs are more susceptible

to electroporation than those containing only phospholipids. Phospholipid-only bilayers

were resistant to electroporation on the simulated timescales up to �eld strengths of

0.2 V nm� 1, whereas bilayers containing LPLs were susceptible to electroporation

at 0.15 V nm� 1, and could not withstand �eld strengths greater than this. This

increase in susceptibility to electroporation is consistent withthe increase in tail disorder

(Section 4.3.4.4). Due to the stochastic nature of the membrane defects that lead to

electroporation, the time taken for the membranes to electroporate is inconsistent across

the replicates.

We note that the �eld strengths utilised are an order of magnitude greater than those

typically employed in experimental studies [432]. This is a well-characterised systematic
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Figure 4.12: Box dimensions during electroporation of a mixed bilayer (R1, �eld strength 0.15
V nm � 1). The formation of the water wire has a negligible e�ect on the box dimensions, but
as lipid headgroups move into the hydrophobic core to stabilise the water channel the bilayer
expands in the xy-plane. The poration time was measured as the point at which thex (and
y) box dimension increased to> 10% above the equilibrium box dimension; at this point, a
substantial water channel has formed in the bilayer.

issue in MD; the �eld strengths applied here are consistent with other MD studies [248,

432, 438, 439]. In addition, previous studies have shown that the probabilityof observing

poration in a bilayer patch increases with patch size [438]; we expect electroporation to

occur more readily in a larger bilayer patch. While we attempted to generate bilayers

of comparable size for these simulations, the phospholipid-only bilayers were slightly

larger than their mixed counterparts (bilayer x dimensions of 13.5 nmversus � 13.0 nm,

respectively). Whether this small di�erence in bilayer sizes made a tangible in
uence

on the �eld strength required to electroporate the bilayers was not investigated here.

However, the mixed bilayers were the smaller of the two systems yet required lower �eld

strengths to electroporate - the notion that LPLs reduce the integrity of the bilayer

holds.

Lysophosphatidylcholine has been shown experimentally to reduce the electrical

resistance and increase the permeability of phosphatidylcholine bilayers [400, 440]. The

lysolipids in those bilayers are hypothesised to spontaneously formion channels in the

bilayer wherein two pairs of dimerised lysolipids (each pair containing one lipid from

each lea
et) stabilise a channel through the membrane (Fig. 4.14) [400]. Thepores

formed in the 20% LPLs bilayers appear to support this mechanism. The initial water

wires form at positions where there are proximal lysolipids in both lea
ets, with the

headgroups of these lysolipids (and other nearby phospholipids) moving towards the

bilayer centre to stabilise the pore (Fig. 4.13C,D).
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Figure 4.13: Electroporation of a 20% LPL bilayer (R1, �eld strength 0.15 V nm � 1). POPG,
POPE, POPA in light pink, lysophospholipids in purple. (A) Top-down view of the bilayer
at di�erent stages of electroporation. (B) Side view of the bilayer at di�erent stages of
electroporation. Water molecules shown as sticks coloured by element. (C) Top-down view
of the bilayer showing lipid phosphorus atoms as spheres and lipids that line the initial pore
shown in surface representation.(D) Side view of the bilayer showing lipid phosphorus atoms
as spheres and lipids that line the initial pore shown in surface representation.

Figure 4.14: Schematic illustration of the cross-section of proposed ion channel formation in a
phosphatidylcholine/lysophosphatidylcholine bilayer, adapted from Ref. [400]. Phospholipids
shown in pink, LPLs in purple. It is proposed that lysolipids dimeri se (one LPL from each
lea
et), and pairs of dimers facilitate the formation of ion channels through the bilayer. We
similarly observe pairs of lysolipids at electroporation sites, suggesting that this mechanism may
apply to both spontaneous pore formation and electroporation (Fig. 4.13).
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4.4 Limitations

There are several important limitations to note on the work presented here. Most

importantly, the models generated have not been validated experimentally. While we

have qualitatively evaluated these models against general propertiesof this lipid family,

no quantitative assessment of these speci�c lipids has been undertaken due to the

absence of experimental data in the literature. The ability of thesemodels to reproduce

speci�c experimental observables is unknown at this stage.

Our simulations testing phase behaviour displayed varied success in reproducing

the expected hexagonal and lamellar phases at high lipid concentration. As discussed

in previous sections, these simulations were limited primarily by the system size and

pressure coupling regimes. Relatively small systems have been used (140 or 500 lipids)

for self-assembly simulations to keep computational costs low. Small system sizes lead

to di�culties in reproducing bulk properties as there is a requ irement for periodic

replication of the unit cell in all dimensions. Similarly, only the use of anisotropic

coupling can allow the box to deform in such a way that accessible phases are not limited

by box dimensions and enforcement of equal deformation in all dimensions. However, it

can also lead to enormous deformation, to the point where box dimensionsare smaller

than cut-o�s and the box collapses; this was observed in several simulations (Section

4.2.2.2).

Finally, the lipid mixture modelled here still falls far short of t he biological complexity

of the C. jejuni membranes. TheC. jejuni lipidome has been shown to contain> 200

lipid species [7]. Here we have selected just four of the lysolipids to model and our bilayers

contain a mixture of 7 lipid species in total. Further to this, the l ipids selected were those

that could be derived from well-established lipid models in the CHARMM36m force�eld

(POPG, POPE, PMPE). The diversity of the tails and headgroups in vivo is substantially

greater than that modelled. A recent paper by Caoet al. highlighted the importance

of lysolipids with myristoyl tails (acyl chains with 14 carbons) as a novel virulence

factor for C. jejuni [128]. These lipids are thought to permeabilise host membranes and

cause cell damage/deathvia an oxidative stress mechanism, but we have neglected these

shorter-tail lipids here. Similarly, we have not modelled acylphospholipids, nor does the

lipid mixture simulated re
ect the large proportion of phospholipids containing cyclic

moieties in their tails [7]. These lipids will have a greater acyl tail volume, therefore

complementing the lysolipids; it is likely that including acylp hospholipids and a greater

number of lipids with cyclic moieties in their tails will be necessary for modelled bilayers

to accommodate the higher levels of LPLs found in WTC. jejuni membranes.

4.5 Conclusions

In this chapter we have developed and tested atomistic models for four of the lysophos-

pholipids found in the C. jejuni lipidome. We have shown these models to qualitatively

match the expected behaviours of this family of lipids: micelles are formed at low lipid

concentration, but at higher concentrations hexagonal, lamellar, or cubic phases may
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form. It was shown that solutions of a phospholipid-lysophospholipid mixture could

self-assemble into bilayers on the sub-microsecond timescale. These bilayers were found

to be slightly thinner than their phospholipid-only counterparts w ith water penetrating

deeper into the membrane. While we did not observe any signi�cant changes in lipid

di�usion across the two bilayer compositions, the presence of LPLs was shown to reduce

the APL and tail order parameters for each phospholipid species in the bilayer. Fur-

thermore, these mixed membranes displayed increased susceptibility to electroporation

compared to bilayers without LPLs.

4.6 Future Work

The obvious next step for this work is to test these models against macroscopic observ-

ables. Comparison to experimental data such as area per lipid, tail order parameters, or

phase diagrams can be used to both validate the model (i.e. whether we should trust the

simulations using these lipids) and/or to improve the model through iterative changes

to the parameters to better �t the data. Without further validation, q uantitative results

yielded from simulations employing these models should be treated with caution.

Nevertheless, qualitatively, these models have displayed behaviour consistent with

that expected from this family of lipids. There are e�orts within th e group to develop

coarse-grain (MARTINI) models for lysophospholipids, with the aim of studying lipid

transporters and 
ipases. The data from the all-atom simulations presented in this

chapter could be used to guide the mapping and parametrisation of such coarse-grain

models. Previous studies have used this approach to re�ne MARTINI lipid models

until measurable quantities such as APL, distance and angle distributions, and solvent

accessible surface areas converge on the values observed in the atomistic simulations

[371].

Future work could also look to generate models for otherC. jejuni membrane lipids,

such as acylphospholipids. These lipids are of a shape complementary to that of the

lysophospholipids, and it is likely that the presence of these inverted cone-shaped lipids

is important for the stability and integrity of membranes containing a l arge proportion

of LPLs. Incorporating such lipids would allow the modelling of bilayers with greater

lysolipid content, and that better re
ects the complexity of the C. jejuni lipidome.

The aim of this chapter was to generate models for lysolipids in theC. jejuni

lipidome to better represent the complexity of this bacterium's membrane. As we

have generated a bilayer containing a proportion of lysolipids consistent with the WT

lipidome under ideal growth conditions that is stable on a microsecond timescale, we

will move forwards with this bilayer to model the inner membrane. In the next chapter

we will simulate the IM component of the CmeABC e�ux machinery, CmeB , and the

oligosaccharyltransferase protein, PglB, in this new membrane model.
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5 j Simulating the RND Transporter

Protein CmeB in the Inner Membrane

\Should we leave it alone, should we back o�, should we play

it safe?" NAH, you think: \Let's make it BIGGER!"

David Tennant as the 10 th Doctor in Doctor Who , 2006

Abstract

CmeB is an RND protein constituting the IM component of the C. jejuni e�ux machinery,

CmeABC. This protein is responsible for substrate recognition, extracting molecules

from the periplasm and periplasmic surface of the IM. Substrate extrusion into the PAP

and OMF is driven by conformational changes within the RND protein, powered by

proton motive force. In this chapter we simulate two important variants of CmeB, as well

as the oligosaccharyltransferase protein, PglB, embedded in a representative IM model

developed in the previous chapter. With a focus on the e�ux machinery, we investigate

the e�ect of protonation at the relay site in the RND protein on the conform ation

of each protomer in this RND protein. Speci�cally, we explore the engagement and

disengagement of the relay network within the TMD under di�erent p rotonation states at

an atomistic level of detail, as well as analysing the resultant large-scale conformational

changes in the Porter domain. Docking and subsequent equilibrium MD simulations

reveal extensive interactions between the known bile acid substrate CDCA and the

proximal and distal binding pockets of both CmeB variants. The dynamics of the glycans

attached to the Wild-Type CmeB variant and PglB suggest that these heptasaccharides

are as conformationally labile as those attached to the OMF CmeC, despite the proximity

of the CmeB glycans to the IM surface.

Note: Part of the literature review of this chapter (exploring the protonati on

states of titratable residues in the RND proton relay network) has beenpublished in

QRB Discovery: doi.org/10.1017/qrd.2024.6 (Appendix II, Section B.4; Ref. [441])
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5.1 Introduction

5.1.1 RND Inner Membrane Transporter Family Structure

There are several superfamilies of transporter proteins implicatedin e�ux, each di�ering

in structure and substrate pro�le [166]. Bacterial e�ux pumps belongin g to the MFS

and ABC superfamily have been identi�ed, though the vast majority of i nner membrane

transporters that confer AMR belong to the Hydrophobe/Amphiphile E�ux ( HAE)-

RND superfamily [166]. Members of the HAE-RND superfamily comprise three key

domains: the transmembrane domain; the Porter/Pore domain; and the Docking/Funnel

domain (Fig. 5.1). The TMD is involved in the binding and release of protons (or Na+

[166]) and is well conserved across RND transporters, consisting of 12-14 transmembrane

helices arranged in two pseudosymmetric bundles in each protomer [166]. The Porter

domain consists of four subdomains which form the two main drug-bindingcavities:

the Proximal Binding Pocket (PBP) and the Distal Binding Pocket (DBP) [442]. Each

pocket is enriched with a variety of residues, thought to confer di�erent substrate

preferences [443, 444]. In contrast to the lining of the OMF CmeC, thesepockets

typically contain a large proportion of hydrophobic residues and very fewcharged

residues (Appendix I, Section A.4.3) The Docking domain interacts non-covalently with

the PAP to allow a continuous channel to form from the IM-proximal peri plasm to the

OMF (Fig. 1.9); these interactions are discussed in detail in Chapter6. This domain

also contains an exit gate, through which substrates pass from the distal pocket to the

PAP (Fig. 5.2D).

Figure 5.1: Topology and structure of the RND inner membrane transporter protein CmeB.
(A) General topology of a protomer of RND proteins associated with e�ux in Gram-negative
bacteria. The N-terminal half of the chain is indicated in a lighter blue, the C-terminal half in a
darker blue. The location of CmeB (WT and Resistance-Enhancing (RE)) glycosites are shown
as stars: WT occupied site shown in solid yellow; unoccupied WT site shown in pink; putative
unoccupied RE site shown in purple.(B) Structure of the RND protein CmeB (5LQ3 [445])
with the transmembrane, porter, and docking domains indicated. Known occupied glycosite
indicated on one protomer with SNFG representation for the heptasaccharide.
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5.1.2 RND Transporters: proton transfer and dynamics

RND proteins assemble as homotrimers in the IM and in phospholipid bilayers in vitro

[166]. Transport is suggested to occurvia peristaltic motion in which protomers cycle

the distinct Loose/Access, Tight/Binding, and Open/Extrusion conformat ions [446]

(Fig. 5.2). For simplicity we will refer to these states only as Access(A), Binding (B),

and Extrusion (E). During conformational cycling, the periplasmic cleft, de�ned by

Porter subdomains PC1 and PC2, is open in the Access and Binding states,while the

exit gate in the docking domain is closed (Fig. 5.2C, E). It is thought that drugs are

bound in the PBP of the Access protomer before moving to the DBP to induce transition

of that protomer to the Binding state. Transformation to the Extrusion s tate results

in the closing of the periplasmic cleft and opening of the exit gate, through which the

substrate is extruded into the PAP. This putative mechanism is supported by numerous

asymmetric crystal structures [445, 447{449] and simulation studies [450{452]. Early in

silico studies showed that the PBP could open and close in their 100 ns simulations,

demonstrating the 
exibility of the Porter domain [453].

The B� E transition is putatively the energy-dependent step of the conformational

cycle [455], powered by proton motive force: protons are transferred fromthe periplasm

to the cytoplasm via the TMD. Buried within the TMD are essential, highly conserved

polar/charged residues that constitute a proton relay network which facilitate proton

transfer across this otherwise hydrophobic region (Fig. 5.3A). D407, D408, K940, R971,

and T973 have been identi�ed as essential to function in AcrB (E. coli ) [456, 457], with

nearby N941, G403, and S481 also highly conserved (Appendix I, Section A.4.1). The

equivalent residues in CmeB are listed in Table 5.1; in subsequentsections and �gures,

the residue numbers from WT CmeB will be used. In this section, for consistency with

the literature, we will continue to use AcrB residue numbers. The mechanism of proton

transfer, proton stoichiometry for each full cycle, and which of the acidic residues is

protonated at each stage of the cycle remains uncertain. As there are two titratable

residues in the relay it is assumed that the number of of protons transferred per cycle is

one or two [166].

Relay Network Exit gate

AcrB G403 D407 D408 S481 K940 N941 R971 T978Q124 Y758
WT CmeB G405 D409 D410 S484 K935 N936 R966 T973 L126 Y752
RE CmeB G404 D408 D409 S483 K934 N935 R965 T972 L125 Y751

Table 5.1: Conserved proton relay network and exit gate residues in AcrB and CmeB.

Structural data suggests that both D407 and D408 are deprotonated in the A and

B states as the terminal amine of the K940 sidechain resides between the carboxylate

moieties of these two residues, within salt-bridging distance of both (Fig. 5.3B, C). This

arrangement has been denoted the `engaged' state. In the E state, K940 orients away

from the aspartates and towards T978/N941 (`disengaged' state for the relay network).

The protonation states of D407 and D408 in the E protomer remain unclear and

cannot be elucidated explicitly via state-of-the-art structure-determination techniques
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Figure 5.2: Conformational cycling in RND proteins. (A,B) Illustration of one full conforma-
tional cycle of an RND trimer, side view of the full protein and top-down view of the porter
domains, respectively. Protomers are coloured according to conformational state (Access in
pink; Binding in yellow; Extrusion in blue). (C) Top-down view of the porter domain of CmeB
(8GJL, RE variant [454]). Protomers are coloured according to state. In the Binding protomer,
cipro
oxacin (`drug') is bound in the DBP. (D) Visualisation of the binding pockets and exit
gate in a single protomer of CmeB (Binding state). Cipro
oxacin is bound in the DBP. (E)
Inter-domain/inter-residue distances characteristic of each state. Mean distance and associated
SD calculated across 53 published RND protein structures with labelled states (Appendix I,
Table A.9) In the Access and Binding states, the periplasmic cleft isopen (larger distance
between the centres of mass of the PC1 and PC2 domains) and the exit gate closed. In the
Extrusion state, the cleft closes and the exit gate opens.

as hydrogens are not well-resolved. Protonation may be inferred from side chain

orientations, but this can yield ambiguous or con
icting results. It i s generally accepted

that D408 is protonated in the E state [166], with a large increase in the distance

between the side chains of this residue and K940 compared to that in theA and B states

(Fig. 5.3C). The protonation state of D407 is the Extrusion protomer is less clear. In
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the E state the distance between the G403 backbone oxygen and D407 carboxylate (< 4
�A) suggests D407 is protonated to participate in hydrogen bonding. Simultaneously, the

D407 carboxylate is also within salt-bridging distance (� 4 �A) of the K940 sidechain

amine nitrogen, implying D407 is deprotonated. A variety of modelling and simulation

techniques have been applied to address this knowledge gap [458{464]. We have recently

reviewed the literature utilising computational methods to investigate the protonation

pattern of the RND relay network [441]: while there is still no clear, widely accepted

stoichiometry and mechanism, computational studies generally favour the transfer of a

single proton via D408 [460{464].

Figure 5.3: Proton relay network in RND proteins. Residue numbers are for WT-CmeB (Table
5.1). (A) Location of the proton relay network (sticks, coloured by element) in the TMD of
CmeB (dark blue Cartoon representation). (B) Arrangement of the proton relay network in
the di�erent conformational states of an RND protein (CmeB, 8GK4 [454]). In t he Access and
Binding states, the relay is `engaged'. In the Extrusion state the relay is `disengaged'.(C)
Distance between heavy atoms in the residues of the relay network.In all cases except G405, side
chain heavy atoms were used. For G405 the backbone Oxygen atom was used. Meandistance
and associated SD calculated across 53 published RND protein structures with labelled states
(Appendix I, Table A.9). Black dashed line at 4 �A indicates the maximum distance between
heavy atoms for a hydrogen bond interaction.
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5.1.3 CmeB: Structure & Prior Art

CmeB is part of the HAE-RND superfamily. This protein has 12 Transmembrane

Helices (TMHs) per protomer, and is observed assembled as a homotrimer in its crystal

structures [445, 454]. Similar to AcrB from E. coli [446, 451], and MexB fromP.

aeruginosa [447], CmeB undergoes signi�cant conformational changes to transport

substrates, cycling the A, B, and E states [445, 454]. In contrast to studies of other

RND transporters which suggest protomers cycle the A, B, and E states in aconcerted

fashion, the crystal structures and a complementary F•orster Resonance Energy Transfer

(FRET) study of WT-CmeB suggest that protomers can access these conformations

independently and uncoordinated with one another [445].

WT-CmeB has been shown to confer intrinsic and acquired resistance to a range of

structurally unrelated antimicrobials including 
uoroquinolones , � -lactams, macrolides,

and bile salts [172]. Of these substrates, bile salts were the most heavily a�ected by the

inactivation of CmeABC; a 4,000-fold decrease in Minimum Inhibitory Concentration

(MIC) was observed for the bile salt CDCA in an isogenic mutant of C. jejuni wherein

CmeABC was not active [172]. In 2016 a Resistance-Enhancing (RE) variant of

CmeB was identi�ed [465] where � 19% of residues are mutated compared to WT

(Fig. 5.4A; Appendix I, Section A.4.1). This variant confers increased resistance to

antibiotics compared to WT-CmeB: the MIC for multiple classes of antibiotics is elevated

markedly when RE-CmeB is present [465]. Mutations are predominantly in the Porter

domain/binding pockets (Fig. 5.4A). Through docking calculations it was shown that

binding a�nities of cipro
oxacin and 
orfenicol were increased in th is variant, with

di�erent residue contacts in the binding pockets of WT- and RE-CmeB [465]. This is in

agreement with the �ndings of Blair et al., wherein a single mutation in the binding

pocket of Salmonella AcrB results in enhanced function [466]. Furthermore, associated

mutations in the cmeABC gene results in an imperfect CmeR binding site [465]. CmeR

is a repressor forcmeABC [467, 468]; RE-CmeB confers enhanced resistance not only

through sequence variation, but also through increased expression of the e�ux machinery.

This mutant is becoming increasingly prevalent as the gene is horizontally transferable

and is thought to confer a �tness advantage under antimicrobial selection[465]. The

structures of both apo and substrate-bound RE-CmeB have recently been published

[454].

In the Porter domain there are two important 
exible loops [454, 469]. The F-

loop (664PPIPGLSI 671 in WT-CmeB, 663PPIPGLSL 670 in RE-CmeB) connects the

periplasmic entrance and the PBP, with some loop residues contributing to the `
oor' of

this pocket (Fig. 5.4B). This loop may be important for substrate recognition at the PBP

[454, 470]. The G-loop (610GFDLFTSSLKEN 621 in WT-CmeB, 609GFDLFTSSLKEN 620

in RE-CmeB) acts as a gate loop between the binding pockets. Previous studies have

shown this loop to be involved in substrate recognition [469, 471]. This loop is also

known to be 
exible, which is thought to allow this loop to sweep substrates from the

PBP into the DBP [469]. The G-loop of both CmeB variants is 2 residues longer than

that in AcrB [472], MtrD [473, 474], AdeB [470, 475], and AdeJ [476, 477] (Appendix I,
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Figure 5.4: RE-CmeB mutations, and loops in the Porter domain of RND proteins. (A)
Location of mutations in RE-CmeB: Backbone shown in yellow, with mutated residues highlighted
in magenta. (B) F- and G-loops in the Porter domain of CmeB (8GJL [454])), shown in purple
and orange, respectively. For reference, the PBP, DBP, and exit gate residues are shown as
pink, yellow, and blue sticks, respectively.

Section A.4.1), which may increase the 
exibility of this loop [454].

In the prototypical HAE-RND protein AcrB ( E. coli ) the PBP is formed of 22

residues and the DBP of 23 residues [471] (Appendix I, Section A.4.3). These pockets

contain very few charged residues and are predominantly hydrophobic. Very few residues

in these pockets are conserved across all HAE-RND proteins (Appendix I,Section A.4.1):

each unique RND protein confers di�ering substrate pro�les [166, 454]. Notable residues

that are conserved include (WT-CmeB residue numbers): R711 at the entrance of

the periplasmic cleft/PBP, essential for function; Y329 and F626 in the DBP; and

F611 in the G-loop/DBP. F611 is also known to contribute to a hydrophobic patch

on the `ceiling' of the DBP. Residues included in this patch are noted for RE-CmeB

in Ref. [454] as I178, L607, and F610 (I179, M608, F611 in WT). Recent structures

of substrate-bound RE-CmeB revealed that this protein utilises di�erent subsets of

residues in the pockets to bind these drugs, with some substrates spanning both pockets

[454].

Through glycoproteomic analysis, two N -glycosites have been identi�ed in the

WT-CmeB protomer: 634DRN VS638 and 653DRN AS657 (Fig. 5.1A). The �rst of these

sites (N636) has been experimentally validated, however, glycosylationat N655 has not

been observed [99, 112]. Despite being solvent-accessible this siteis partially occluded

by the neighbouring R654 so does not readily interact with PglB [91]. Bothof these

sites are abolished in RE-CmeB, where these sites are mutated to633QREAS637 and
652DRNAL 656 (Appendix I, Section A.4.1). An additional acceptor sequon emerges in

RE-CmeB: 424DSN IS428. However, the cytoplasmic location of this site precludes its

glycosylation by PglB (Fig. 5.1A).

5.1.4 Oligosaccharyltransferase Protein PglB

The biosynthesis and transfer of the glycans to acceptor proteins is mediated by 10 Pgl

proteins [91, 478]. The heptasaccharide is synthesised on the cytoplasmic face of the IM
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on the lipid carrier Undecaprenyl Pyrophosphate (UndPP) by proteins PglA, PglC-F

and PglH-J [91]. The Lipid-Linked Oligosaccharide (LLO) is then 
ipped across the

membrane by PglK and the heptasaccharide is transferred to the foldedtarget protein in

the periplasm by the oligosaccharyltransferase protein PglB [91]. Crystal structures of

PglB from Campylobacter lari (59% sequence identity toC. jejuni homologue - Appendix

I, Section A.4.4) reveal a membrane-bound protein with two main domains:a TMD

(residues 1-432) and a periplasmic domain (residues 433-712) [479, 480]. PglB is itself

glycosylated [91, 481], with the acceptor sequon532DY N QS536 in the periplasmic domain.

A homology model ofC. jejuni PglB, with associated substrates and glycosylation, is

shown in Fig. 5.5.

Figure 5.5: Structure of PglB (homology model) and substrates. Schematic structures of the
acceptor peptide (left, single letter amino acid codes with N- and C-termini indicated) and
donor lipid-linked oligosaccharide (right, oligosaccharide in SNFG representation). The full
length lipid tail is shown on the right, but the lipid in the crystal structure and that used in
this work is truncated to 4 cis units. PglB is shown in the centre. TMHs are shown in pale blue;
periplasmic domain in pink; the N- and C-terminal halves of the EL5-loop in yellow and orange,
respectively. Bound Mg2+ ions are shown as magenta spheres, and substrates shown as sticks
coloured by element.N -glycan shown as green sticks.

The TMD comprises 13 TMHs and two periplasmic/external loops (EL1, EL5).

These loops, as well as another short periplasmic loop between TMHs, arebelieved to

be important for catalysis: E316, D54, and D154 are thought to comprise the catalytic

site [479]. A further conserved residue, R328, is suggested to interactwith the acidic

residue at the -2 position of the glycosylation sequon [479, 482, 483]. The periplasmic

domain displays two subunits: a central core, and an insertion sequence. The central

core contains several conserved motifs that aid in catalysis [484] and in thebinding of

the acceptor sequon of the protein and of the LLO [485, 486]. The insertion sequence is

thought to be important for catalysis [487] and structural stability [488, 489].

The protein displays a binding cavity for each substrate. At the periplasmic surface

of the TMD there is a binding site for the 
exible, surface-exposed portion of the
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acceptor protein containing the glycosylation sequon [113, 490]. In the TMD there is a

hydrophobic groove to bind the hydrophobic portion of the donor LLO [479]. These

cavities are proximal to one another, allowing the donor and acceptor substrates to

interact directly. Catalytic site residues participate in a hydr ogen bonding network

with the acceptor protein and a divalent cation (Mg2+ in the crystal structure, Mn 2+ in

vivo); this results in a conformation optimal for nucleophilic attack at the C 1 position

of bacillosamine by the nitrogen of the acceptor asparagine side chain [479].

PglB (C. lari , unglycosylated) has previously been simulated [351]. The authors

noted a high level of 
exibility around the binding sites to allow th e opening and closing

of the active site. It was found that the two domains act cooperatively to coordinate the

substrates. The periplasmic domain was shown to twist in such a waythat expanded

the protein binding cavity that may be important for the entrance and exit of substrates.

QM calculations revealed hydrogen bonding and Mg2+ coordination that caused the

asparagine to deviate from a planar conformation; this exposes the asparagine side chain

nitrogen lone pair for nucleophilic attack, consistent with the proposed `twisted amide

activation' mechanism for this protein [491].

5.1.5 The Inner Membrane

To tackle the MDR patterns conferred to C. jejuni by CmeABC, it is essential to

understand the dynamics and substrate interactions of the energisedIM component

of this machinery, CmeB. In this chapter we will use equilibrium MD simulations to

investigate both the WT and RE variants of CmeB in the representative IM model

developed in the previous chapter. To increase the complexity of the system, we will

incorporate multiple copies of CmeB, as well as the oligosaccharyltransferase protein

PglB, in these bilayers (Fig. 5.6). We will explore the dynamics of WT- and RE-CmeB,

aiming to induce conformational cycling by changing the protonation stateof D410 in

the proton relay network. Interactions between the known substrate CDCA and the

binding pockets of both variants will be investigated, as well as the conformational

dynamics of the N -glycans attached to WT-CmeB and PglB.

5.2 Methods

All MD simulations were performed in the CHARMM36m force �eld [188, 334] with

modi�ed TIP3P water [215] in GROMACS 2022.4 [205, 206]. LINCS was utilised

to constrain all bonds between heavy atoms and hydrogens [229]. Van der Waals

interactions were smoothed at distances beyond 1.0 nm to a cut-o� at 1.2 nm. Long-

range electrostatics were treated using PME [202] with a cut-o� of 1.2 nm.The system

was coupled to a heat bath at 315.15 K using the velocity-rescale thermostat throughout

[234] (� T = 1.0 ps). Analyses were performed using GROMACS and MDAnalysis

utilities [335{338]. Molecular graphics were generated in VMD 1.9.4a51 [339]. The

contents of each simulated system can be found in Appendix I (Section A.4.6).
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Figure 5.6: Simulated inner membrane system (R1). WT-CmeB and PglB are shown in
surface representation in dark blue and pink, respectively. The glycan modi�cations to these
proteins are shown in green. The membrane is shown as a pale pink transparent surface, with
the phosphorus atoms of the phosphate groups shown as lilac spheres.(A) Top-down (from
the periplasm) view of the system. (B) Side view of the system with membranex/ y dimension
indicated.

5.2.1 Protein Models

5.2.1.1 CmeB

The structure of apo RE-CmeB was retrieved from the PDB (PDB ID: 8GJJ) [454].

While there are existing experimental structures for WT-CmeB [445], these structures

were not in the asymmetric A/B/E states (instead in the E/E/E and E/B/`Rest ing'

states). To generate an asymmetric model for WT-CmeB we used homology modelling

(SWISS-MODEL [492]); the sequence for WT-CmeB was �tted to the backbone of

RE-CmeB (8GJJ [454]). The initial values for important inter-residue and inter-domain

distances were calculated to ensure appropriate classi�cation of each chain (Appendix I,

Section A.4.7.1). In both cases, all residues were assigned the default protonation state

at pH 7, except D410 in WT-CmeB/D409 in RE-CmeB in the binding protomer which

were protonated in an attempt to encourage conformational cycling to the extrusion

state (Appendix I, Section A.4.5) [441, 493]. WT-CmeB was glycosylated using the

CHARMM-GUI PDB Reader and Manipulator module [195, 494, 495].

5.2.1.2 PglB

There is currently no experimentally resolved structure forC. jejuni PglB, though there

is a resolved structure for the homologous PglB protein inC. lari [479, 480]. With > 50%

sequence identity between these proteins, homology modelling wasdeemed appropriate.

SWISS-MODEL was used to �t the PglB sequence to theC. lari PglB structure (PDB

ID: 5OGL [480]). Default protonation states were assigned for all residues in this

model. PglB was glycosylated using the CHARMM-GUI PDB Reader and Manipulator

module [195, 494, 495], generating 3 di�erent glycan conformations. This template

contained two magnesium ions, a donor substrate (LLO with a truncated lipid tail),

and an acceptor peptide. The magnesium ions were maintained at the locations from

the template. The substrates were modi�ed as described below.
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5.2.1.3 Substrates

The model for CDCA was the same as that used in the OMF simulations (Section

3.2.4). Using AutoDock Vina [496, 497], one molecule of CDCA was docked into the

PBP and DBP of the Access and Binding protomers, respectively, of theCmeB trimers.

The volume into which CDCA was placed was de�ned as a cube, centred onthe centre

of geometry of the residues lining each pocket as de�ned in the literature [454, 471].

The box dimensions were calculated by �nding the distance between the minimum and

maximum coordinate value for the C� atoms of these lining residues in thex, y, and

z dimensions. The PBP and DBP boxes were 24.6� 19.0 � 23.7 �A3 and 14.3� 16.0

� 16.8 �A3, respectively (Fig. 5.7). Residues lining the pocket were allowed 
exibility

during docking. The lowest energy (most favourable) pose was selected for each pocket.

The CmeB-CDCA complexes were then energy minimised using steepest descent (5,000

steps) [246].

Figure 5.7: Docking of CDCA into the WT-CmeB binding pockets. In each case, the sticks
indicate residues known to constitute each binding pocket and the black box indicates the
volume used for docking by AutoDock Vina [496, 497]. The best scoring pose forCDCA is
shown. (A) Docking of CDCA into the PBP. (B) Docking of CDCA into the DBP.

The acceptor peptide for PglB was extracted from the crystal structure 5OGL

[480]. The sequence was modi�ed to match that of the known occupied CmeB glycosite

(KDR N VSAD) using in silico mutations in PyMOL [498]. The glycan donor LLO

was generated in CHARMM-GUI Ligand Modeler [341] with the lipid tail of the LLO

truncated to the same length as that in the PglB crystal structure (Fi g. 5.5). The

lipid tail and bacillosamine unit were aligned with those of the crystal structure. The

remaining 6 moieties of the heptasaccharide were manually arranged in 3 di�erent

conformations, one each for the 3 PglB copies in the �nal assemblies. Thissubstrate-

bound protein was energy minimised (5,000 steps steepest descent [246]) to resolve any

steric clashes and inappropriate bond lengths/angles/dihedrals that had arisen.
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5.2.2 Lipid Bilayer Generation

The bilayers generated in the previous chapters were used to build large bilayers with

unique con�gurations. The simulated bilayers from the previous chapters (Section 4.2.3,

t = 1 � s) were �rst 
attened in a 1 ns simulation. Each 20% LPL bilayer was simulated

under the conditions described for the previous production simulations, with position

restraints on the z-coordinates of the lipid phosphorus atoms such that each lea
et was

planar and the phosphorus atoms of the lea
ets were 38.3�A apart (Section 4.3.4.1).

Three much larger membranes were then generated using these 
attened bilayers in a

2� 2 grid in the same fashion as those described in Section 4.2.4.

5.2.3 Full System Assembly

In total, 4 simulation systems were generated. Each contained 2 copies ofCmeB and 3

copies of PglB. The exact contents of the system was di�erent in each case:

R1 - 2 � glycosylated WT-CmeB with CDCA docked in the Access and Binding

protomers; 3 � glycosylated apo PglB

R2 - 2 � glycosylated WT-CmeB with CDCA docked in the Access and Binding

protomers; 3 � glycosylated PglB with bound LLO and acceptor peptide

R3 - 2 � unglycosylated RE-CmeB with CDCA docked in the Access and Binding

protomers; 3 � unglycosylated apo PglB

R4 - 2 � unglycosylated RE-CmeB with CDCA docked in the Access and Binding

protomers; 3 � unglycosylated PglB with bound LLO and acceptor peptide

The full molecular contents are tabulated in Appendix I (Section A.4.6). In each case

the hydrophobic TMDs of the proteins were aligned with the hydrophobic core of the

large bilayers [499]. The proteins were arranged in thexy-plane such that they were not

in contact with each other (Fig. 5.6). Lipids that overlapped with the pr oteins (atoms

within 1 �A of each other) were removed. The cavity in the TMD of each CmeB copy

remained �lled with lipids [472, 500]. Water was added to the simulation box using

the GROMACS utility solvate [205]. Water molecules that were placed within the

hydrophobic core of the bilayer or that were clashing with protein atomswere removed

using MDAnalysis [337, 338]. Some water molecules were replaced with Mg2+ (1 mM

[501, 502]) and KCl (neutralising, plus 150 mM).

5.2.4 Equilibration & Production Simulations

Each system was energy minimised in 50,000 steps using the steepest descents algorithm

[246]. Stepwise equilibration was then applied in the form of 2 NVT phases and 4

NPT phases with decreasing position restraint strength at each phase (Table 5.2). All

NPT phases coupled the system to a pressure bath at 1 bar using the semi-isotropic

Berendsen scheme [233] (� p = 5.0 ps; � = 4 :5 � 10� 5 bar� 1).
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Eq. Phase
Position restraint / kJ mol � 1 nm � 2

� t / fs Length / ps
Prot. BB Prot. SC Lipid P z Dih.

NVT1 4000 2000 1000 1000 1 125
NVT2 2000 2000 400 400 1 125
NPT1 1000 1000 400 200 1 125
NPT2 1000 1000 200 200 1 500
NPT3 500 500 40 100 1 1000
NPT4 100 100 - - 1 1000

Table 5.2: Position restraints, timestep, and duration for equilibration stages. Prot. = protein;
BB = backbone; SC = side chain; Dih. = dihedrals.

Each equilibrated system was then simulated unrestrained for 500 ns.A timestep of

1 fs was used throughout. Pressure was maintained at 1 bar using the semi-isotropic

Parrinello-Rahman coupling scheme (� p = 5.0 ps; � = 4 :5 � 10� 5 bar� 1) [237, 238].

5.3 Results & Discussion

The main focus of this work is the bacterial e�ux machinery CmeABC; for the purposes

of this chapter, we will be analysing the dynamics and interactions of CmeB only. The

analysis of PglB dynamics and interactions is discussed in the FutureWork section

(Section 5.6).

5.3.1 CmeB Dynamics

5.3.1.1 RMSD & RMSF

As a method of preliminary analysis, the backbone RMSD was used to assess the change

in conformation of CmeB over time. As shown in Fig. 5.8A, the backbone RMSDsfor

the trimeric proteins are, generally, still increasing at the end ofthe 500 ns simulations.

This indicates that the trimers have not yet reached a stable, equilibrium state. The

backbone RMSD of the individual protomers was subsequently calculated to assess

whether particular protomers were driving this increase more than others.

The A� B protomer RMSD, while still 
uctuating, generally appears to be plate auing

at the end of the 500 ns simulation. We note that the A and B states are similarin

conformation (Fig. 5.2): large changes in conformation were not expected for this

protomer, and the plateauing of the RMSD suggests that these protomers have reached

an equilibrium conformation on the timescale simulated. In contrast, the B� E, and even

more so the E� A protomer RMSD, are still increasing at the end of these simulations;

the continued rise in the trimer RMSD is likely driven by the E � A protomer. This

suggests that these protomers are still experiencing conformational changes and have

not yet reached an equilibrium state. The conformational change required for the B� E

and E� A transitions is large, involving the closing/opening of the periplasmic cleft and

exit gate. It is therefore likely that these protomers have not reached their target end

state on the 500 ns timescale. This is explored further in subsequent sections.
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Figure 5.8: RMSD of the CmeB backbone. WT copies in blue, RE copies in pink.(A) RMSD
of the trimer backbone. (B) RMSD of the A� B protomers. (C) RMSD of the B� E protomers.
(D) RMSD of the E� A protomers.

To assess the local dynamics/
exibility of the protomers, the RMSF was calculated

over each chain in each copy. The mean per-residue RMSF, with associated SD, was

calculated over all WT and RE copies separately, grouped by target end state; these

values are plotted in Fig. 5.9 and projected onto the CmeB protomer structures in Fig.

5.10. By considering each protomer state in turn, and evaluating RMSF separately for

WT- and RE-CmeB, we can identify regions of importance in each protomer and any

di�erences between CmeB variants.

In all cases, the DN and PC1 subdomains (speci�cally residues� 250-260 and� 640-

660, respectively) displayed substantial 
exibility. These residues are proximal to/in

contact with the � -barrel and membrane-proximal domains of the PAP in the assembled

e�ux machinery (Section 6.3.3.2; Table 6.5). It is likely that in the assembled CmeABC

complex these residues would display less 
exibility due to the constraint posed by the

presence of/interactions with another protein.

In the TMD, Transmembrane Helix (TMH)7 (residues 534-558) displays varying


exibility across the protomers and between WT and RE variants. In the B� E

protomers, the WT and RE copies display comparable 
exibility that is consistent

across the length of this helix. In contrast, in the A� B protomers the RMSF is greater

towards the C-terminus of the helix, and the magnitude of the RMSF isgreater for

WT across the helix. WT-CmeB similarly displays greater 
exibili ty here in the E� A

protomers, with RMSF decreasing towards the C-terminus of the RE helix.

The G-loop separating the PBP and DBP and the F-loop at the 
oor of the PBP

are both 
exible, with peaks in RMSF in these region for all copies. TheF-loop displays

the greatest level of 
uctuation in the A � B protomers, which have a CDCA molecule
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Figure 5.9: Per-residue RMSF for the CmeB protomers, averaged over all WT and RE
copies with associated SD. Important subdomains and structural features are labelled, and the
background of each plot is coloured by domain (pink for TMD; blue for Porter domain; yellow
for Docking domain). A dashed green vertical line denotes the occupied glycosite (N636) in
WT-CmeB. (A) Per-residue RMSF plot for all A� B protomers. (B) Per-residue RMSF plot
for all B � E protomers. (C) Per-residue RMSF plot for all E� A protomers.
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Figure 5.10: RMSF projections for the CmeB protomers. CmeB protomer structure coloured
by per-residue RMSF value averaged over for all WT and RE copies. Each protomer is viewed
from the same angle (face-on to the periplasmic cleft formed by subdomains PC1 and PC2). (A)
Projection of RMSF values for WT A � B protomers. (B) Projection of RMSF values for WT
B� E protomers. (C) Projection of RMSF values for WT E� A protomers. (D) Projection of
RMSF values for RE A� B protomers. (E) Projection of RMSF values for RE B� E protomers.
(F) Projection of RMSF values for RE E� A protomers.

in the PBP at the onset of the simulations. The 
uctuation of the G-loop i s similar

across the A� B and B� E protomers. For both loops in the A� B and B� E protomers

the RMSF values are greater for the WT copies. We note that the magnitude ofthe


uctuation is smaller in the E � A protomers for both loops, but of similar magnitude

across the two variants. These protomers do not contain a substrate in either binding

pocket; the presence of CDCA, and its orientation within the pocket, is likely in
uencing

the dynamics of this loop. Interactions between CDCA and the binding pockets are

discussed in more detail in Section 5.3.2.

In each region discussed above, we have noted that the WT and RE copies have

displayed similar RMSF values, or even that the WT protomers have displayed greater


exibility. This extends to the glycosite, where the per-residue RMSF is comparable in

WT and RE variants in all protomers (overlapping SD in the B � E protomer). This

is perhaps unexpected: as discussed in Chapter 3, previous simulation studies have

suggested that the attachment ofN -glycans reduces the 
exibility of soluble proteins

without changing the global conformation [100]. CmeC also displayed similarRMSD

values across the plain and glycosylated copies (Fig. 3.3). These resultssuggest that
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the in
uence of N -glycans on the dynamics of membrane proteins may be di�erent to

that of soluble proteins. The large number of mutations in RE-CmeB compared to

WT-CmeB is likely also in
uencing the magnitude of the dynamics.

5.3.1.2 Monitoring Conformational Cycling

PCA was used to investigate the essential dynamics of the individualprotomers. If

the selected protonation pattern (D409� , D410H ) was consistent with that in vivo, we

would expect the principal components for each protomer to re
ect thetransition to the

target end state. For example, a protomer that starts in the Binding state with a target

Extrusion state should display a closing of the periplasmic cleft and an opening of the

exit gate. PCA was undertaken assessing WT- and RE-CmeB separately, grouped by

protomer target state. The variance accounted for by each eigenvector is tabulated in

Table 5.3. The �rst principal component for each protomer is shown in the form of a

porcupine plot in Fig. 5.11. Projections of each trajectory along the �rst three principal

components, as well as porcupine plots for the second principal component for each

protomer, can be found in Appendix I (Section A.4.8).

Eigenvector
WT RE

A � B B � E E � A A � B B � E E � A

1 23.6 22.9 29.1 34.9 30.2 14.5
2 19.0 15.3 15.6 11.9 16.1 11.5
3 11.1 9.6 7.0 7.0 5.7 7.8
4 4.9 5.6 5.5 4.7 4.5 6.3
5 4.4 3.6 2.7 3.6 3.4 5.2

Cumulative 63.1 56.9 60.0 62.1 59.9 45.4

Table 5.3: Proportion of the variance accounted for by each eigenvector identi�edvia PCA of
the equilibrium simulations.

Before discussing the motions described by the principal components, we must

�rst address the proportion of the variance captured by this method of dimensionality

reduction. As shown in Table 5.3, the �rst 5 principal components account for, at most,

63.1% of the variance. To capture greater than 80% of the variance, more than 20

eigenvectors are required in each case. This spread in variance implies that there is not a

single dominant motion in each case and/or that many smaller motions are contributing

to the overall dynamics of the protein. This was perhaps to be expected, with the

coordinated movement of several large subdomains required for full conformational

transitions between states, and intricate allosteric coupling between the TMD and the

Porter domain. With this in mind, we will brie
y analyse the motions captured by the

�rst principal component for each protomer.

In the A � B protomers, a large proportion of the motion captured by the �rst

principal component is in the TMD (Fig. 5.11A,D). Most helices display a lateral

motion, with the exception of I � which moves in a vertical fashion. A more detailed

analysis of these helical motions is discussed in Section 5.3.1.3. In thePorter domain,
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the PC2 subdomain of both WT- and RE-CmeB moves both upwards and outwards

away from the central cleft. Additionally, the �rst helix of the PC1 subdomain (which

was noted to be mobile in the RMSF analysis in Section 5.3.1.1) is found to display

some lateral motion towards the periplasmic cleft. The level of motion captured in the

Porter domain is greater than �rst anticipated: with only subtle di�er ences between the

Access and Binding states in the Porter domain, it was expected that motions extracted

would re
ect this. However, the magnitude of the greatest displacement is notably lower

in the A � B protomers than for the B� E and E� A protomers. Consistent with the

RMSF analysis, the region where the greatest motions were captured for WT-CmeB is

the F-loop, which moves vertically.

For the B� E protomers, the �rst principal component does appear to capture some

of the expected dynamics (Fig. 5.11B,E). The TMHs display some level ofrotation

about the centre of the TMD, and the I � helix moves laterally towards TMH7 (Section

5.3.1.3) In both WT and RE copies (though more clearly in WT) the PC2 and PC1

subdomains display spines that are suggestive of a closing of the periplasmic cleft, as

expected for this transition. However, the exit gate does not show anysubstantial

motion that is suggestive of an opening in this region.

For the WT E � A protomers, the greatest motions are captured in the TMD, with

both vertical and lateral translations observed (Fig. 5.11C). The spines ofthe Porter

domain for WT-CmeB do not indicate any substantial opening of the cleft, with the

exception of the dynamic � -helix of the PC1 subdomain which appears to move away

from the cleft. In contrast, very little motion is captured in the TM D for the RE copies,

and the spines in the Porter domain are more suggestive of an opening motion (Fig.

5.11F). This principal component does not capture any substantial motion atthe exit

gate; for a transition to the Access state, this site should close.

The di�erent states of the RND protomers can be characterised by the distances

between the residues in the proton relay network, and by inter-domain distances for

subdomains in the periplasm (Fig. 5.3C, 5.2E). These distances can thusbe used as a

measure for the expected conformational transitions. The relevant inter-residue and

inter-domain distances were calculated over the trajectories to assess whether each

protomer had transitioned from the initial state towards its target end state. Inter-

residue distances for residues constituting the proton relay network were selected based

on whether they displayed distinct di�erences based on protomer state (Fig. 5.3C).

These pairs were: K935-D410; K935-N936; K935-T973; D409-G405 (residue numbers for

WT-CmeB). In these pairs, the distance was taken as the minimum distance between

the relevant sidechain Oxygen or Nitrogen atom(s), except G405 where thebackbone

Oxygen atom was used. Two additional distances were monitored: the putative exit

gate [454] (distance between C� atoms of L126 and Y752) and the distance between the

centre of mass of the PC1 and PC2 subdomains which characterise the periplasmic cleft.

The timeseries of these distances is plotted in Fig. 5.12. Histograms of the distance

values over the full 500 ns simulations can be found in Appendix I (Fig. A.11).

To complement the above analysis assessing whether the proton relaywas displaying
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Figure 5.11: Porcupine plots for the �rst principal component for each protomer. In t he B� E
and E� A protomers, the C� atoms of L126 and Y752 (exit gate residues) are shown as green
spheres.(A) WT-CmeB, A � B. (B) WT-CmeB, B � E. (C) WT-CmeB, E � A. (D) RE-CmeB,
A� B. (E) RE-CmeB, B� E. (F) RE-CmeB, E� A.
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Figure 5.12: Timeseries of the interresidue and interdomain distances characterising each
protomer state. In each subplot, the mean distance with associated standard deviation for the
initial and target protomer states (calculated from crystal structures, Fig. 5.3C) are shown as
horizontal lines and shaded areas in orange and green, respectively. The distances are plotted in
blue for each WT copy, and in pink for each RE copy.

the expected engagement/disengagement, average end states of the relaynetwork were

generated for each protomer type. In each case, only the the �nal frame of each trajectory

was considered. The coordinates of WT and RE protomers with the same target state

(e.g. all A � B protomers) were concatenated to form a pseudo-trajectory for each
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variant which was �tted to the �rst coordinate set. Using the GROMAC S rmsf utility

[205] an average arrangement of the relay network was generated for each protomer;

these are shown in Fig. 5.13A,B, alongside the average arrangement of the equivalent

residues across crystal structures of RND proteins in Fig. 5.13C. Takingthe time series

data for the inter-residue and inter-domain distances together with the average end

state conformations for the relay network, we can assess how well the conformational

transitions have been modelled in our system.

Figure 5.13: Average arrangement of the proton relay network. (A) Average end state for
each protomer setup in the WT (glycosylated) protomers. From left to right, the target end
states were: Binding; Extrusion; Access.(B) Same as panel A, but for RE protomers. (C)
Average conformation of the target state from labelled crystal structures deposited in the PDB
(Appendix I, Table A.9). While the simulation end states match the target state for the A � B
and B� E transitions, the E� A transition does not occur - there is no re-engagement of the
proton relay.

The A and B states for RND protomers are generally very similar: in all casesthe

distance distributions for the inter-residue and inter-domain distances calculated from

the crystal structures overlap (Fig. 5.2E; 5.3C; 5.12). For the A� B protomers the

distances between the residue pairs generally remain around the expected ranges for the

majority of the simulations. However, the relay site does appear to be more dynamic

than we would have expected (e.g. the K935-N936 distance 
uctuates between the
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expected distance� 7 �A up to � 10 �A). It is also of note that the relay does disengage

in one RE-CmeB replicate, as can be seen through the D410-K935 and D409-G405

distances. At the end of each simulation the inter-residue distances are, generally, in

the expected ranges. This is re
ected in the average conformations forthe relay site,

as shown in Fig. 5.13. For both variants the relay site is engaged, with K935 within

salt bridging distance of both D409 and D410 - as would be expected in both the

start and end state for these protomers. The periplasmic cleft and exit site distances,

while displaying some 
uctuation, do generally match the ranges expected of the target

Binding state. One exception is a single replicate of WT-CmeB in which the exit gate

is open (L126-Y752 distance of� 14 �A) at the end of the 500 ns simulation. In both the

Access and Binding states, the exit gate should remain closed.

The B� E protomers display more variable success in capturing the expected changes

in conformation. Some disengagement of the proton relay is observed. The K935-T973

distance is generally consistent with the expected range for the target E state throughout.

The D410-K935 distances are closer to that expected of the E state than that for the

B state, though not increasing su�ciently to occupy the range of distances expected

in the E state. Multiple copies of both WT and RE-CmeB display 
uctu ation in the

K935-N936 distance, with two WT copies occasionally sampling distances expected

in the Binding state while others are observed with hydrogen bondingbetween K935

and N936 (distance consistently below 3�A). Additionally, the D409-G405 distance is

incompatible with the expected distances from the crystal structures in all replicates.

One WT replicate does brie
y display distances within the expected range for the E

state, but by the end of the simulations all copies have a D409-G405 distance consistent

with the initial B state. This could suggest that D409 should also be protonated in the

Extrusion state. The average �nal conformations also suggest that the relay network

has failed to fully disengage. In both the WT- and RE-CmeB average structures, K935

has moved away from D410/towards T973 and N936. However, K935 has not moved as

far around as expected from the average crystal structure where the terminal amine of

the lysine residue is even further from D409 and closer to T973/N936 (Fig. 5.13C). The

periplasmic cleft of these protomers generally tends towards a more closed conformation

at the end of the simulations, with one WT protomer achieving an inter-domain distance

consistent with that expected of the Extrusion state. However, another WT protomer

maintains an open cleft, more consistent with that of the initial B state. While the

cleft is generally closing, the concomitant opening of the exit gate is notobserved in

any of the protomers. Unexpectedly, the L126-Y752 distance appears to be trending

towards an even more closed conformation, more consistent with the initial Binding

state than at the onset of the production simulation. Taken in combination with the

inter-residue distances above, these results suggest that the simulations may not be

su�ciently long to capture the full conformational change, or that the pr otonation

pattern at the relay site is incorrect. As discussed in our recent review article, it is

currently unclear whether conformational cycling of RND protomers requires one or

two protons. The consensus from computational studies is that protonationof D410

116



Chapter 5: CmeB in the Inner Membrane

(D408 in AcrB) alone can induce cycling [441, 460{464], though some computational

studies and crystal structures do provide compelling evidencefor the transfer of two

protons [458, 459, 503]. It is entirely plausible that our choice to protonate onlyD410

is inconsistent with the proton transfer mechanismin vivo, and that D409 should also

be protonated in order to induce the full B� E conformational change.

Finally, the E � A protomers show even more varied results at the relay site. The

relay is very dynamic in these protomers, with large 
uctuations in the D410-K935,

K935-N936, and K935-T973 distances across both WT and RE copies. While most

replicates do display some re-engagement of the relay, two WT copiesfail to re-engage

at all, with the D410-K935 distance remaining above 8�A throughout the simulation.

The average �nal conformations similarly indicate that K935 has not returned to the

expected position with its terminal amine between the carboxylatemoieties of D409 and

D410 (Fig. 5.13). The average WT con�guration is very similar to that of the WT B � E

protomer, suggesting that these copies are still in a conformation closerto the initial E

state than the target Access state. The average RE conformation is marginallybetter,

with K935 further from N936 and closer to D410. However, the complete movement of

K935 back into a position between the two aspartates is not observed. In contrast, the

D409-G405 distance is compatible with the target Access state for the vast majority of

the simulation for all copies. As might be expected from the continued disengagement of

the relay network, the opening of the periplasmic cleft and closingof the exit gate were

not observed for any replicate. To the contrary, in all protomers the exit gate opens

further; the observed L126-Y752 distances are up to 50% greater than that expected in

the initial Extrusion state, and over twice the distance expectedof the target Access

state.

5.3.1.3 Transmembrane Domain Dynamics & Water Access

Previous simulation studies have described the motions of the TMHs and the resultant

access for water molecules from both the periplasm and cytoplasm [458, 459, 464, 504].

Studies investigating the conformational cycling of AcrB have identi�ed vertical and

lateral shear motions of TMHs upon conformational cycling in each protomer, several

of which describe a rotation about the pseudosymmetry axis in the RND protein TMD

[458, 459, 463], with some describing an additional vertical shear motion of some TMHs

[458, 464]. Such rearrangements of the TMD are essential for appropriate hydration

of the proton relay for e�ective proton transfer [166]. The �rst study to describe the

hydration patterns in di�erent conformational states of AcrB was that by Fi scher &

Kandt in which they describe 3 entry routes for water from the periplasm and a single

exit route into the cytoplasm [504]. It was found that the hydration in the Access

and Binding protomers was dynamic, with the greatest level of hydrationoccurring

in the Binding protomer wherein a continuous water wire is formed across the TMD.

The Extrusion state displayed the least water within the TMD, wit h an isolated water

cluster at the proton relay site. Subsequent simulation studies have similarly observed

this hydration pattern [458, 459].
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Further to the PCA presented in the previous section, we further investigated the

change in TMH arrangement between the start and end of the 500 ns simulations:

representative snapshots of the initial and �nal states of the TMD for both WT and

RE-CmeB are shown in Fig. 5.14. In each protomer state, the WT- and RE-CmeB

copies displayed very similar changes in helical organisation (Fig. 5.14).The helical

motions in CmeB display similarity to those described in previousstudies [458], though

there are some notable di�erences. Consistent with the motions presented by Eicher et

al. [458], in the A� B protomers there is some rotation of TMH12, and inwards and

downwards (towards the cytoplasm) motion in TMH10, and a downwards motion for

I � (Fig. 5.14A,D). However, in both the WT and RE copies the I� helix also becomes

kinked. TMH2 was expected to shift downwards on transition towards the Binding

state, which we do not observe; we do, however, see some curvature of this helix with

the central portion moving outwards towards the bulk membrane.

Figure 5.14: Initial and �nal states for the transmembrane helices of CmeB in each protomer.
Snapshots taken from R1, WT-CmeB copy 1 and R3 RE-CmeB copy 1. In each panel, the �nal
helix position is shown in a bright colour unique to that helix, with the initial position of that
helix overlaid in a lighter shade of the same colour. Each helix is labelled in each panel. For
visual clarity, helices that did not display signi�cant di�erence s between the start and end states
are omitted. (A) WT A � B protomer. (B) WT B � E protomer. (C) WT E � A protomer.
(D) WT A � B protomer. (E) WT B � E protomer. (F) WT E � A protomer.

The CmeB B� E transition was more consistent with the literature. In both AcrB

and CmeB, protonation at the relay site of the B protomer resulted in: a vertical

shear motion (towards the periplasm) of TMH2; a horizontal shift towards TMH7 and

subtle upwards shift for the I� helix; a lateral inwards motion for TMH8; an outwards
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movement for TMH10; and rotation of TMH12 with the N-terminal half moving tow ards

the z-axis. We note that an extension of the� -helical structure at the N-terminus of

TMH8 in the B � E transition of AcrB described by Matsunaga et al. does not occur in

our simulations [464]. This extension is thought to induce the necessary conformational

changes in the porter domain (i.e. closing of the cleft and opening of the exit gate)

[464], which we did not observe (Fig. 5.12).

Finally, the E � A capture some of the expected TMD dynamics: a downwards

motion for TMH2; a rotation of I � (downwards shift for N-terminus, upwards for C-

terminus); and an outwards motion for TMH8. However, an expected inwards shift for

TMH10 was not observed, with the cytoplasmic (C-terminal end) moving away from

the centre of the TMD.

To further assess the dynamics of the TMD we can investigate the relative motions

of the N- and C-terminal halves of this domain. Fairweather et al. characterised the

lateral shear/rotation about the pseudosymmetrical axis of the TMD via residues in

the relay network [459] (Fig. 5.16A-C). By monitoring the angle de�ned between the

C� atoms of D406, T985, and K948 in MtrD (equivalent to D410, T973, and K935

in CmeB) they found that protonation of both aspartates in the relay resulted in an

average rotation of � 15� about the axis, as measured through the reduction in this

angle. This corresponded to an anticlockwise lateral rotation of the C-terminal half

of the TMD relative to the N-terminal half [459], which has similarly been described

for other systems [458, 463]. We repeat this analysis here to assess whether similar

rotation occurs in the TMD of CmeB. The angle de�ned by D410, T973, and K935 was

calculated at the onset of production simulations (averaged over all copies of WT- and

RE-CmeB), and then again over the �nal 100 ns of the simulations (Table 5.4). The

timeseries data is plotted in Fig. 5.15.

Time / ns
D410-T973-K935 Angle / �

A � B B � E E � A

WT
0 55.8 � 0.9 52.1� 2.2 70.1� 4.1

400 to 500 54.1 � 7.2 65.5� 8.1 64.3� 8.4

RE
0 54.4 � 1.9 51.7� 1.3 70.0� 1.8

400 to 500 57.9 � 3.1 66.3� 7.6 76.5� 7.1

Table 5.4: Average D410-T973-K935 angles in each protomer at the onset and end of the
production simulations. Values are presented as the mean over all copies (and trajectory frames,
when considering the �nal states) with associated SD.

The initial and �nal states for the A � B and E� A protomers do not display

meaningful changes in the value of this angle. While the mean values calculated may

suggest some change in the helical arrangements, the large SDs, re
ecting the dynamic

nature of this angle (Fig. 5.15), preclude any meaningful conclusions. While the SDs

are also large for the B� E protomers for the value calculated over the �nal 100 ns, the

mean value� 1 standard deviation do not overlap with that calculated for the initial

conformations.

The changes observed in the B� E protomers were not as expected based on previous
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Figure 5.15: Timeseries of the D410-T973-K935 angle characterising TMD shear rotation about
the pseudosymmetry axis [459]. WT and RE copies are plotted in blue and pink, respectively.

Figure 5.16: Rotation of transmembrane helices about the pseudosymmetry axis. Analyses
presented here are for WT-CmeB (R1, copy 2) and are representative of the B� E protomers.
(A) Top-down (from the periplasm) view of the TMD of WT-CmeB (R1, copy 1) at t = 0 ns. N-
terminal helices (TMH1-6) in blue, C-terminal helices (TMH7-12) in pale pink. Pseudosymmetry
axis displayed as a dotted line.(B) Visualisation of the relay residues de�ning the angle used
to measure helical rotation, at t = 0 ns. Image rendered from the same perspective as panel
A. (C) Same as panel B, but at at t = 500 ns. (D) Visualisation of the rotation about the
pseudosymmetry axis. Trajectory �tted to the N-terminal half of the TMD, the C-terminal
helices display some anticlockwise rotation about the axis.(E) Protection of the centre of mass
of each helix backbone, coloured by timestamp. Pseudosymmetry axis displayed as a dotted line.

studies. In MtrD, this angle decreased on protonation (B� E transition) [459]. Instead,

we observe this angle to increase in the B� E protomers (Table 5.4; Fig. 5.16B,C).

Despite this, we do still observe the anticlockwise lateral rotation of TMH7-12 relative

to TMH1-6. By �tting the trajectory to the backbone of TMH1-6, the relativ e motion

of these helical bundles is more easily elucidated. Overlaying the initial and �nal frames
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for the TMD, the C-terminal half displays the expected rotation about the central axis

(Fig. 5.16D). This is also shown in Fig. 5.16E where the centre of mass of eachTMH is

projected onto the xy-plane over the course of the simulation. This plot is similar to

that presented by Yue et al. where there is an anticlockwise rotation of the C-terminal

half of the TMD [463], though the magnitude of the displacement of the helices appears

to be smaller in our simulations. The disparity between the expected general motion

of the helices and the unexpected values of the D410-T973-K935 angle may indicate

some local deformation of these helices that is not captured by the projections on the

xy plane.

The water density within the TMD was calculated using MDAnalysis [337, 338]

over the �nal 100 ns of each simulation, averaged over all WT/RE copies for each state.

To reduce computational cost and for fair comparison to the methodology of previous

studies [504], only a subset of the water molecules was considered at eachframe: waters

that came within 8 �A of E416, R966, D409, K935, L932, F977, F922, P983, P969, I413,

L928, and/or L395 were included. Representative copies of these densitiesare presented

in Fig. 5.17.

Figure 5.17: Water density within the CmeB transmembrane domain. Top row: WT-Cm eB;
bottom row: RE-CmeB. Each panel is a representative snapshot of the water densities (pale
purple and blue surfaces, dependent on density) calculated for theTMD of each protomer. The
TMD is shown in a transparent grey cartoon representation, and residues used to de�ne the
central channel through the TMD shown as sticks coloured by element.(A, E) WT and RE
A� B protomers, respectively. Extensive water density within the TMD. (B, F) WT and RE
B� E protomers, respectively. Expected water density, with an isolated water cluster proximal
to the relay site. (C, G) WT and RE B � E protomers, respectively. Water density more like
the A or B state, where water at the relay site is part of a continuous density from the cytoplasm.
(D, H) WT and RE E � A protomers, respectively.

The water densities are, in general, consistent with those described in previous

simulation studies [458, 504]. In all cases, there are three water densitypatches at the

periplasmic side of the TMD as described by Fischer & Kandt [504] (Fig.5.17). The

A� B protomers display the greatest water density, as would be expectedof the target
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Binding state (Fig. 5.17A,E). However, the water densities are not continuous from the

periplasmic bulk water to the cytoplasmic bulk water. There is a break in the density

in the upper portion of the TMD; the relay network thus does not have access to the

periplasmic solvent.

In the E� A protomers, water at the relay site is connected to the bulk cytoplasmic

solvent but not the periplasmic solvent. While these protomers display a relative level

of hydration consistent with the Access state (less hydrated than theBinding state

but more hydrated than the Extrusion state), the bulk solvent to whi ch the relay site

is connected is unexpected. In previous studies, in the Access (and Binding) state, if

the relay site waters are connected to a single bulk solvent it is that of the periplasm

[504]. This is also important from the perspective of proton transfer. Protons are

transferred from the periplasmic solvent to the relay site, thenon to the cytoplasmic

solvent [166], but the observed water densities in the A� B and E� A protomers are not

consistent with this known transfer pathway. We note that the densities presented are

time-averaged, calculated over the �nal 100 ns of the trajectories. Water may transiently

occupy the upper portion of the TMD during our simulations which is not captured in

the densities, though transient occupation of this region would result in ine�cient proton

transfer. Finally, in 6 of the 8 replicates (3 each WT and RE), the B� E protomers

display water densities expected of the target Extrusion state (Fig. 5.17B,F). These

copies display an isolated water cluster at the relay site. The remaining copies (1 copy

each of WT- and RE-CmeB) maintain a continuous density from the cytoplasmic side

to the relay network (Fig. 5.17C,G).

It is likely that appropriate levels of hydration will not be achieved t hrough equi-

librium simulation alone, as access to the channel by the bulk solventis limited by

the presence of other protein domains. To promote hydration of this channel, future

simulation studies of this system should manually hydrate this regionprior to production

simulations. Other proteins known to transfer protons (e.g. Gramicidin channel) have

been shown to do sovia the Grotthuss mechanism [505]. This mechanism involves the

`hopping' of a proton from one water molecule to the next: an excess proton di�uses

through the hydrogen bond network of a water wire through the simultaneousformation

and breaking of covalent bonds with adjacent water molecules. This mechanism does

not necessarily need to include protonated residues. To the best ofour knowledge, this

mechanism has not been explored for e�ux machinery. Simulation of sucha process

would require the use of ionizable water models to allow the transferof protons.

5.3.2 Substrate-Binding Pocket Interactions

5.3.2.1 Docked Poses

Before assessing the interactions between CDCA and the binding pockets, it is important

to consider the starting con�guration in each setup. The size of the pocket and extensive

opportunities for interactions between the ligand and the lining residues will severely

limit the conformational and rotational freedom of CDCA: the interactions ex perienced

in each pocket during the simulations will be heavily dependenton the initial state.
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CDCA was docked into the WT- and RE-CmeB proximal and distal pockets separately,

and the best scoring pose (that with the most negative binding a�nity, as determined

through the Autodock Vina internal scoring function [496, 497]) was selected for each

pocket. The same docked pose was used for each copy of each variant. Theseposes are

shown in Fig. 5.18 with their binding a�nities are tabulated in Table 5. 5.

Figure 5.18: Docked poses of CDCA within the binding pockets of CmeB. Each panelcontains
a face-on view of the Porter domain from the periplasmic cleft (left) and a top-down view of the
Porter domain (right). (A) CDCA docked into the PBP of the Access protomer WT-CmeB.
(B) CDCA docked into the DBP of the Binding protomer WT-CmeB. (C) CDCA docked into
the PBP of the Access protomer RE-CmeB.(D) CDCA docked into the DBP of the Binding
RE-CmeB.

A�nity / kcal mol � 1

PBP DBP

WT -7.97 -7.91
RE -7.55 -8.33

Table 5.5: Binding a�nities for the best-scoring (lowest energy) binding p ose of CDCA in each
pocket. Values calculated in Autodock Vina [496, 497].

The binding poses in the PBP are very di�erent between the two variants. In

WT-CmeB CDCA is docked at the very `back' of the pocket. The carboxylate and

hydroxyl groups are oriented towards the pocket lining residues with the non-polar side

of the molecule facing towards the centre of the pocket. In contrast,CDCA in the RE

PBP is much closer to the periplasmic cleft. The carboxylate group is oriented towards

the periplasmic entrance while the rest of the molecule is positioned near the centre

of the PBP. The poses in the DBP are more similar across the two variants,with the

CDCA carboxylate pointing towards the lining residues of the pocket in each case. In

the WT DBP the carboxylate points towards the `back' of the pocket with the hydroxyl

groups also facing the lining residues closer to the `
oor' of this pocket. In the RE

variant, the CDCA carboxylate is facing the side of the pocket, while the hydroxyl

groups orient into the free space towards the PBP.

The di�erences in poses necessarily a�ects the calculated binding a�nities. A
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previous study investigating the emergence of the RE-CmeB variant compared the

binding a�nity of the antibiotics cipro
oxacin and 
orfenicol in WT- an d RE-CmeB

[465]. Similar to the above �ndings, it was noted that the two variants uti lised di�erent

subsets of residues to bind each antibiotic. The binding a�nities also di�ered between

WT- and RE-CmeB; for both antibiotics the binding a�nity was found to b e more

negative (more favourable) in the RE variant [465]. This was not the case for CDCA in

the PBP, where the binding was more favourable (though only slightly) in WT-CmeB

(Table 5.5). However, binding in the DBP was found to be more favourablein the RE

variant, consistent with the results for 
orfenicol and cipro
oxacin [465].

5.3.2.2 Interactions over the Simulations

The interactions between CDCA and the binding pockets of CmeB over the simulations

were assessed: hydrogen bond analysis was undertaken in VMD (3.0�A, 20� cut-

o�s), and in-house MDAnalysis scripts were used to �nd other residue/ion contacts

(residues/cations within 3 �A) within the pocket. Residue contacts for the PBP and DBP

are tabulated in Tables 5.6 and 5.7, respectively. These residues are also highlighted

in Figures 5.19 and 5.20, alongside prominent hydrogen bonding interactions for each

pocket. A full table of hydrogen bond occupancies in each pocket can befound in

Appendix I (Tables A.14 and A.15).

CDCA explores the PBP in both variants. We might have expected CDCA to also

interact with the DBP; on conformational cycling of the protomer from the Access to

the Binding state it is postulated that the substrate should translocate into the DBP

[166]. Further to the analysis presented in the previous sections, the lack of interaction

with DBP residues suggests that we have not observed conformational cycling in our

simulations.

CDCA typically contacts residues central within the Porter domain i n the WT copies,

while in RE-CmeB these contacts are generally closer to the periplasmic cleft (Fig.

5.19A,B,D,E). This is consistent with the di�ering initial location s for the substrate.

Due to the largely hydrophobic lining of the PBP (Appendix I, Table A.10) , the most

frequent contacts in this pocket are with aliphatic/aromatic residues. We emphasise here

that the contacts listed in Tables 5.6 and 5.7 are purely distance-based; the nature of

the contact (e.g. hydrophobic, hydrogen bonding) is dependent on the residue. Several

of the identi�ed contact residues form part of the F- and G-loops. There are large

di�erences in occupancy between equivalent residues in the two variants; for example,

the G-loop residue L613 (WT) has a mean contact occupancy> 80% while the equivalent

L612 in RE-CmeB has an occupancy of 25%. In this case this is likely a result of the

di�ering starting con�gurations. For other residues, mutation may als o play a role; V659

in WT-CmeB is mutated to Y658 in RE-CmeB, with 45 percentage-point increase in

contact occupancy for RE. Tyrosine is considerably larger than valine, with an increased

opportunity for contact with substrates.

Hydrogen bonds with the polar/charged lining residues are observed in both vari-

ants. As noted in Chapter 3, the carboxylate group dominates the hydrogenbonding
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Residue Mean Contact Occupancy
WT RE Note WT RE

�%

F614 F613 G 94.7 80.2 -14.5
I661 L660 85.6 67.1 -18.5
P664 P663 F 85.6 55.6 -30.0
Q822 Q821 64.3 47.1 -17.2
L613 L612 G 83.0 25.1 -57.9
R711 R710 y 23.5 75.3 +51.8
T137 I136 74.0 22.3 -51.7
V659 Y658 25.3 70.5 +45.2
T136 T135 72.8 21.4 -51.4
I573 I572 61.5 30.3 -31.2
L663 L662 69.8 15.7 -54.1
P665 P664 F 69.8 6.6 -63.2
I571 M570 63.0 7.4 -55.6
T713 T712 43.7 19.4 -24.3
Q820 L819 28.0 1.3 -26.7
Y329 Y328 39.7 0.6 -39.1
K45 Q45 22.4 0.0 -22.4
Q824 D823 0.0 37.4 +37.4
G674 G673 0.0 36.2 +36.2
G823 G822 0.0 34.2 +34.2
F675 F674 0.0 25.0 +25.0
N575 N574 0.1 23.3 +23.2
N702 R701 0.0 39.8 +39.8
R709 N708 0.0 61.4 +61.4
E676 E675 20.6 27.8 +7.2
T672 T671 7.4 38.6 +31.2
S670 S669 F 5.8 39.0 +33.2
S657 L656 0.0 40.7 +40.7

Table 5.6: CDCA-protein contacts in the proximal binding pocket. Residues which have atoms
within 3 �A of CDCA for more than 20% of frames in either the WT or RE variants are tabulated,
along with the equivalent residue in the other variant. Residues interacting with antibiotics in
the crystal structures of RE-CmeB in structures resolved by Zhang et al. [454] are underlined.
Residues which are mutated in RE-CmeB are highlighted in yellow. Residues from the F- and
G-loops are noted with the letters `F' and `G', and highly conserved residues are noted with a
dagger (y).

interactions with the protein due to the strong electrostatic interactions between this

anionic group and nearby residues. In WT-CmeB the most commonly formedhydrogen

bonds are with T136/T137 residues at the back of the PBP (Fig. 5.19C), wherein these

residues can interact through both the sidechain hydroxyls and the backbone amide.

Notably, no salt bridges are formed for the three WT copies where these interactions

with threonine dominate (Table A.14). In a single WT replicate (R2, copy 2), the

carboxylate hydrogen bonds to a di�erent subset of residues in the PBP: the carboxylate

is engaged in a salt bridge with K45, simultaneously hydrogen bonding to the nearby

S90 residue (Fig. 5.19C). The subset of residues with which CDCA forms hydrogen

bonds is entirely di�erent to that in RE-CmeB due to the di�eren t initial location of the

substrate (Appendix I, Table A.10). In 3 of the 4 copies, CDCA forms salt bridges with

R710 and R701 at the periplasmic entrance (Fig. 5.19F). In this pose, the hydroxyl
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Figure 5.19: CDCA interactions in the proximal binding pocket. Top row: WT-Cm eB; bottom
row: RE-CmeB. (A) CDCA-contacting residues in the WT-CmeB PBP, viewed from the
periplasmic cleft. Only residues which contact CDCA in an average of20% or more of the frames
are shown as sticks, coloured by their contact proportion.(B) Top-down (from the periplasm)
view of the residue contacts in the WT PBP. (C) Prominent hydrogen bonding interactions
in the WT PBP between CmeB residues and CDCA.(D) CDCA-contacting residues in the
RE-CmeB PBP, viewed from the periplasmic cleft. (E) Top-down (from the periplasm) view of
the residue contacts in the RE PBP. (F) Prominent hydrogen bonding interactions in the RE
PBP between CmeB residues and CDCA.

groups can also engage in hydrogen bonding interactions with the S669 sidechain and

the backbone of G822. However, the occupancy of these hydrogen bonds is below 5% of

frames in 2 of these 3 replicates. In the remaining copy (R3, copy 2) CDCA does not

engage in salt bridging, instead hydrogen bonding with the backbone amide ofI126 at

the back of the pocket through a hydroxyl group and the T671 hydroxyl group at the

entrance of the pocket through the carboxylate.

Similarly to the PBP, the DBP features a large proportion of hydrophobic residues:

many of the most frequent contacts across both variants are thus with these aromat-

ic/aliphatic residues (Table 5.7). The di�erences in occupancy between the WT and

RE DBP residues are smaller than in the PBP, likely as a result of thesimilarities

between docked poses in this pocket. There are several contacts between CDCA and

the gating G-loop and with the hydrophobic patch of the DBP. However, there are

also several contacts with F-loop residues: as shown in Fig. 5.20A,B,D,ECDCA does

contact residues within the PBP as well as the DBP. Crystal structures of drug-bound

RE-CmeB show various binding modes with some antibiotics spanningboth pockets

[454], thus it is possible that CDCA may span these pockets in the Binding state.

However, there was an expectation that this protomer would change conformation to

the Extrusion state and CDCA would move towards the exit gate; this wasnot observed

in any of our CmeB copies.

Notable contacts with charged residues are between CDCA and arginine/lysine

(R131 and K45 in WT; R130 in RE). In 7 of the 8 CmeB copies, salt bridging is observed

between the CDCA carboxylate and basic residues in the pocket. Salt bridging to R131
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Residue Mean Contact Occupancy
WT RE Note WT RE

�%

M292 I291 94.0 97.1 +3.1
T137 I136 96.0 93.9 -2.1
L663 L662 F 96.4 93.1 -3.3
L613 L612 G 95.4 82.8 -12.6
F626 F625 88.7 82.6 -6.1
R131 R130 98.3 70.2 -28.1
F611 F610 G, Patch 72.8 69.9 -2.9
I179 I178 Patch 51.6 89.5 +37.9
Y329 Y328 63.8 59.9 -3.9
I571 M570 79.0 35.5 -43.5
I671 L670 56.5 57.4 +0.9
A140 V139 30.6 69.2 +38.6
S616 S615 G 40.1 57.1 +17.0
P664 P663 F 30.0 52.7 +22.7
P667 P666 F 34.6 47.0 +12.4
K45 Q45 69.4 0.0 -69.4
L569 V568 46.7 13.4 -33.3
T133 S132 45.6 4.5 -41.1
F614 F613 G 28.3 0.3 -28.0
G668 G667 F 20.5 10.9 -9.6
M608 L607 Patch 17.1 33.1 +16.0
M606 V605 9.0 27.4 +18.4
P328 P327 0.0 25.6 +25.6
P290 P289 0.0 24.5 +24.5

Table 5.7: CDCA-protein contacts in the distal binding pocket. Residues which have atoms
within 3 �A of CDCA for more than 20% of frames in either the WT or RE variants are tabulated,
along with the equivalent residue in the other variant. Residues interacting with antibiotics in
the crystal structures of RE-CmeB in structures resolved by Zhang et al. [454] are underlined.
Residues which are mutated in RE-CmeB are highlighted in yellow. Residues from the F- and
G-loops are noted with the letters `F' and `G'. Residues that form part of the hydrophobic patch
in the DBP `ceiling' are noted with `Patch'.

is the most dominant of these interactions (Fig. 5.20C,F), with 6 of these7 copies

displaying hydrogen bond occupancies above 100%,i.e. frequently multiple hydrogen

bonds between the residue and CDCA (Table A.15). In the 7th of these copies, the

dominant salt bridge is with K45; in all WT copies, salt bridging frequently occurs to

both R131 and K45 simultaneously (Fig. 5.20C). This interaction is absent inRE-CmeB,

where the lysine is mutated to a glutamine. The �nal copy, in which salt bridging is

absent (R3, copy 2), the carboxylate moiety forms hydrogen bonds with S141.

5.3.2.3 CDCA-Cation Interactions

During translocation through the OMF, we observed CDCA to coordinate multivalent

cations within the channel, often using these cations as a bridge to interact with the

anionic channel-lining residues (Section 3.3.6) [311]. In contrast, we do not see any

long-term coordination of cations by CDCA in these simulations. Identifying the cations

within 3 �A of the CDCA carboxylate moiety over the course of the simulation it was

found that only K + ions came within this cut-o� (Fig. 5.21A,B); at no point did CDCA
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Figure 5.20: CDCA interactions in the Distal binding pocket. Top row: WT-CmeB ; bottom
row: RE-CmeB. (A) CDCA-contacting residues in the WT-CmeB DBP, viewed from the
periplasmic cleft. Only residues which contact CDCA in an average of20% or more of the frames
are shown as sticks, coloured by their contact proportion.(B) Top-down (from the periplasm)
view of the residue contacts in the WT DBP. (C) Prominent hydrogen bonding interactions
in the WT DBP between CmeB residues and CDCA. (D) CDCA-contacting residues in the
RE-CmeB DBP, viewed from the periplasmic cleft. (E) Top-down (from the periplasm) view of
the residue contacts in the RE DBP. (F) Prominent hydrogen bonding interactions in the RE
DBP between CmeB residues and CDCA.

coordinate Mg2+ cations from solution. Further to this, the CDCA-K + interactions

were short-lived (Fig. 5.21C). In the WT and RE PBPs the average interaction time was

0.18 ns in both cases, with maximum interaction lengths of 2.6 and 3.3 ns, respectively.

0.54% of frames contained a CDCA-K+ interaction in the WT PBP compared to 1.09%

in the RE PBP. This is in contrast to the DBP: the WT and RE DBPs had max imum

interaction lifetimes of 1.2 and 1.6 ns, average interaction lengths of 0.22and 0.18 ns,

with just 0.08 and 0.21% of frames containing these interactions, respectively.

These short interaction lifetimes are re
ective of the coordination mode. In the

OMF simulations, CDCA was able to coordinate multivalent Ca2+ from solution in a

bidentate mode before entering CmeC (Section 3.3.4). In the simulations presented in

this chapter, CDCA was docked into the binding pockets prior to solvation and addition

of cations. During energy minimisation and equilibration, pocket-lining residues and

CDCA are able to rearrange before cations can enter the pocket; the CDCAcarboxylate

becomes engaged in favourable hydrogen bonds/salt bridges before the cations are

able to di�use into the binding pockets to be coordinated by CDCA. By the time K +

enters the binding pockets, the carboxylate is already engaged in other interactions

(Fig. 5.21A,B) and thus unable to coordinate the cation in the same manner as in the

OMF simulations. These results do not rule out the possibility that CDCA may use

cations to traverse this e�ux machinery. In vivo, CDCA would have been in solution in

the periplasm or in contact with the IM surface prior to entering the CmeB binding

pockets; a solvation sphere and/or coordinated ions may mediate interactions between

CDCA and the CmeB pocket, but we have not observed these due to theway in which

128



Chapter 5: CmeB in the Inner Membrane

Figure 5.21: CDCA interactions with potassium ions in the binding pockets. (A) Repre-
sentative snapshot of a CDCA-K+ interaction in the PBP. Potassium ion shown as a green
sphere. The CDCA carboxylate is engaged in hydrogen bonding interactions with T136 and
T137, thus does not directly coordinate the K+ ion. (B) Representative snapshot of a CDCA-K+

interaction in the DBP. CDCA is engaged in a salt bridge with R131 and so cannot directly
coordinate the K+ ion. (C) Lifetimes of interactions between CDCA and K+ . Horizontal black
lines indicate observations, shaded areas indicates kernel densityestimates. Left: interaction
lifetimes in the PBP. Right: interaction lifetimes in the DBP.

the CDCA-CmeB complex was generated.

It is also important to note here that we have not considered interactions with water

in the binding pockets. As CDCA was docked into the binding pockets desolvated

and uncomplexed to any cations, we have neglected to account for bridging waters or

cations that may mediate interactions between the substrate and the lining residues.

Such interactions are known to be important in drug binding [506, 507]. Inthis case, a

solvation sphere or a complexed cation could potentially shield the carboxylate group

negative charge and encourage translocation of the substrate [508]. We also notethat we

have not focused in on the CDCA hydroxy groups in much detail. Whilethe carboxylate

group generally dominates hydrogen bonding interactions through salt bridges, the

hydroxyl groups are more labile; it is likely that there maybe additional interactions

between CDCA and the pocket lining residues mediated by a water molecule/water

network that we have not accounted for in this analysis.

5.3.3 Membrane Thickness & Lipid Enrichment

Membrane proteins can cause local deformation to the bilayer where there is a mismatch

between the thickness of the hydrophobic core of the bilayer and thatof the protein.

Such deformation can be important for protein function [509{511], and may aid in the

presentation of substrates to enzyme active sites (Section 7.3.7, [512]). We thus mapped

the bilayer thickness over the course of the simulations. Utilising the VMD plugin

MEMBPLUGIN [339, 513], a 2D map of the bilayer was generated at a 2�A resolution

every 25 ns. Some representative maps from the R1 replicate, with protein locations

overlaid, are shown in Fig. 5.22.

Across the simulations we do not observe any long-lived membrane deformations
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Figure 5.22: 2D Projection of bilayer thickness over the course of a simulation. The TMDs
of CmeB and PglB copies are shown in dark blue and pale pink, respectively. Projections
were derived from the R1 simulation replicate. Each panel shows theprojection at a di�erent
timestamp: (A) 200 ns;(B) 300 ns;(C) 400 ns;(D) 500 ns.

around the outer edges of proteins or in the bulk lipid bilayer. The exception to this is

the lipid-�lled cavity within the CmeB copies; the bilayer pat ch within this cavity is

slightly thinner ( � 35 �A) than the bulk bilayer ( � 38 �A). We also note that the di�usion

of the proteins within the bilayer is, as expected, slow. On the timescale simulated the

proteins do not di�use su�ciently to come close enough to interact wi th one another.

Some membrane proteins encourage the enrichment or depletion of particular lipid

species in their local bilayer environment [259, 260]. The DEI for each lipid was

calculated for the lipids within a 20 �A cut-o� of each CmeB copy using an in-house

MDAnalysis script [335{338]. These values were calculated for each lea
et over the

�nal 200 ns of each trajectory, then the average across both lea
ets for all WTand RE

copies was calculated; these values, with associated SD, are presented in Table 5.8.

POPG POPE POPA lPE (18:1) lPE (16:0) lPE (19:0 c) lPG (18:1)

WT 0.98 � 0.05 0.96� 0.07 1.18� 0.23 1.11� 0.20 0.95� 0.17 1.09� 0.16 1.09� 0.20
RE 1.06 � 0.06 0.91� 0.06 1.05� 0.20 0.99� 0.26 0.97� 0.21 1.03� 0.16 0.93� 0.23

Table 5.8: Membrane enrichment. Depletion-enrichment index presentedas the mean over all
copies in all replicates with associated SD. Calculated over the �nal200 ns of each simulation.

We do not observe any substantial enrichment or depletion of most of the lipid
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species within the bilayer, with no signi�cant di�erences between WT and RE copies.

There does appear to be a small depletion of POPE around RE-CmeB (Table5.8),

though accounting for SD this is not signi�cantly di�erent from the WT v ariant. We

note that these simulations are still relatively short for complex bilayer systems and that

lipid di�usion is a slow process [180]. It may be necessary to simulate these systems

for longer (or at higher temperatures to encourage increased lipid di�usion) to observe

enrichment or depletion of these lipids around CmeB, if there is any.

5.3.4 N -Glycan Dynamics & Interactions

Similar to the analysis undertaken in Section 3.3.3, the conformations anddynamics

of the N -glycans attached to WT-CmeB and PglB were investigated. These glycans

displayed end-to-end length distributions comparable to that observed for CmeC (Fig.

5.23A,B) with mean (� SD) lengths of 26.83� 0.82 and 26.60� 0.94 �A for CmeB and

PglB, respectively. For reference, the equivalent value for the CmeC glycans was found

to be 26.84� 1.11 �A.

The relative orientation of the WT-CmeB glycans to the bilayer normal was also

monitored (Fig. 5.23A). The glycans adopted a range of orientations relative to the

z-axis, with � values ranging from � 20� to � 140� (Fig. 5.23C,D). In general, these

glycans tend to occupy an orientation wherein they protrude out into the periplasmic

space (Fig. 5.24C,D,F), with an mean� value of 73 � 17� (SD). However, there is

substantial 
uctuation in the value of this angle across the simulation for all glycans,

with the glycans occupying a large volume around the PC1 domain over thecourse of

the simulations (Appendix I, Fig. A.15). This implies that none of the heptasaccharides

become trapped in a particular orientation.

At larger values of � , the N -glycan is oriented towards the bilayer surface (Fig. 5.23E).

In this orientation, the glycan moieties interact extensively with the bilayer headgroups;

up to 7 hydrogen bonds can simultaneously form between the heptasaccharide and the

lipid headgroups (Fig. 5.24A). Some of the hydrogen bonds formed are visualised in

Fig. 5.24C. The hydrogen bonds are most frequently to/from PG lipids. Given that

approximately 50% of the lipids in each bilayer had a PG headgroup, this is expected.

Not only did the glycans interact with the hydroxyl and amine groups of the PG and PE

lipids, hydrogen bonds were also observed between the glycan hydroxyl groups and the

lipid phosphate moieties (Fig. 5.24C). This, along with the large values of� (e.g. Fig.

5.23D, glycan 2C at � 125 ns), implies that the CmeB glycans can become embedded

in the lipid headgroup region. It is of note, however, that the glycan did not become

`stuck' in this conformation: � for this particular glycan quickly decreased to � 70� .

At some intervals, where � is small, the glycan is oriented away from the bilayer

and pointing `upwards' into the periplasm (Fig. 5.23G). In this orient ation, the glycan

can interact more readily with the PC1 subdomain of CmeB, though less extensively

than with the bilayer: up to 5 hydrogen bonds simultaneously form between the glycan

and CmeB at any given frame (Fig. 5.24B). In particular, the bacillosamine and�rst

GalNAc moiety can form hydrogen bonds with neighbouring D634 (-2 position of the
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Figure 5.23: Glycan geometry over the simulations. (A) Illustration of the end-to-end length,
l , of the glycan, and its angle to thez-axis, � . Glycan shown as sticks, coloured by element with
a transparent green surface overlay; CmeB protomer shown as a dark blue surface. N636 C�
and terminal GalNAc C4 atoms shown as cyan spheres.(B) Histogram of the glycan end-to-end
lengths, l , over all CmeB and PglB N -glycans in all replicates. (C) Timeseries of the angle
between the CmeB glycan vectors and thez-axis in system R1. Each line represents the glycan
in chain A, B, or C in CmeB copy 1 or 2. (D) Timeseries of the angle between the CmeB
glycan vectors and thez-axis in system R2. (E) Visualisation of the glycan at large values of� ;
glycan embeds into the lipid headgroups.(F) Visualisation of the glycan protruding into the
periplasmic space.(G) Visualisation of the glycan at small values of� ; the glycan interacts
with the PC1 domain of CmeB.

acceptor sequon) as shown in Fig. 5.24D. The hydrogen bond between bacillosamine

and D634 forms most frequently (typically observed in a quarter of trajectory frames)

due to its proximity to the protein - almost all orientations of the hep tasaccharide allow

the formation of a hydrogen bond between this moiety and the protein. Other moieties

closer to the terminus of the heptasaccharide can hydrogen bond to residues higher up

on the exterior surface of the PC1 domain when� is small. For example, as shown in

Fig. 5.24D, the �fth GalNAc moiety can simultaneously form hydrogen bonds to S146

and Y144.
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Figure 5.24: Hydrogen bonding interactions between the glycans and the membrane/CmeB.
(A) Number of hydrogen bonds between each glycan and the membrane over time.(B) Number
of hydrogen bonds between each glycan and CmeB over time.(C) Visualisation of example
hydrogen bonding interactions between theN -glycan and membrane lipids. (D) Visualisation
of example hydrogen bonding interactions between theN -glycan and CmeB.

Finally, the glycosidic torsion angles of the WT-CmeB and PglB N -glycans were

calculated as for the CmeC glycans (Section 3.3.3) with the� - combinations plotted

atop the published energy surfaces for these linkages [351]. Similar to the CmeC glycans,

the CmeB and PglB glycans tended to explore the global minima of the energy surface

characterised by Pedeboset al. [351], with the exception of the bacillosamine-asparagine

linker (Fig. 5.25; Appendix I, Fig. A.14), as was also the case for CmeC. Despite

the conformational constraint posed by the bilayer for the WT-CmeB glycans, these

heptasaccharides display a similar level of conformational mobility as those attached to

PglB and CmeC.
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Figure 5.25: Glycosidic torsion angles explored by theN -glycans. Scatter plots of the� and
 values for each unique glycosidic linkage in the heptasaccharide, plotted in Blue (CmeB) and
pink (PglB) atop the free energy contour plots generated via metadynamics simulations by
Pedebos et al (adapted from Ref. [351]). The mean value� the SD observed for each linkage in
Ref. [351] are plotted as pink rectangles.

5.4 Limitations

There are several limitations to the simulations presented in thischapter. As with

many simulation studies investigating the conformational cycling of RND proteins

[458, 459, 464], we have tested only one of the possible protonation state combinations

(D409� D410H ). This choice was based on our recent review of the existing literature

[441] and pKa calculations for the proton relay residues (Appendix I, Section A.4.5),

both of which suggest that in the Extrusion state only D410 is protonated. However,

in our simulations we do not observe the full disengagement/re-engagement of the

relay network as expected during our simulations, nor do we observe the expected

conformational changes in the B� E or E� A protomers (Section 5.3.1.2). It is possible

that we have selected the incorrect protonation pattern for the B� E transition, resulting
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in a lack of conformational cycling in these equilibrium simulations. It may also be

possible that this protonation pattern is correct but that the conformati onal transitions

occur on a longer timescale than that simulated here; the RMSD plots suggest that

the B� E and E� A protomers are still changing at the end of the 500 ns (Section

5.3.1.1). We note that the strong binding of the substrates to the binding pockets

may also be a�ecting the ability of each protomer to change conformation. If, like

other RND proteins, the cycling of the 3 protomers is cooperative and transitions occur

concomitantly [514], the inability of a single protomer to complete its transition may be

stopping the other protomers from cycling too.

In addition, we did not observe the expected translocation of CDCA (PBP� DBP in

the A� B protomers; DBP� Exit gate in B � E protomers) on the timescale simulated

(500 ns). CDCA molecules instead typically remained in the pocketsinto which they

were docked, with extensive interactions in those pockets. Selecting the most-favourable

binding state and not including solvent/cations in the docking process is likely to have

played a part in this; alongside the lack of conformational changes in the CmeB Porter

domain, interactions between CDCA and the pockets may be so favourable that the

energy barrier to translocation is greater than that can be overcome in equilibrium

MD simulations. Enhanced sampling techniques such as SMD may be necessary to

encourage translocation on a reasonable timescale.

The size and bilayer complexity of these systems, while better-re
ecting a biological

system than that with a single protein without post-translational modi �cations or

substrates and embedded in a simple phospholipid bilayer, does limit the conclusions

we can draw from these simulations. A lack of negative controls (e.g. apo-state CmeB,

unglycosylated WT-CmeB, simple bilayer models) means the e�ectof individual parts

of the system is di�cult to extract. For example, di�erences in 
e xibility between

CmeB variants may be as a result of glycosylation, mutations, or a combination of

both; reduced 
exibility of the F- and G-loops in the E � A protomers compared to the

A� B and B� E protomers may be due to the di�erent conformational states, or the

presence/absence of substrates; and bilaye composition may in
uence protein dynamics.

For the latter point, we again note that the bilayer model employed contains lipid

models that have not been experimentally validated.

Finally, despite these systems being substantially larger and morecomplex than

typical membrane protein simulations (single protein in a simple bilayer model), they

are still far less complex than a biological system. The IM is known to be asymmetrical

[8{10], though elucidating the composition of individual membrane lea
ets is a di�cult

task, and is not known for the vast majority of bacterial species. We have thus utilised

a symmetric bilayer model. There is also a potential across the IM [515], which is

not possible to model in the current simulation setup due to the periodic replication

of the simulation box; both the `periplasmic' and `cytoplasmic' solvent are free to

exchange across the periodic boundaries. A double bilayer system could be used to

give two isolated solvent compartments, though this increases the computational cost of

signi�cantly. Additionally, the periplasm is crowded with soluble proteins, ions, and
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osmolytesin vivo [17]. These have been omitted in this work, but a recent study has

shown that crowding in the periplasm can signi�cantly impact the in teractions between

species within the system [374].

5.5 Conclusions

In this chapter we simulated a model of theC. jejuni IM containing two variants of

substrate-bound RND protein CmeB and the oligosaccharyltransferase protein PglB

embedded in a bilayer model representative of the native lipid composition. We focused

our attention on the dynamics and substrate interactions for WT- and RE-CmeB.

Partial disengagement/re-engagement of the proton relay network was observed in the

B� E and E� A protomers, respectively, suggesting that we may need to extend these

simulations or possibly that the choice of protonation states is not correct. As a result,

we did not observe the substantial conformational changes in the Porter domain that

are expected in the conformational cycling in RND proteins on the timescale simulated.

A shear rotation about the pseudosymmetry axis of the TMD, which has been reported

in previous simulation studies, was observed, though the resultingwater access in the

central channel of this domain was less extensive than expected. CDCA displayed distinct

interaction interfaces in the binding pockets of the two CmeB variants. In contrast

to our simulations of CmeC, CDCA did not coordinate multivalent cations, instead

typically forming hydrogen bonds/salt bridges directly with pocket -lining residues. The

glycans attached to WT-CmeB were found to be dynamic and 
exible; these glycans

display similar conformational lability to that observed in CmeC despite their proximity

to the periplasmic surface of the bilayer.

5.6 Future Work

For the purposes of this thesis we have focused on the CmeB proteinsin these system.

In doing so we have neglected the other protein in these bilayers:PglB. Further analysis

of the trajectories generated here should explore the dynamics of theprotein and its

interactions with the substrates. The e�ects of glycosylation and substrate presence

can also be investigated as we have simulated all 4 combinations of glycosylated/ung-

lycosyalted and apo/substrate-bound. One particular avenue of exploration could be

to utilise QM methods (as undertaken by Pedeboset al. on the C. lari homologue

[351]) to further understand the exact mechanism by which this enzyme carries out its

transferase function.

Future study of CmeB could look to use enhanced sampling techniques to encourage

conformational cycling and translocation of substrates. Target MD could beused to in-

duce conformational changes in each protomer [516]; this method applies time-dependent

geometrical constraints to enforce the known, desired conformational change(s). Studies

applying this method to AcrB, identifying cooperative e�ects between monomers [517] as

well as substrate uptake pathways from the periplasm [518]. Applying this method could

reveal more about the cooperativity between protomers: a FRET study ofWT-CmeB,
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in contrast to all other RND studies, suggested that protomers can cycle independently

[445]. Allowing substrate uptake from the periplasm through this method could also

improve modelling of the mechanism of action. With substrates initially solvated (rather

than docked into the binding pockets) the in
uence of a solvation sphere and solvated

ions can be accounted for in the extrusion pathway.

Constant pH MD could be used to investigate the protonation state of the relay

network in each conformational state [519], similar to the study undertaken by Yue

et al. [463]. The trajectories generated in this work are inconsistent with the known

conformational cycling of this family of proteins [166] which suggests that the protonation

pattern at the relay site may be incorrect. This work used conventional MD wherein the

protonation states of all residues are chosena priori and are �xed over the simulation.

Constant pH MD allows titratable residues to change protonation state over the course

of the simulations according to the solution pH and local environment. This also allows

the simultaneous calculation of pKa values for all titratable residues simultaneously, in

contrast to traditional free energy perturbation techniques which yield only one pKa at

a time while �xing the protonation state of all other residues. Using constant pH MD

could better elucidate the most likely protonation states for each CmeBprotomer, and

thus guide future simulations investigating the conformational cycling of this protein.

With an end goal of investigating the dynamics of fully-assembled e�ux machinery,

the natural next step is to generate a structure for the assembled CmeABC complex for

simulation. While ideally this would be in the form of an experimentally-determined

(XRD, Cryo-EM) structure, experimental methods are labour-intensive and slow. In

the next chapter, we will generate such a model using readily available computational

tools for protein structure prediction.
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6 j Modelling CmeA & Assembling the

Envelope-Spanning Complex

No procedure is assured of �nding a global minimum with less

than in�nite e�ort.

Mark Abraham in the GROMACS mailing list, 2010

Abstract

The �nal component of the CmeABC e�ux machinery is the periplasmic adap tor

protein, CmeA. This protein resides in the periplasmic space, joining the outer and

inner membrane components to create a continuous channel across the cell envelope. As

there are currently no experimental structures of assembled CmeABC, or of full-length

CmeA, simulating the envelope-spanning complex �rst requires the use of modelling

techniques to generate a structure for CmeA. In this chapter, we explore four protein

structure prediction methods across eight software suites to model this periplasmic

adaptor protein. Employing bioinformatics and docking techniques,we then use the

most suitable predicted structure to assemble the CmeABC complex. This model is

used to estimate the thickness of theC. jejuni cell envelope. Finally, we speculate on

the position of the cell wall within the periplasmic spacevia comparison to homologous

systems and the predicted structure of a putative cell wall tether.

6.1 Introduction

6.1.1 Periplasmic Adaptor Protein Structure

PAPs are a diverse family of proteins that interact with both IM transpor ters and OMFs

to create a continuous channel across the cell envelope. PAPs use distinct protein-protein

interfaces to allow a level of promiscuity in the OMF; the same OMF can couple to

several di�erent IM transporters, mediated by the PAP. For example, in Salmonella at

least 8 di�erent assemblies recruit TolC as the OMF, with IM transp orters from the

MFS, RND, and ABC superfamiles [520, 521].

PAPs that couple to RND transporters are organised into 4 key domains: the

Membrane-Proximal Domain (MPD); the � -barrel domain; the lipoyl domain; and the

� -hairpin domain (Fig. 6.1A,B). Both N- and C-terminal halves contribute to each of
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these domains as these proteins exhibit a hairpin-like fold [317, 522], with both termini

close to the IM. Initially, stoichiometry between transporter, PAP , and OMF protomers

was unclear; through docking,in vivo cross-linking, and mutagenesis studies, as well

as the 3-fold symmetry of the membrane components, there were suggestions of 3:3:3

[523], 3:6:3 [522, 524], 3:9:3 [317], and 3:12:3 [522]. With the maturation of Cryo-EM

techniques, resolution of assembled machinery has become feasible:it is now widely

accepted that PAPs assemble as hexamers [525{528].

Figure 6.1: Topology and structure of the periplasmic adaptor protein. (A) Topology of the
periplasmic adaptor protein family, adapted from Ref. [166]. N-terminal residues (up to the
in
ection point in the � -hairpin) are coloured a darker pink, C-terminal residues a lighterpink.
Position of CmeA glycosites indicated with a star. (B) Cryo-EM structure of the hexameric PAP
AcrA (5NG5 [167]). For clarity, only one protomer is shown in an opaque representation. (C)
Cross-section of the� -hairpin domain shown in the helical-wheel representation. Two protomers
are highlighted, with the N- and C-terminal helices (� 1 and � 2, respectively) indicated. Adapted
from Ref. [529].

The domain closest to the IM is the MPD. The N-terminal cysteine of each protomer

is lipidated to anchor it to the periplasmic lea
et of the IM [166, 521]. The unstructured

N-terminal residues are frequently absent in experimental structures due to the 
exibility

of this region. The MPD is composed of a single� -strand from the N-terminus, and

several� -strands from the C-terminus. This domain has been shown to be essential for

assembly and function of AcrAB-TolC in E. coli [530] and for several RND-PAP pairs

in Salmonella [313]. This domain contacts the IM transporter and is thought to play a

role in stimulation of e�ux activity and consumption of the proton gradient [531, 532].

The next domain is the � -barrel, composed of six antiparallel� -sheets and capped

with a single, short � -helix [317, 522]. This domain is also in contact with the IM

transporter; the roles of the � -barrel domain appear to be connected with the formation

of contacts between the transporter and the PAP [169, 525, 526] and in the self-

association of the PAPs into hexameric assemblies [533].

The lipoyl domain is named for its similarity to the biotinyl/lipoyl carrier domains of

dehydrogenase enzymes [317, 534]. This domain consists of a� -sandwich of interlocking

motifs, each constituting three � -strands. Experimental structures of fully assembled

machinery suggest that this domain is not in contact with the IM transport er protein

[167, 526]. Its role is instead in the stabilisation of oligomeric self-assembly: mutations

in this domain have a destabilising e�ect, resulting in total loss of function [535]. In

140



Chapter 6: CmeA & the Cell Envelope

some assemblies this domain may also provide substrate vetting: theMacA family of

PAPs (associated with ABC transporters) have a gating ring here that restricts access

to the � -helical tunnel and prevents the back-
ow of substrates [169, 527].

Most distal from the IM is the � -hairpin domain. This is formed by two helical frag-

ments separated by a loop (a hairpin arrangement/antiparallel coiled-coil), resembling

an inverted version of the coiled-coil domain of the OMF [523] (Section 3.1.1). The

coiled-coils are formed on the heptad repeat principle, denoted asabcdefg[536, 537]:

positions a and d are occupied by conserved, bulky hydrophobic residues; exposed helical

faces (e, g) are occupied by charged residues; hydrophilic serine/glutamate residues are

conserved at positionc; and alanine is found predominantly at position f [317]. Helical

packing occursvia \lock-and-hole" interactions, with a and d dominating intraprotomer

interactions, and c and f driving interprotomer interactions (Fig. 6.1C). The number of

heptad repeats varies across the PAP family, ranging from 4 (MexA,P. aeruginosa)

[522] to 11 repeats (EmrA,Aquifex aeolicus) [538].

6.1.2 PAP-OMF Interactions

Figure 6.2: RLS motif of the periplasmic adaptor protein. (A) RLS motif highlighted on
a single protomer of AcrA: this motif is located at the tip of the � -hairpin. (B) RLS motif
highlighted in the context of the AcrA-TolC interface.

The distal end of the � -hairpin is suggested to be responsible for the interaction

with the coiled-coils of the OMF in a \tip-to-tip" fashion in engaged mach inery [527,

539, 540] (Fig. 6.2). MSAs of this domain reveal conservation of the� 1 and � 2 helices,

presenting the consensus sequence RX3LX 6S/T, referred to as the RLS motif [527,

541{544] (Fig. 6.3; Appendix I, Section A.5.1). This motif is implicated in PAP-O MF

binding [542, 545]; leucine, the most conserved residue in the motif, putatively mediates

a strong tip-to-tip interaction. The �nal position is more variable, oc cupied by either a

serine or threonine. It is likely that this region also plays a role inpeptidoglycan binding

[333]. The coiled-coils of the� -hairpin show propensity for self-association [522, 533],

as well as signi�cant 
exibility which is likely of mechanistic imp ortance [533, 545{547].
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6.1.3 PAP-RND Interactions

Due to the 2:1 stoichiometry of PAPs to RND protomers, PAPs display two distinct,

asymmetric binding interfaces with the IM pump, with PAP conformat ion varying

between alternating protomers to facilitate these di�erent inter actions. These two states

are labelled PAP1 and PAP2. Through the analysis of resolved structures of assembled

AcrAB-TolC, Blair and coworkers de�ned four discrete AcrB `binding s ites', spread

across nine discrete `binding boxes' in AcrA [313] (Fig. 6.3, 6.4):

1. � -barrel of PAP1 to the docking (DN) domain of the main RND protomer or

� -barrel of PAP2 to the DC domain of the neighbouring RND protomer

2. PAP � -barrel domain to � -hairpin of the RND docking domain (PAP1 to � -hairpin

2 of DC; PAP2 to � -hairpin 1 of DN).

3. PAP MPD to base of RND docking domain.

4. PAP MPD to RND porter domain (PAP1 to PC1; PAP2 to PN2)

It was noted that despite the extensive areas available for interactions between AcrA

and AcrB, the contact between them was limited; the main stabilising interactions

were restricted to the lipoyl domain self-association in the hexameric PAP [313]. These

distinct contacts with the IM protein necessitate slightly di�er ent conformations for

the PAPs. The di�erences in conformation can be described by the interdomain angles

shown in Fig. 6.4C ; the average values for these angles, derived from crystal structures

of AcrAB-TolC, are presented in Table 6.1 [546].

� / �  / � � / �

PAP1 124:4 � 4:3 160:7 � 1:1 181:7 � 8:0
PAP2 119:6 � 1:5 168:7 � 2:4 179:5 � 8:9

Table 6.1: Interdomain angles for PAP1 and PAP2 as derived in Ref. [546]. The mean and
standard deviation presented were calculated across three resolved structures of AcrAB-TolC
[167, 540]

6.1.4 CmeA

CmeA, similar to other PAPs, is hexameric [176]. Currently, there exists no published

experimental structure for full-length CmeA, though a truncated structure was deter-

mined via NMR in 2009 (PDB ID: 2K33, 2K32) [352]. Determined via MSA, CmeA

has �ve heptad repeats in the � -hairpin domain (Fig. 6.3; Appendix I, Section A.5.1)

- the same as its homologue AcrA. The N-terminal residue is a cysteine after signal

peptide cleavage, suggesting that the N-terminus is lipidated and embedded in the IM.

Two experimentally-veri�ed glycosites exist in CmeA: 121DFN RS125 and 271DNN NS275

[112] (N103, N253 after signal peptide cleavage). A 2020 study by Abouelhadidet

al. investigated the in
uence of these glycans on secondary structural features of the

PAP, also showing their importance in the thermal stability of CmeA and the binding
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Figure 6.3: Periplasmic adaptor protein binding boxes for interaction with the RND e�ux
pump. (A) Sequence alignment of AcrA and CmeA. The signal peptides, conserved RLSmotif,
and binding boxes proposed by McNeilet al. are highlighted [313]. (B) Positions of the binding
boxes highlighted in a single protomer of AcrA.
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Figure 6.4: PAPs display two distinct binding interfaces with RND proteins. (A) AcrAB
(PDB ID 5NG5 [167]), with AcrA in pink and AcrB in blue. There are two dist inct PAP-RND
binding interfaces; two PAPs (one light pink, one dark pink) bind a single RND protomer (light
blue). (B) Residues at the AcrB surface that de�ne the PAP1 and PAP2 interfaces shown as
dark pink and light pink surfaces, respectively. (C) Interdomain angles and dihedrals as de�ned
in Ref. [546]. � ,  , and � vary dependent on the PAP interface (Table 6.3).

a�nity between CmeA and CmeC [99]. Circular dichroism spectroscopy revealed that

glycosylated CmeA displayed a slight increase in� -helical character (25.4% glycosylated

versus 23.2% plain) and decrease in� -sheet character (28.2% glycosylatedversus 29.0%

plain). The melting temperature of glycosylated CmeA was greater than that of the

unglycosylated PAP, and also exhibited higher a�nity interactions wit h the OMF,

CmeC. The authors suggest that the glycan at N103 (near the tip of the� -hairpin) may

be promoting PAP-OMF interactions, while the glycan at N253 (� -barrel domain) may

promote protein stability [99]. While the glycans do in
uence e�ux abi lity, they are

not essential for function.

In this chapter, we explore 8 protein structure prediction software suites across 4

modelling methodologies to generate a model for CmeA. Bioinformatics and protein-

protein docking are then used to assemble the envelope-spanning complex, CmeABC.

Based on these results, we speculate on the thickness of theC. jejuni periplasm, as well

as utilising homologous systems and a putative OM tether to predict the position of the

cell wall.

6.2 Methods

6.2.1 Protein Structure Prediction

Freely available protein structure prediction packages were used to predict the fold

of CmeA protomers. In all cases, the primary sequence of CmeA (UniProt accession:

Q8RTE5) was used as input, and default parameters for each tool were used.The

packages used were: SWISS-MODEL [492]; RosettaCM [548]; I-TASSER [272, 549];

RaptorX [273{275]; ROSETTA [550{552]; C-QUARK [553]; RoseTTAFold [294]; Al-

phaFold2 [292, 554]. Hexameric assemblies were also predictedvia SWISS-MODEL

and AlphaFold2 Multimer [555] ( via ColabFold [293]). Where the prediction software

produced multiple models, only the highest internally-ranked model was used. Each
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model was energy minimised using GROMACS 2021.5 [205] (steepest descent [246],

50,000 steps, CHARMM36m force �eld [188]). Both initial output and energy minimised

models were analysed using the MolProbity server [304, 305] and MDAnalysistools

[337, 338, 556]. Secondary structure was assessed using the STRIDE [257] pluginfor

VMD [339].

6.2.2 Sequence Alignments

Homologues for CmeA, CmeB, and CmeC were identi�edvia BLASTP [262] (default

parameters, searching the UniProtKB [557] and PDB databases [240]). Sequence

alignments were generated using Clustal Omega [558, 559] and visualised using ESPript

[560].

6.2.3 Co-evolution Analysis

Co-evolution analysis was undertaken using the GREMLIN webserver [561{563]. Analy-

sis was carried out for CmeA alone to validate the predicted fold and identify residues

at the CmeA-CmeA interface in the hexameric assembly. Co-evolution analysis was

also applied to CmeA-CmeC to identify the interaction interface between the PAP and

OMF.

6.2.4 Protein-Protein Docking

HADDOCK [308, 309] was employed to assemble the CmeA-CmeB and CmeA-CmeC

complexes. Residues at the AcrA-AcrB interface in crystal structure 5NG5 [167] were

identi�ed (residue pairs with heavy atoms within 5 �A of one another). Equivalent

residues at the CmeA-CmeB interface were identi�edvia MSA, and these residues were

used as active site residues for docking. The AcrAB pairs were �ltered to include only

those where the AcrA residue is part of the binding boxes identi�ed by McNeil et al.

[313]. The equivalent CmeAB resides were used as explicit docking restraints (target

distance of 5�A or less).

Prior to docking, the CmeC coiled-coil domain was opened in a short MD simulation.

The equilibrated CmeC system with cations removed (Section 3.2.3) was used as the

initial con�guration. The coiled-coil domain backbone atoms of open TolC [167] were

used to de�ne restraints for the analogous region in CmeC (k = 1 ; 000 kJ mol� 1 nm2).

All other backbone atoms were also restrained (1,000 kJ mol� 1 nm2) to prevent any

further conformational changes. The system was simulated for 20 ns underthe conditions

described in Section 3.2.2. This opened CmeC structure was used as input for docking.

The CmeA-CmeC active residues were de�ned as those in the lower coiled-coil of CmeC

(residues 185-205, 397-415, Fig. 3.1A) and tip of the CmeA� -hairpin (residues 100-120,

Fig. 6.1). Explicit restraints were de�ned by co-evolved residue pairs with a probability

of > 70% (Section 6.2.3), with a target distance of 5�A or less.

Docking utilised coarse-grained models (MARTINI 2.2 [564]) for reducedcomputa-

tional cost. Default parameters were used for all other settings. The fully assembled
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CmeABC complex was generated by �tting CmeA of the CmeAC complex to CmeA of

the CmeAB complex in UCSF ChimeraX [565, 566].

6.2.5 Protein Modi�cation & Membrane Insertion

The CmeABC complex was modi�ed with appropriate glycosylation and N-terminal

lipidation using the CHARMM-GUI PDB Reader and Manipulator module [494, 495].

The positions of the inner and outer membranes with respect to CmeABCwere estab-

lished using the PPM 3.0 webserver [499].

6.3 Results & Discussion

6.3.1 Predicted Structures

Summary statistics were generated for each protomer model using MolProbity [304, 305]

to assess their physical validity. This software is typically usedto validate experimentally-

derived protein structures. The statistics include the number of `bad' angles and bonds

(values that are unrealistic, given the atom types); the proportion of favoured and

disfavoured Ramachandran angles; a clash score (number of steric clashes per 1,000

atoms); and a MolProbity Score (a log-weighted combination of the above statistics,

producing a single number re
ective of the crystallographic resolution at which those

values would be expected [304]). These summary statistics are plottedin Fig. 6.5. We

will explore each model, assessing the quality and con�dence of each prediction.

6.3.1.1 Homology Modelling

SWISS-MODEL and RosettaCM are Homology Modelling techniques (Section2.12.1.1),

though share features with threading techniques. As there are homologousPAP struc-

tures available (Table 6.2) it was expected that template-based modelling should perform

well: the sequence identity between the target and homologues (templates) falls within

the `safe zone' [281] (Fig. 2.8). The models generated using SWISS-MODEL and

RosettaCM are shown in Fig. 6.6, alongside their respective Ramachandran plots.

Protein Species % Identity E value PDB ID(s) Reference(s)
CmeA C. jejuni 70.7 O10� 59 2K32 [352]

AcrA E. coli 31.0-31.5 O10� 38 5V5S, 5O66, 5NG5,
2F1M

[167, 533]

MexA P. aeruginosa 30.7-31.2 O10� 36 1T5E, 6TA5, 2V4D,
1VF7, 6IOK

[168, 317, 522, 523, 528]

ZneB C. metallidurans 25.2 O10� 15 3LNN [567]

MacA E. coli 23.8-24.0 O10� 8 3FPP, 5NIK [169, 527]

Table 6.2: Homologues of CmeA. Identi�ed by a BLASTp search [262] on the PDB database
[240]. The E-value represents the expectation of �nding that sequence by random chance (lower
values indicate a more signi�cant `hit').

SWISS-MODEL uses a rigid fragment assembly approach to build the target from

template(s) in the PDB, with energy minimisation steps to minimal ly re�ne the model
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Figure 6.5: Summary statistics for CmeA protomer models from SWISS-MODEL (SM); Rosetta
Comparative Model (RCM); I-TASSER (IT); RaptorX (RX); ROSETTA Ab Initio (RAI); C-
QUARK (CQ); RoseTTAFold (RF); AlphaFold2 (AF2); and AlphaFold2 Multimer (AF 2M).
(A) Percentage bad bonds.(B) Percentage bad angles.(C) Percentage allowed Ramachandran
angles. (D) Percentage Ramachandran outliers.(E) Clash score.(F) MolProbity score.

[492]. SWISS-MODEL produced a hexameric model as the template is itself hexameric

(5NG5 [568]). The general shape of the prediction matches AcrA well. However, as

the template structure is missing residues at the unstructured N-terminus (poorly

resolved), the corresponding residues are missing in the target structure as well. While

SWISS-MODEL does perform energy minimisation as a re�nement step(CHARMM22

force�eld in OpenMM [196, 569]), there are still a considerable number ofRamachandran

outliers in the initial output. Many of these persist even after energy minimisation in
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Figure 6.6: Homology Models for CmeA.(A) SWISS-MODEL hexamer prediction, coloured
by QMEANDisCo score. A single monomer from the hexamer is also shown.(B) Ramachandran
plot for the hexameric structure predicted by SWISS-MODEL. (C) CmeA structure predicted
by Rosetta Comparative Modeling. No per-residue con�dence metric is provided. (D) Ra-
machandran plot for the CmeA protomer predicted by Rosetta Comparative Modeling.

the CHARMM36m force�eld using GROMACS. SWISS-MODEL utilises QME ANDisCo

scores to indicate con�dence [302] which range from 0 to 1, with scores below 0.6

considered low quality. Despite an appropriate level of sequence identity between

template and target, the con�dence is lower than expected, especially in the � -barrel

domain. The agreement between the interdomain angles and dihedral are also worse

than expected, despite good agreement between the angles in the template and those

presented by Hazelet al. [546].

PAP1 Predicted Model
� � SM RCM IT RX RAI CQ RF AF2 AF2M

�= � 124.4 4.3 121.0 124.3 127.6 140.1 133.8 92.0 136.1 115.4 113.7
 = � 160.7 1.1 164.1 111.6 137.2 154.0 158.4 118.8 145.5 154.8 160.6
�= � 181.7 8.0 188.2 257.28 58.6 163.3 197.5 17.8 129.9 158.6 163.3

PAP2
�= � 119.6 1.5 120.2 124.3 127.6 140.1 133.8 92.0 136.1 115.4 113.7
 = � 179.5 2.4 169.8 111.6 137.2 154.0 158.4 118.8 145.5 154.8 160.6
�= � 168.7 8.9 179.2 257.3 58.6 163.3 197.5 17.8 129.9 158.6 163.3

Table 6.3: Interdomain angles and dihedrals for the predicted CmeA structures. Angles are
as de�ned in Section 6.1.3. The mean values (� ), with associated SD (� ), as derived for the
two PAP interfaces from published crystal structures in Ref. [546] are presented for reference.
Values from predicted structures are coloured green if within the range� � � ; yellow if in the
range � � 3� ; and red if outside this range.
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RosettaCM selects an initial random template (identi�ed via MSA) which is then

subjected to a long Monte Carlo simulation [548]. The simulation utilises three di�erent

moves: insertion of fragments in regions without alignments; replacement of randomly

selected fragments with that of a di�erent template; Cartesian spaceminimisation

using the Rosetta energy function. The �nal structure is optimised in an all-atom

representation [570]. RosettaCM performs well, producing a model with no bad bonds

or disfavoured Ramachandran angles, and a good (low) MolProbity score. Thepresence

of four discrete domains is clear, though the lipoyl and� -barrel domains have stretches

expected to display� -sheet secondary structure but that are identi�ed as unstructured

by STRIDE (Appendix I, Section A.5.2). No per-residue con�dence metric is provided

by RosettaCM. � in the predicted model matches the experimentally-derived range

for PAP1, though � and  are not well-matched. Due to the 
exibility of the N-

terminus, this region is missing in the template structures; similar to SWISS-MODEL,

the predicted structure is missing the unstructured N-terminus that anchors this protein

into the IM.

6.3.1.2 Threading

I-TASSER and RaptorX utilise threading (Section 2.12.1.2). The CmeA structures

predicted using these methods are shown in Fig. 6.7.

I-TASSER �rst identi�es templates from alignments using the LOMET S thread-

ing server [571]. Full-length models are assembledvia replica-exchange Monte Carlo

simulation using fragments from the templates andab initio modelled loops/unaligned

regions. Generated structures are clustered and fragment assembly re-initiated from the

cluster centres, aiming to reduce steric clashes and re�ne the clusters. The lowest energy

clusters after this second iteration are re�ned by adding side chains and optimising hy-

drogen bond networks [572]. The structure predicted by I-TASSER, while of the correct

approximate form, displays a relatively large proportion of disfavoured Ramachandran

angles and a poor MolProbity score. The interdomain angle� matches the range for

PAP1 well, but other angles are a poor re
ection of experimental values (Table 6.3).

I-TASSER uses predicted B-factors (temperature factor) as a measureof per-residue

con�dence. In XRD, values that constitute a `good' B-factor depend on the resolution:

at a resolution of � 1.5 �A an average B-factor of� 25 �A2 is considered well-resolved,

while at a resolution of � 3.3 �A an average B-factor of� 80 �A2 is generally well-resolved

[573]. As the exact position of each atom is known in a predicted structure, the resolu-

tion is far greater than than of any experimental technique; meaningful quantitative

comparison to experimental values is not possible. Instead we will consider the relative

con�dence of the various domains. While the majority of the structure is predicted with

relatively high con�dence, the � -hairpin domain is predicted with lower con�dence than

expected; this is surprising as there are many examples of this domain in the PDB. We

also note the presence of a kink in one of the helices that is not present in the templates.

The N-terminus is of even lower con�dence due to its unstructured nature, as well as its

under-representation in the PDB. As shown in the inset of Fig. 6.7A, the penultimate
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Figure 6.7: Threading Models for CmeA. (A) I-TASSER protomer prediction, coloured
by predicted B-factor. (B) Ramachandran plot for the I-TASSER predicted structure. (C)
RaptorX protomer prediction, coloured by predicted C� RMSD. (D) Ramachandran plot for
the CmeA protomer predicted by RaptorX.

� -strand of the � -barrel domain is shorter than expected; STRIDE recognises a sheet

only 3 residues in length.

RaptorX combines threading with ML [273{275]. MSA is initially used to ide ntify

potential template structures, with ML algorithms employed to pre dict residue contacts

(analogous to co-evolution data) that can be used as distance restraints. Templates

are iteratively re-aligned to the target to optimise alignments, and ranked according to

(amongst other factors) sequence similarity, likelihood of matched secondary structure,

and solvent accessibility match between target and template [275]. A fragment-based

approach is then used to construct models from these aligned templates and restraints.

As the RaptorX pipeline does not re�ne the predicted structures via energy minimisa-

tion/simulations, the initial output contained a large proportion of bad angle s and bonds.

The majority of these were resolved after energy minimisation. Fewer Ramachandran

outliers were observed compared to I-TASSER, though still� 3% of backbone dihedrals

were outliers even after energy minimisation. An unstructured N-terminus is predicted,

slightly more extended than that produced by I-TASSER. RaptorX presents per-residue

con�dence in the form of predicted C� RMSD. Generally, values� 2 �A are considered
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higher con�dence while values� 2 �A are of lower quality [574]. The con�dence in the

� -hairpin domain is greater than that for I-TASSER. There are no kinks in t he helices,

though there is a short break in the identi�ed secondary structure of the N-terminal

� -helix at the hairpin tip. There is a short region of lower con�dence (residues 211-226)

in the � -barrel domain. This is preceded by the capping� -helix and what is expected

to be a � -sheet: STRIDE analysis labelled residues 204-211 as unstructured, where they

should be completing the� -barrel. Similar to the preceding methods, prediction of the

� -sheets in the lipoyl and � -barrel domains is generally incomplete. The interdomain

dihedral angle � matches the experimental range for PAP2, though other angles match

the experimental ranges poorly.

6.3.1.3 Ab initio Models

C-QUARK and ROSETTA are template-free, ab initio modelling techniques (Section

2.12.2.1). The structures predicted by these methods are shown in Fig. 6.8.

Figure 6.8: Ab initio Models for CmeA. (A) C-QUARK protomer prediction, coloured by pre-
dicted B-factor. (B) Ramachandran plot for the C-QUARK predicted structure. (C) ROSETTA
(Ab Initio ) protomer prediction, coloured by predicted C� RMSD. (D) Ramachandran plot for
the CmeA protomer predicted by ROSETTA.

C-QUARK initially utilises ML to generate a MSA and contact maps. The sequence

is broken up into fragments (1-20 residues) whose structures are taken from unrelated

PDB �les. The fragments are assembled into the full-length protein which is subjected

to replica-exchange Monte Carlo simulations in a composite force �eld with knowledge-
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based energy terms, inter-residue contacts from the fragments, and restraints from the

contact maps [553]. Structures are clustered and subsequently re�ned using ModRe�ner

[575] (simulation in a composite force �eld). The structure producedby C-QUARK

is generally poor, with low con�dence across the model. Despite thestructure being

subject to both folding and re�nement simulations there is a very high proportion

of Ramachandran outliers, with this model yielding the highest (worst) MolProbity

score. The number of outliers is not substantially reduced on minimisation in the

CHARMM36m force�eld (Fig. 6.5D). Despite this, the � -helices of the� -hairpin and

� -barrel domains are accurately predicted. This is in contrast to a striking lack of any

extended� -sheets throughout the model. The interdomain angles are very poor with no

angles within the experimentally-derived ranges: the predictionof four distinct domains

is tenuous, so the angles between the residues that should comprisethese domains does

not hold much meaning.

Unlike other methods, ROSETTA ( ab initio ) does not begin with MSA, instead

moving straight into structure generation; models are created by splicing together

3- to 9-mer fragments of proteins with known structure for that particu lar fragment

sequence [550]. Models are subjected to simulated annealing with additional Monte

Carlo moves to swap torsion angles for those derived from a di�erent fragment of similar

sequence. Clustered conformers are evaluated according to the Rosetta scoring function

which accounts for both sequence-dependent (e.g. hydrophobic burial) and sequence

independent (e.g. helix-strand packing and van der Waals interactions) terms [552],

and the most energetically favourable model is selected. ROSETTA produces a model

with greater physical validity than C-QUARK (few Ramachandran outliers, a good

MolProbity score), but is a poor re
ection of the PAP topology. The interd omain angles

are all within the experimental ranges for PAP1, though the domains are poorly de�ned

in the predicted structure. As with other methods discussed previously, there appears

to be a systematic under-representation of� -sheets in the predicted structure. Also

of note are the kinked � -helices of the hairpin domain. The N-terminal helix contains

5-heptad repeats, while only 4 are present in the predicted C-terminal helix, which has

resulted in kinking of the helices to maintain hydrophobic packing.

6.3.1.4 Machine Learning Models

The �nal modelling method considered here is Machine Learning, which is utilised by

RoseTTAFold and AlphaFold2 (Section 2.12.2.2). The structures predictedusing these

methods are shown in Fig. 6.9.

The model produced by RoseTTAFold displays a large clash score despite a dedicated

layer in the neural network for structure re�nement. However, after energy minimisation

in the CHARMM36m force�eld this structure displays the best (lowe st) MolProbity

score and just one Ramachandran outlier. The con�dence across the model is very high,

with the four discrete domains clearly identi�ed. Unlike the prev ious methods, the

� -barrel and lipoyl domains display appropriate � -sheet structure. In further contrast,

as the model is not further re�ned after prediction the upper thir d of the � -hairpin
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Figure 6.9: Machine Learning Models for CmeA.(A) RoseTTAFold prediction of the CmeA
protomer, coloured by predicted C� RMSD. (B) Ramachandran plot for the RoseTTAFold
predicted structure. (C) AlphaFold2 prediction for the CmeA protomer, coloured by pLDDT.
(D) Ramachandran plot for the CmeA protomer predicted by AlphaFold2. (E) AlphaFold2
Multimer prediction for the CmeA hexamer, coloured by pLDDT. A singl e protomer from this
prediction is also shown. (F) Ramachandran plot for the AlphaFold2 hexamer prediction.

domain is identi�ed by STRIDE as turns/3-10 helices rather than extended � -helices.

An extended, unstructured N-terminus is predicted, as would be necessary for IM

insertion. However, the interdomain angles for the RoseTTAFold predicted structure

are generally poor, and likely not conducive to a hexameric assembly of this protomer.

RoseTTAFold can be used to predict multimeric proteins: ideally wewould have used

this method to also predict a hexameric assembly, but the upper limit on the number of

residues is 1,400 where hexameric CmeA is> 2,000 residues.

AlphaFold2 also produces a very high con�dence model, both for the protomer and

hexamer. This method used predicted LDDT as a measure of per-residue con�dence.
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These scores range from 0 to 100: pLDDT> 90 are considered high con�dence; 90�

pLDDT > 70 are con�dent and expected to be modelled well; 70� pLDDT > 50 are lower

con�dence; and pLDDT < 50 are very low con�dence/likely to be intrinsically disordered.

The models display very few Ramachandran outliers, and the monomer displays the

lowest MolProbity score of any out-of-the-box model. As with the RoseTTAFold

model, the � -sheet character of the� -barrel and lipoyl domains is well-represented.

The � -hairpin is identi�ed as an extended � -helix for all �ve heptad repeats and an

extended but unstructured N-terminus was predicted. In contrast to RoseTTAFold,

this unstructured region does not curl back towards the rest of the MPD; the extended

AlphaFold2 conformation is more favourable for membrane insertion.� and � are both

of an acceptable value in the monomeric structure, though is not. However, in the

predicted hexamer, all interdomain angles are in the acceptable range, assuming that

all protomers are of the PAP1 form. This is of course not accurate when compared to

the crystal structures of assembled e�ux machinery, but on the whole the angles are

better in this model than any other.

As discussed above, we used AlphaFold2 Multimer to predict the hexameric assembly

of CmeA. Predicting the fully assembled CmeABC complex using thismethod was also

considered, however the size of this e�ux machinery precludes this: even when using

a current state-of-the-art Graphics Processing Unit (GPU) (Nvidia A100, via Google

Colab) there are issues with memory. The current size limit for AlphaFold2 predictions

utilising two Nvidia A100 GPUs is around 3,000 residues [576]. The CmeAB complex

is � 5,200 residues, and assembled CmeABC is� 6,720 residues. Predicting the full

complex is currently not feasible without substantial investment in hardware (tens of

thousands of pounds per GPU).

Taking the above results holistically, we decided to move forwardsinto modelling

the full e�ux machinery using the AlphaFold2 Multimer structure for CmeA. While

this model was not perfect, it presented a high con�dence prediction matching the

expected secondary structural features and hexameric assembly. Wenote that the ML

(template-free) predictions were of higher con�dence and generallyof higher quality

than the template-based methods, despite the presence of appropriate templates in the

PDB.

6.3.2 PAP-PAP Contacts

To further assess the AlphaFold2 Multimer predicted structure, the positions of co-

evolved residues were considered. Co-evolving residues in CmeAwere identi�ed using

the GREMLIN webserver [561{563]. 516 pairs were identi�ed with probability > 25%,

with 172 of those having a probability > 95%. Select residue pairs with probability

> 95% were projected onto CmeA: intraprotomer and interprotomer pairs are shown

in Fig. 6.10A and B respectively. All pairs with probability > 95% are tabulated in

Appendix I (Table A.16) Consistent with the observation that � 75% of co-evolving

residues have heavy atoms within 5�A of one another [577], the average distance between

heavy atoms of pairs with > 95% probability in the predicted CmeA structure is 4.28
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Figure 6.10: Projection of selected co-evolved residues onto the predicted CmeA structure.
(A) Projection of co-evolved residues that are likely to be involved in intraprotomer interactions.
(B) Projection of co-evolved residues that are likely of importance for interprotomer interactions.

�A. The proximity of these pairs is unsurprising as AlphaFold2 exploits co-evolution

data in its prediction process [292] (Section 2.12.2.2), however, this agreement with the

co-evolution data does further validate the predicted fold.

6.3.3 Docked Complexes

6.3.3.1 PAP-OMF Complex

GREMLIN was similarly used to identify co-evolving residues between CmeC (the OMF)

and CmeA. Identi�ed pairs are presented in Table 6.4. Utilising pairs with probability

> 50% as explicit restraints, CmeA and CmeC were docked using HADDOCK.The

resulting complex is shown in Fig. 6.11A, with select co-evolved pairshighlighted in

Fig. 6.11B.

Of the RLS motif, only leucine was identi�ed as co-evolving with CmeA (A198,

35.7%, Fig. 6.11C). This is in agreement with this residue mediating thePAP-OMF

interaction, and leucine being the most conserved of the three residues in this motif [166].

The docked structure displays a cogwheel/tip-to-tip assembly similar to experimental

structures of engaged AcrAB-TolC [167, 540].

The complex is consistent with the co-evolution data, with the averagedistance

between co-evolved pairs 4.53�A. It is important to note that this is at least in part due

to the use of restraints in the input: we de�ned the coiled-coil and � -hairpin tips as the

active binding sites, and used the co-evolved residues as explicit restraints. However,

a \deep-interpenetration" model (in which a more closed CmeC coiled-coil enters the

� -hairpin tunnel) would be inconsistent with the co-evolution data; t he docked structure

is likely a good representation of the active CmeAC complex.

155



Chapter 6: CmeA & the Cell Envelope

CmeC Residue CmeA Residue % Probability

E402 K111 100.0
I406 A107 99.9
E201 N112 99.8
E192 K111 99.7
F194 N112 99.5
E402 A113 98.0
V196 A107 95.4
E398 K111 94.3
G200 S115 92.9
E408 S105 91.7
E198 S105 89.6
E192 A113 86.1
I399 A113 76.5
D405 N112 69.0
E185 N112 65.5
R188 K111 62.7
A198 K117 44.3
R403 E118 43.1
A198 E118 40.5
I189 A113 37.1
A198 L108 35.7

Table 6.4: CmeA-CmeC residues identi�ed by GREMLIN as co-evolving, with associated
probabilities

Figure 6.11: CmeA-CmeC docked complex.(A) CmeA-CmeC complex generatedvia docking.
(B) Magni�ed view of the CmeA-CmeC interface, with selected co-evolvedresidue pairs high-
lighted. Pair labels list the CmeA residue �rst. (C) Co-evolving residue pair involving the RLS
motif at the � -hairpin tip.

6.3.3.2 PAP-RND Complex

Due to the length of CmeB (> 1,000 residues), co-evolution analysis of CmeAB was not

possiblevia the GREMLIN webserver. Instead, docking of CmeA to CmeB utilised

AcrA-AcrB contacts from the crystal structure 5NG5 [568]; AcrAB residues with atoms

within 5 �A of each other were identi�ed and the analogous CmeAB residues were used
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as active residues. Of these residues, those that also aligned with AcrA binding boxes

[313] were used as explicit restraints. The resulting CmeAB complexis shown in Fig.

6.12A.

Figure 6.12: CmeA-CmeB docked complex.(A) CmeA-CmeB complex generatedvia docking.
(B) Magni�ed view of the CmeA-CmeB PAP1 interface. Residues in contact at the PAP1-RND
interface are shown as a solid surface: CmeB contacts are shown in lightblue; CmeA contacts
that are part of the binding boxes are shown in pink; CmeA contacts outside of the binding
boxes are shown in yellow.(B) Magni�ed view of the CmeA-CmeB PAP2 interface. Residues
in contact at the PAP2-RND interface are shown as a solid surface: CmeB contacts are shown
in light blue; CmeA contacts that are part of the binding boxes are shown in light pink; CmeA
contacts outside of the binding boxes are shown in yellow.

Guided by these active residues, the CmeAB complex largely resembles that of

resolved RND-PAP complexes. As expected, CmeA displays two distinct binding

interfaces with CmeB; these are detailed in Table 6.5. The interfaces are in agreement

with the binding sites described by McNeil et al. (Section 6.1.3): for both PAP1 and

PAP2, there is at least one interacting pair of residues from each putative binding site.

We note that the interaction between PAP2 and the neighbouring protomer (binding

site 1 for PAP2) is less extensive than at the other sites. This is likely due to poor
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representation of this site in the docking input, with only one residue pair representing

this interface in the input restraints.

CmeB
domain

CmeB
resid

CmeA
resid

CmeA
domain

Binding
Site

PAP1

DN 196, 197 260, 262 BB 1

DC
729, 732,

733, 791-793,
796, 797

194-196,
239-241

BB 2

DC
717-721,

774-779, 781,
801-805

280-286,
307,

310-312,
332, 333

MPD 3

PC1
653-655,
577-580

15, 331-334 MPD 4

PC2 703 9 MPD -

PAP2

DN
197, 198,

254, 256-260,
266

194-196,
239-241,260,

262
BB 2

DN
189, 226,
228, 269,
271, 272

285-287, 289,
290

MPD 3

DC 770-772
286, 288,
190, 291

MPD 3

DC
(adjacent
protomer)

732 262 BB 1

PN2
146-151, 154,

321, 322
11, 14,

333-337, 339
MPD 4

Table 6.5: Residues at the CmeAB interfaces, grouped by binding site. CmeA residues that
form part of a binding box (Fig. 6.3A) are listed in bold .

HADDOCK is a 
exible docking method: initial complexes are assembled using

rigid-body docking before being subjected to semi-
exible simulated annealing and

subsequent 
exible re�nement [309] (Section 2.13). With this 
exib le re�nement it is

possible for the proteins to undergo small changes in conformation. Withthis in mind,

we calculated the interdomain angles� ,  , and � to assess whether the docked structure

better matched the experimentally-derived values. These values are presented in Table

6.6. These angles are generally very similar to those in the predicted hexamer, with

angles changing no more than 5� in each protomer. While the docked structure presents

a small improvement for � , in all other cases these angles are a worse re
ection of the

experimentally-derived values. It is likely that this docked complex does not re
ect the

same equilibrium ensemble presented in the XRD/Cryo-EM structures; simulation of

this complex under equilibrium conditions may yield PAP conformations that better

match those reported in the literature.
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PAP1 AF2M Hexamer
� � Predicted Docked

�= � 124.4 4.3 113.7 114.14� 0.07
 = � 160.7 1.1 160.6 160.12� 0.08
�= � 181.7 8.0 163.3 162.07� 0.97

PAP2
�= � 119.6 1.5 113.7 114.81� 0.84
 = � 179.5 2.4 160.6 158.55� 1.88
�= � 168.7 8.9 163.3 160.33� 1.09

Table 6.6: Interdomain angles and dihedrals for the CmeA in the predicted AlphaFold2
Multimer structure and the docked CmeAB complex. Angles are as de�ned in Section 6.1.3.
Angles from the docked complex are presented as the mean� SD across the three copies of each
PAP interface. The mean values (� ), with associated standard deviation (� ), as derived for the
two PAP interfaces from published crystal structures in Ref. [546] are presented for reference.
Values from the docked structure are coloured green if within the range � � � ; yellow if in the
range � � 3� ; and red if outside of this range.

6.3.4 Assembled CmeABC

6.3.4.1 Cell Envelope Width

The docked CmeAB and CmeAC complexes were combined by aligning the CmeA

hexamers in each complex to one another. After modi�cation with appropriate glycans

and N-terminal lipidation for CmeA and CmeC, the positions of the membranes were

established on this assembled complex. As expected, membrane positions align with the

� -barrel of the OMF and the � -helices of the RND TMD (Fig 6.13A). The position of

the membrane planes can be used to estimate the width of the periplasm: the membrane

positions predicted by PPM 3.0 yield a distance of 281�A between the centres of the two

bilayers. To the best of our knowledge, there is not a published value for the thickness of

C. jejuni periplasm and as such we cannot validate this value from the species-speci�c

literature at present. However, we can compare this value to that from the archetypal

Gram-negative bacterium, E. coli. While measurement of the cell envelope thickness

is dependent on many factors, the thickness of this region is typically reported to be

� 26-32 nm [578, 579]; the value calculated forC. jejuni via CmeABC is within this

range. Further to this, when the analogous membrane position predictionis applied to

the engaged AcrAB-TolC complex (5NG5 [568]), the distance between the membrane

centres is comparable at 272�A.

6.3.4.2 Cell Wall Position

In E. coli, the position of the cell wall within the periplasm is well-established: BLP

modulates the separation between the OM and PGN at� 70 �A ( � 90 �A from centre of

OM to centre of PGN layer) [47]. This positions the PGN at the AcrA-TolC i nterface

in the AcrAB-TolC assembly [333]. By contrast, C. jejuni does not possess a BLP

analogue [580]. In the absence of BLP, theC. jejuni OM proteome was examined for

potential OM-PGN tethers [580].
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Figure 6.13: Membrane positions projected onto the assembled CmeABC complex.(A)
PPM 3.0 prediction for membrane positions on the CmeABC machinery. CmeA, CmeB,
and CmeC shown in pink, dark blue, and light blue respectively; upper and lower limits of
membrane hydrophobic cores shown as tan spheres.(B) Assembled CmeABC complex with
appropriate glycosylation and N-terminal lipidation, embedded in inner and outer membrane
models. Membranes shown as pale pink transparent surfaces; LOS core oligosachharides shown
as purple sticks;N -glycans shown as green sticks and surfaces; N-terminal lipidation shown as
pale pink spheres.

Two proteins were of particular interest. The �rst is labelled Peptidoglycan-

associated lipoprotein (PAL) Omp18 (locus tag CJJ811760148). The Omp18 family

is analogous to PAL proteins found inE. coli, with a lipidated N-terminus embedded

in the periplasmic lea
et of the OM; an OmpA-like fold at the C-termin us (associated

with the cell wall); and a disordered linking region in between [581].While this protein

would non-covalently tether the OM to PGN, the disorder between termini means it is

not a good candidate for establishing the distance between the membrane and cell wall.

By contrast, the protein OMP50 (locus CJJ811761185, UniProt entry A0A0H3PH47)

may be a more useful guide. This protein has no experimentally-determined structure,

but is a known porin [580] and putatively assembles as a homotrimer. AlphaFold2

Multimer predicts the structure of OMP50 with high con�dence: a t rimeric C-terminal

� -barrel domain with an N-terminal coiled-coil extending into the periplasm (Fig.

6.14A). OMP50 shares structural features with other known OM-PGN tethers such as

OmpM and SlpA [49, 50]. SlpA- and OmpM-like proteins similarly display C-terminal
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trimeric � -barrels and an extended coiled-coil, but have an additional S-layer Homology

(SLH) domain at the N-terminus which non-covalently binds PGN. While t he SLH

domain is absent in OMP50, the N-terminal residue after cleavage of the predicted signal

peptide is a lysine. Lysine is implicated in the covalent binding of several OM-associated

proteins to the cell wall, including BLP in E.coli and LimB (lipoprotein) in Coxiella

burnetii [52]. A 2021 experimental study suggested that OMPs that covalently bind

the cell wall are absent inC. jejuni , though this bacterium does contain one predicted

L,D-transpeptidase [52] - an enzyme responsible for covalently attaching terminal lysine

residues to the mDAP residues of peptide stems in PGN [582]. For the purposes of this

work, and in the absence of other data, we will assume that OMP50 is an OM tether.

Figure 6.14: Predicted cell wall position in the C. jejuni cell envelope. (A) AlphaFold2
Multimer predicted structure of OMP50, coloured by pLDDT. (B) Predicted cell wall position
projected onto the C. jejuni cell envelope. The N-terminus of OMP50 aligns with the CmeA-
CmeC interface, suggesting that the cell wall is positioned at the PAP-OMF interface [333].
(C) Magni�ed view of the CmeA-CmeC interface with the putative cell wall position marked.
Glycans at N103 in CmeA are ideally located to interact with the cell wall.

The length of the coiled-coil domain of OMP50 is� 85 �A. For comparison, the helices

of BLP are � 90 �A in length [45]. When the coiled-coil is fully extended with no til t

(normal to the OM plane) or helix kinking, the upper limit on the dist ance between

the periplasmic lea
et and the cell wall would be approximately 85 �A. This distance

is comparable to that of the periplasmic domain of CmeC: when inserted adjacent to

CmeC in the OM model, the N-terminus of OMP50 aligns with the CmeAC interface

(Fig. 6.14B). This is in agreement with the cell wall of E. coli being positioned at the

AcrA-TolC interface [333].

6.3.4.3 Glycan Locations

This positioning of the cell wall also has implications for the glycan modi�cations of

CmeABC. The glycans of CmeC and CmeB are distal from the proposed PGN position,

and as discussed in previous chapters it is likely that these glycansplay a role in
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membrane interactions. By contrast, the glycan at the tip of the � -hairpin of CmeA

(N103) is well-positioned to interact with the cell wall (Fig. 6.14C). In addition to

promoting OMF-PAP interactions as suggested by Abouelhadidet al. [99], these glycans

may be additional mediators in interactions between the e�ux machinery and PGN.

Another potential role for these glycans could be in the protection of the e�ux

machinery from periplasmic proteases. As shown in Appendix I, Supplementary Fig.

A.6 and A.15, due to the 
exibility of the glycans they occupy a large volume of the

periplasmic space around the protein. Given the locations of these glycans, a large

proportion of the protein surface will be occluded; the ability of periplasmic proteases

to degrade the components of the machinery will be hindered.

6.4 Limitations

There are several limitations to the work presented in this chapter. First and foremost,

there is a lack of experimental data to corroborate our predicted structure for CmeA

and our modelled CmeABC complex. This gap in the literature extends to the later

discussion in this chapter; Section 6.3.4 is speculative and experimental data to further

re�ne/validate our model of CmeABC in the C. jejuni cell envelope should be sought

before drawing any conclusions with con�dence.

Similarly, we have drawn on data from E. coli (particularly AcrAB interactions

[313]) to guide our modelling of the CmeABC complex. While the percentage sequence

identity between AcrA and CmeA is su�cient for homology modelling, th e binding

boxes identi�ed by McNeil et al. are not always well-conserved - or in the case of Box 3,

can be entirely absent (Fig. 6.3A). Further to this, the docked complexes are dependent

on the active residues/restraints provided by the user. If the data used to guide the

modelling is inaccurate in any way, the resulting complex will benecessarily a�ected. As

E. coli is phylogenetically distant from C. jejuni , assumptions that AcrAB and CmeAB

interfaces will be comparable may be inappropriate; the CmeAB complexshould be

treated with scepticism.

Due to the asymmetric assembly with inequivalent PAP1 and PAP2 interfaces, most

protein structure prediction methods do not produce a model conducive to a hexameric

assembly, especially one that captures this inequivalence. Homology modelling is best

suited to this as models can be �tted to backbones of the `correct' conformations for

the hexameric assembly. However, the homology models, despite su�cient sequence

coverage, tend to be lower con�dence than the ML methods and do not model the

unstructured N-terminus necessary to anchor the MPD in the periplasmic lea
et of the

IM. Thus we have utilised a model that does not display the expected asymmetry, even

after docking to the RND protein.

6.5 Conclusions

In this chapter we have evaluated the ability of various protein structure prediction

programmes across several modelling techniques to predict the foldof a protein from
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a well-characterised family. Despite an abundance of suitable templates for homology

modelling and threading, template-based methods were bested by template-free machine

learning models: AlphaFold2 Multimer proved to be a powerful tool that produced

high-con�dence monomeric and hexameric structures out of the box. Weused this model

to assemble the CmeABC complex. Co-evolution data supports a tip-to-tip interaction

at the PAP-OMF interface. Binding sites at the AcrAB interface were used to guide

the asymmetric PAP-RND interfaces, with analogous contacts observed in the docked

CmeAB complex. The envelope-spanning complex suggests a membrane separation

comparable to that in E. coli at � 280�A. The predicted structure of a putative OM-PGN

tether (OMP50) suggests that the PGN layer is positioned approximately 85 �A from

the periplasmic surface of the OM. This aligns with the CmeAC interface, in agreement

with PGN being positioned at the AcrAB interface in E. coli. We further speculate that

glycans in CmeA may interact with the cell wall.

6.6 Recent Developments in Machine Learning Models

ML and arti�cial intelligence are currently areas of intense research. Since this chapter

was written, there have been substantial developments within the �eld of protein

structure prediction: AlphaFold3 [295] and RoseTTAFold All-Atom [296] have both been

published in the last few months, alongside many other ML-based techniques [583{589].

Both of these models present advances on the previously presented RoseTTAFold [294]

and AlphaFold2 [292]: both models can co-fold with ligands, metal ions, nucleic acids,

and incorporate non-standard amino acids as well as post-translational modi�cations

such as glycans. These developments will have a profound impact on the�eld of

structure prediction, as well as development of therapeutics in the form of DNA/RNA,

peptides, and small molecules.

While these newer methods have not been included in the main body of this

chapter, it would be remiss to ignore these methods altogether. We have since used

RoseTTAFOLD All-Atom and AlphaFold3 to generate model structures for CmeA. The

predicted structures, alongside their summary statistics, can befound in Appendix

I (Section A.5.3). We note that these structures, both monomeric and hexameric,

are very similar to those produced by RoseTTAFold and AlphaFold2 (Section 6.3.1.4).

However, many of the summary statistics (e.g. MolProbity score, clash score, disfavoured

Ramachandran angles) suggest that the models generated through these newer methods

are less physically valid than those generated using the methods presented in this

chapter. There are still limitations on the size of the complexes thatcan be predicted.

For example, AlphaFold3 remains a webserver at the time of writing (though open-source

code has been promised within the next 6 months); complexes of up to5,000 amino

acids can currently be predicted, which still falls short of the CmeAB complex.
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6.7 Future Work

Future work should seek to validate the predicted CmeA structure and modelled

CmeABC complex. Ideally validation would be in the form of an experimental structure

for the assembled complex, analogous to the Cryo-EM structured resolved for AcrAB-

TolC and MexAB-OprM [528, 540, 568]. Further to this, resolution of the OMP50

structure and an investigation into whether it is an OM-PGN tether c ould provide

insight into the positioning of the cell wall.

From a computational perspective, the clear next step is simulation ofthe full

cell envelope. The assembled complex should be re�ned through minimisation and

equilibration phases before production simulations in a dual membrane simulation. Such

simulations are challenging due to the closed compartment between membranes; the

number of water molecules and lipids will need to be optimised to ensure appropriate

pressure/density in the modelled periplasm. A coarse-grain representation could be

used to reduce the computational cost and expedite the equilibrationprocess, though

we note current di�culties in accurately modelling glycans in the MARTINI force �elds

[590, 591] and a lack of coarse-grain lysophospholipid models.
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7 j A Novel Fold for Acyltransferase-3

Proteins Provides a Framework for

Transmembrane Acyl Group Transfer

And now for something completely di�erent

John Cleese inMonty Python's Flying Circus , 1969-1974

Abstract

Acylation of diverse carbohydrates occurs across all domains of life and can be catalysed

by proteins with a membrane bound Acyltransferase family 3 (AT3) domain. In

bacteria, these proteins are essential in processes including symbiosis, resistance to

viruses and antimicrobials, and biosynthesis of antibiotics, yet their structure and

mechanism are largely unknown. In this study, evolutionary co-variance analysis was

used to build a computational model of the structure of a bacterial O-antigen modifying

acetyltransferase, OafB. The resulting structure exhibited a novel fold for the AT3

domain, which MD simulations demonstrated is stable in the membrane.The AT3

domain contains 10 transmembrane helices arranged to form a large cytoplasmic cavity

lined by residues known to be essential for function. Further simulations support a model

where the acetylcoenzyme-A donor spans the membrane by accessing apore created

by movement of an important loop capping the inner cavity, enabling OafB to present

the acetyl group close to the likely catalytic resides on the extracytoplasmic surface.

Limited but important interactions with the fused SGNH domain in OafB ar e identi�ed,

and modelling suggests this domain is mobile and can both accept acyl-groups from

the AT3 and then reach beyond the membrane to reach acceptor substrates. Together

this new general model of AT3 function provides a framework for the development of

inhibitors that could abrogate critical functions of bacterial pathogens.

Note: This work was undertaken as a collaboration with Dr Sarah Tindall, Dr Marjan

van der Woude, and Professor Gavin Thomas at the University of York. The results

presented in this chapter have been published in eLife: doi.org/10.7554/eLife.81547

(Appendix II, Section B.2; Ref. [512])
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Chapter 7: OafB Modelling & Simulation

7.1 Introduction

AT3 domain containing proteins are found in all domains of life. These membrane-bound

proteins are involved in the acylation of a wide range of extracytoplasmic and surface

bacterial polysaccharides [13], but are also important in Eukarya, for example in the

lifespan regulation of Caenorhabditis elegans[592] and in Drosophila development [593].

In bacteria the resulting acylations are implicated in increased e�cacy of macrolide

antibiotics [594], conferring resistance to lysozyme [595], in
uencing bacteriophage

sensitivity [596], and altering antibody recognition [597{599]. AT3 domains arehighly

hydrophobic and are predicted to have 10 TMHs [600{618]. Despite the wide-ranging

functions of this protein family, there are currently no validated models for their overall

structure and limited information on mechanism.

Our understanding of AT3 proteins is primarily derived from studi es of these proteins

in the context of bacterial virulence through changes on the cell surface [592, 593]. One

example is theO-acetylation of LPS O-antigens by AT3 proteins present in the IM

of Gram-negative bacteria, including species ofNeisseria [619], Salmonella [620, 621],

Shigella [622{627], Haemophilus [628, 629],Burkholderia [630{633], andLegionella [616,

634, 635]. Speci�cally, saccharide moieties can beO-acetylated during LPS synthesis

and before export to the OM (Fig. 7.1A,B). Current evidence suggests this acetylation

occurs in the periplasm. Such acetylation increases O-antigen heterogeneity, which can

lead to an altered bacterial serotype and resistance to bacteriophage [620{625].Some of

these reactions require AT3-only proteins, while others are carriedout by proteins with

an AT3 domain fused with a C-terminal SGNH domain (Fig. 7.1A). SGNH domains

are a family of proteins with hydrolase/transferase activity [636], and are so named due

to their invariant residues - Ser, Gly, Asn, His - which occur in four blocks of conserved

sequence [637, 638].

Figure 7.1: Proposed structure and reaction for the AT3 family. (A) Illustration of acyl transfer
by the AT3-SGNH protein, OafB. The proposed TMD is shown as pink and orangecylinders;
the XRD structure of the SGNH domain is shown in grey, with the SGNH catalytic triad in
magenta. An acyl group is transferred from a cytoplasmic donor molecule to a periplasmic
O-antigen. (B) The acetylation reaction facilitated by OafB. (C) Predicted topology of the
OafB TMD (TOPCONS [639, 640])
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A second important process in bacteria that can be mediated by an AT3 protein

is O-acetylation of PGN which confers resistance to both lysozyme and� -lactam

antibiotics [618, 641]. One such protein, OatA, is an AT3 protein with a fused SGNH

domain (AT3-SGNH), that acetylates the MurNAc residue in PGN [618, 641]. Initi ally

discovered inStaphylococcus aureus[618], OatA homologues have since been identi�ed in

many Gram-positive bacteria including Listeria monocytogenes[641], Lactococcus lactis

[642, 643], andStreptococcus pneumoniae[603, 644, 645]. Standalone AT3 proteins

contribute an acyl group in the biosynthesis of macrolide antibiotics inStreptomyces,

which increases antibiotic e�cacy [594, 646{648]). These above examples (seeRef. [13]

for a recent review) demonstrate the wide variety ofO-acetylation targets that are

involved in a range of highly relevant processes for bacterial pathogens,which may be

relevant for biotechnological applications.

While the majority of AT3 domains consist of only an AT3 domain (standalone AT3),

many are multidomain with an additional TMH and C-terminal periplasmic S GNH

domain attached via a periplasmic linking region (AT3-SGNH) [649]. PhoA-LacZ�

fusion analysis has been used to yield information on the subcellular location of AT3

residues, from which the TMD topology can be inferred. However, analysis of the

O-antigen acetyltransferase Oac fromShigella 
exneri (standalone AT3) [615] and OatA

from S. aureus(AT3-SGNH) [650] have yielded con
icting results. Analysis by Thanweer

et al. suggested that Oac has 10 TMHs, with N- and C-termini in the cytoplasm [615].

This is consistent with fusion analysis of the O-antigen acetyltransferase OafB from

Salmonella ser. Typhimurium [609]. The Salmonella O-antigen acetyltransferases OafB

and OafA are both AT3-SGNH fusion proteins predicted to have an 11th TMH, locating

the fused SGNH domain in the periplasm [609, 651] (Fig. 7.1C). In contrast, Jones et

al. proposed that OatA contains only 9 TMH with one large re-entrant loop; as an

AT3-SGNH protein, OatA was also previously predicted to contain 11 TMH [601, 618].

In addition, a large cytoplasmic loop was described between TMH8 and 9 of OatA,

where Oac has only short cytoplasmic loops but a longer periplasmic loop between

TMH3 and 4 [615, 652]. Currently, this is the extent of the knowledge of thearchitecture

of AT3 domains, and there are no published experimental protein structures.

AT3 proteins are predicted to transfer acyl groups, including acetyl groups, from the

cytoplasm across the cytoplasmic membrane to be transferred onto an extra-cytoplasmic

acceptor molecule [595]. However, the mechanism is currently largely unknown. The

putative donor is cytoplasmic Acetyl Coenzyme-A (acetyl-CoA) [613] (Fig. 7.2). Three

arginine residues on the cytoplasmic side of TMH1 and 3 have been identi�ed as highly

conserved, and in both standalone AT3 and AT3-SGNH proteins these residues are

essential for function [615, 651]. Arginine residues have been shown to be involved in

binding of the 3'-phosphate group of acetyl-CoA [653] suggesting that these conserved

residues may interact with the proposed donor molecule. Previousin vitro studies

suggest that standalone AT3 proteins CmmA, MdmB, and Asm19 can utilise acetyl-CoA

as an acetyl donor [594, 654, 655]. Importantly, Joneset al., found OatA from S. aureus

(AT3-SGNH) is able to hydrolyse the acetyl group from acetyl-CoA and transfer it to
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a PGN-like acceptor substrate, e�ectively observing the entire catalytic cycle in vitro

[650]. Thus, the available data indicate that acetyl-CoA is the most likely acetyl group

donor, but how it interacts with the AT3 domain or how the acetyl group can cross the

membrane, is as yet unknown.

Figure 7.2: Chemical structure of the proposed acyl-donor molecule, Acetyl Coenzyme-A

Site-directed mutagenesis identi�ed three conserved tyrosineresidues which are

required for function [650]. One of these tyrosine residues is predicted to be located

in the periplasm and proposed to be involved in acyl group transfer from the AT3

domain to the SGNH domain in AT3-SGNH proteins [650]. Furthermore, the catalytic

triad of the SGNH domain of OafB from Salmonella entericasubsp. enterica serovar

Typhimurium is known to be required for O-acetylation of the LPS O-antigen [651].

Thus, in standalone AT3 proteins an equivalent, as yet unknown, partner protein may

exist. If this were the case, it would suggest that the system may besimilar to that

of the PatA and PatB peptidoglycan acetyltransferase system: the Membrane-Bound

O-Acyltransferase (MBOAT) protein PatA is hypothesised to transpor t the acetyl group

across the membrane where it is transferred to the PGN substrate byPatB (SGNH

domain-containing protein) [656].

To further study the AT3-SGNH family of proteins, OafB from S. enterica subsp.

enterica was used as a model system. The O-antigen of LPS consists of species-speci�c

polysaccharide repeating units (Section 1.1.3.1), which for serovar Typhimurium consists

of repeating units of mannose, rhamnose, and galactose, with a branching abequose

linked to mannose (Fig. 7.1A). OafB speci�cally O-acetylates the rhamnose moiety

of the O-antigen repeating unit. As proposed for other AT3 proteins, cytoplasmic

acetyl-CoA is the predicted acetyl donor molecule. Modi�cation of the O-antigen has

repeatedly been identi�ed as important for virulence and persistence of bacteria [616,

619, 628, 634]. Indeed, O-antigen acetylation of the abequose and rhamnose moiety of

serovar Typhimurium, mediated by OafA and OafB, respectively, varies signi�cantly

among clinical isolates [657]. Similarly,O-acetylation by OafB has been acknowledged

in the development of vaccines againstSalmonella ser. Paratyphi A (SPA), where

acetyl groups were required to elicit bactericidal antibodies [658, 659]. Furthermore,

OafB-mediated acetylation in invasive non-typhoidal Salmonella alters susceptibility to

bacteriophage [609].

OafB consists of the membrane-bound AT3 domain linked to an SGNH domain,

putatively via an 11th TMH and periplasmic linking region [651]. The structure of this
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SGNH domain and the periplasmic linking region was previously solved using XRD

[651]. The structure was found to be similar to that of other SGNH domains, and the

periplasmic linking region formed a structured, well-packed extension suggesting the

AT3 and SGNH domains are likely to exist in close proximity and may even interact

[651].

Herein we use RaptorX (and AlphaFold2) to predict fold for the transmembrane

region, including the 10-TMH AT3 domain, of OafB. We show this novel structure to

be stable under physiological conditionsvia MD simulations. This model is integrated

with the existing XRD structure of the SGNH domain and published mutational data

to allow additional structure-function analysis. Utilising both clas sical MD simulations

and QM calculations, we consider the acetyl donor and acceptor substratesto generate

a re�ned functional model for this important family of membrane protei ns.

7.2 Methods

7.2.1 Co-evolution and Protein Structure Predictions

Co-evolution analysis and protein structure prediction was undertaken by Sarah Tindall.

OafB protein sequence (Uniprot accession A0A0H2WM30) was submitted to the RaptorX

contact prediction and protein structure prediction servers [273, 274, 660,661]. Once

publicly available, AlphaFold2 was also used to predict the OafB structure [292] (default

parameters).

7.2.2 Molecular Dynamics Simulations

All simulations used the GROMACS simulation package (version 2020.3) [205]. Results

were analysed using GROMACS tools and in-house MDAnalysis (python) scripts [335{

338]. Molecular graphics were generated using VMD 1.9.4 [339]. Atomistic simulations

used the CHARMM36m force�eld [188, 334] with the modi�ed TIP3P water model

[215]. A cut-o� of 1.2 nm was applied to Lennard-Jones interactions and short-range

electrostatics using the potential shift Verlet scheme. Long-range electrostatics were

treated using the PME [202]. Bonds between hydrogen atoms and heavy atoms were

constrained using the LINCS algorithm [229]. For production simulations, temperatures

were maintained using the Nos�e-Hoover thermostat [235, 236] (� T = 1.0 ps), and pressure

was maintained at 1 bar using the Parrinello-Rahman semi-isotropic barostat [237, 238]

(� p = 5.0 ps; � = 4.5 � 10� 5 bar� 1).

7.2.3 Transmembrane Domain Simulations

The TMD of the RaptorX model (residues 1{376, i.e. the 10 TMHs of the AT3 domain

and the 11th TMH) was extracted from the full-length prediction. Using the CHARMM-

GUI Membrane Builder module [124], this structure was embedded within a model

E. coli IM: a symmetric bilayer of 18:1:1 POPE, POPG, and cardiolipin. The bilayer

system was solvated in 150 mM KCl, and energy minimised in 5,000 steps using steepest
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descent [246]. The subsequent system was equilibrated in six stagesin which the protein

and lipid head groups were subjected to position restraints with varying force constants.

Each system was equilibrated using two NVT stages followed by four NPT stages.

Position restraints and timesteps are as detailed for the CmeC systemin Chapter 3

(Section 3.2.1, Table 3.1). The velocity-rescaling thermostat [234] was applied at all

equilibration stages to bring the system to 303.15 K (� T = 1.0 ps). Semi-isotropic

Berendsen pressure coupling [233] was applied to the NPT stages to equilibrate with

a pressure bath of 1 bar (� p = 5.0 ps; � = 4 :5 � 10{5 bar{1 ). Two short, independent

equilibrium MD simulations were carried out on the equilibrated system: one of 100 ns

at 303.15 K, and one of 50 ns at 320 K.

7.2.4 Full-Length OafB Model

Despite preditcing full-length OafB, we felt it more appropriate t o utilise the existing

experimental structure for the periplasmic domain. The RaptorX TMD model and

periplasmic domain crystal structure (PDB ID: 6SE1 [651]) were joinedto build a

full-length OafB model. Missing linker residues (residues 377{379) were modelled into

the N-terminus of the SGNH domain using MODELLER 10.0 [241]. A peptide bond

was generated between the N-terminus of the resulting periplasmicdomain (K377) and

the C-terminus of the TMD (N376) using UCSF ChimeraX [565, 566]. Four structures

were generated, varying the C-N-C� -C dihedral; values of 80, 100, 120, and 140° were

used to give structures with di�erent relative orientations of the two domains. The

C� -C-N-C� was maintained at 170°. These proteins will henceforth be referred to as

OafBx , where x is the C-N-C� -C dihedral.

The TMD of each model was embedded in anE. coli IM model and solvated in the

CHARMM-GUI Membrane Builder as described in Section 7.2.3. Systems were energy

minimised in 5,000 steps using steepest descent, and subsequently equilibrated using the

protocol described above. Duplicates of each equilibrated system were generated. The

�rst replicate of each system was simulated for 250 ns at 303.15 K. The topologiesof

the second replicates were modi�ed to add elastic network bonds thatwould bring the

periplasmic and transmembrane domains together. Elastic bonds (of length 1 nm and

strength 100 kJ mol{1 nm{2 ) were generated between the C� atoms of 10 residue pairs,

identi�ed through co-evolution analysis, to be more than 50% likely to be proximal to

one another (Table 7.1). These four replicates were simulated for 100 ns with the elastic

network bonds applied. A subsequent 100 ns equilibrium simulation was applied to each

system with the elastic network removed.

7.2.5 Acetyl Coenzyme-A

One molecule of acetyl-CoA was generated in CHARMM-GUI Ligand Reader and

Modeler [341]. The acetyl group of acetyl-CoA was placed beneath the gap between

TMHs 9 and 10, and the N-terminus of the OafB100 protein. The protein was embedded

in the E. coli inner membrane model in CHARMM-GUI, solvated in 0.15 M KCl, energy

minimised, equilibrated as described previously.
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TMD residue SGNH residue % Probability
95 546 80.5
97 546 70.5
125 403 59.2
98 546 58.4
96 546 57.2
94 545 56.1
126 404 55.9
123 458 53.3
242 503 51.3
194 627 50.9

Table 7.1: Co-evolved residues in OafB identi�ed by the RaptorX contact prediction server,
with associated probabilities.

A short SMD simulation was used to pull acetyl-CoA into the pore (delimited by

TMHs 1, 2, and 9, and the periplasmic loops between TMH5 and 6, and 3 and 4).

Pulling at a rate of 0.5 nm ns{1 and with a harmonic force of 1,000 kJ mol{1 nm{2 , the

sulphur of the acetyl-CoA molecule was pulled upwards, towards the centre of mass of

the C� of residues E243, D126, and E189 (all in loops at the periplasmic surface of the

transmembrane domain, surrounding the pore) until the z-separation of the two groups

was 0 (7.5 ns).

Three variations on the �nal frame of the SMD were generated in VMD by ro-

tating and translating acetyl-CoA within this pore to use as starting conformations

for equilibrium MD. These systems were energy minimised usingsteepest descent to

resolve steric clashes, and equilibrated in the stages described above, with additional

position restraints on the acetyl-CoA molecule heavy atoms (Table 7.2). Each system

was subjected to three consecutive MD simulations of 20 ns at 303.15 K, with additional

position restraints on acetyl-CoA to allow the protein to relax around the substrate.

Phase
Position restraint / kJ mol � 1 nm � 2

� t / fs Length / ps
Prot. BB Prot. SC Lipid P Dih. CoA

NVT1 4000 2000 1000 1000 4000 1 125
NVT2 2000 1000 400 400 4000 1 125
NPT1 1000 500 400 200 4000 2 500
NPT2 500 200 200 200 3000 2 500
NPT3 200 50 40 100 3000 2 500
NPT4 50 - - - 2000 2 500
MD1 - - - - 1000 2 107

MD2 - - - - 500 2 107

MD3 - - - - - 2 107

Table 7.2: Position restraints for acetyl coenzyme-A equilibration within th e TMD.
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7.2.6 LPS in the Periplasmic Lea
et of the Inner Membrane

One molecule ofSalmonella spp. LPS was generated using the CHARMM-GUI LPS

modeller (O9-4 core with one O-antigen unit) [124]. Using VMD as a tool to guide

positioning, two POPE and two POPG molecules were removed from the periplasmic

lea
et of the OafB 100 system and the LPS lipid A moiety inserted in their place. Eight

water molecules were replaced by potassium ions to neutralise the additional negative

charge of LPS. The system was energy minimised in 5,000 stepsvia steepest descent to

resolve steric clashes and equilibrated as above. This equilibrated system was used to

compare distances between the membrane surface and important moieties in LPS and

OafB.

7.2.7 Density Functional Theory Calculations

DFT calculations were undertaken by Sophie Mader. The electrostaticpotentials of

the transmembrane domain of OafB (residues 1{370) and the acetyl-CoA molecule

were calculated in vacuo using the linear-scaling density functional theory package,

ONETEP ([342, 343], using the PBE exchange-correlation functional [344], augmented

with Grimme's D2 dispersion correction [345]. Open boundary conditions via real-space

solution of the electrostatics were used in a simulation cell with dimensions 9 nm� 7

nm � 8 nm. Norm-conserving pseudopotentials were used for the core electrons, and

the psinc basis set, equivalent to a plane wave basis set with a kinetic energy cut-o�

of 800 eV, was employed. 8.0 Bohr localisation radii were used for the nonorthogonal

generalised Wannier functions. The Energy Decomposition Analysis implemented in

ONETEP [662, 663] was used to calculate the intermolecular interaction energy between

acetyl-CoA and the AT3 domain, to extract its contributing components , and to visualise

charge transfer interactions.

7.3 Results & Discussion

7.3.1 Topology Predictions

The transmembrane region of the RaptorX predicted structure has 13 helices, of which 11

completely span the membrane (Fig. 7.3A,C). This domain is predicted with relatively

high con�dence (Fig. 7.3B): helices are predicted with low predicted C� RMSD values,

with only unstructured loops displaying larger values that indicate lower con�dence.

The AT3 domain (residues 1{338) has 10 TMHs and an additional 11th TMH (residues

339{376) fused to the periplasmic linking region (containing SGNHext , residues 377{421),

which facilitates a periplasmic location of the fused SGNH domain (residues 422{640)

[651], as predicted from simple TOPCONS topological analysis [639, 640] (Fig. 7.1C).

The topological analysis also predicted a loop region between helices 3 and 4 (Fig. 7.3C);

in the predicted structures, this region is clearly suggested to be a short re-entrant loop

consisting of a short, well-structured helix (residues 99{111) followed by an � 24 residue

unstructured region. This means there are no long hydrophilic loopsin the structure on
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either side of the membrane [651].

The structure of the SGNH domain and periplasmic linking region of OafB was

previously solved using XRD [651]. The RaptorX structure of the same region showed

remarkable similarity, with an RMSD of 2.8 �A. As in the crystal structure, the SGNH

domain from OafB resembles a typical SGNH domain but with an additional helix and

structured extension. Neither of these regions is observed in the structures of other

SGNH domains in the PDB; despite this, RaptorX predicts these regions with high

accuracy. There are very few residues between the C-terminus of TMH11 (residue 367)

and the N-terminus of the structured extension (residue 377), suggesting that the AT3

and SGNH domains are likely in close proximity and may interact [651]. However, in

the RaptorX structure of OafB, the two domains are not interacting (Fig. 7.3A).

Figure 7.3: RaptorX predicted structure of OafB. (A) RaptorX prediction of full-length OafB.
The SGNH domain is shown in grey; the AT3 TMHs are shown in pink; the 
exible loop between
TMH3 and 4 is shown in dark blue; and the 11th TMH is shown in orange. (B) TMD of the
predicted structure, coloured by per-residue con�dence (C� RMSD in �A). (C) Topology of the
predicted TMD.

Similar to RaptorX, AlphaFold2 [292] predicted 11 TMHs, with the SGNH domain

in the periplasm (Appendix I, Fig. A.23). The structures predicted for residues 1{338

(AT3 domain) showed 97% coverage (RMSD of 3.04�A) and a template matching score

of 0.85, indicating the same fold across the two models.
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7.3.2 Diverse bacterial AT3 proteins share a common 10 TMH
structure

We expanded the structural predictions to include other important AT3 domain-

containing proteins, covering both AT3-SGNH and standalone AT3 proteins (sequence

alignment in Appendix I, Section A.6.2). The RaptorX-generated structures of the

AT3-SGNH proteins OatA from S. aureus (OatA-SA), OatA from L. monocytogenes

(OatA-LM), and PglI from Neisseria gonorrhoeae(PglI-NG) all closely resembled OafB

(Fig. 7.4A), with an RMSD of less than 3 �A for the AT3-domain over the 10 TMHs.

Importantly, as they all contain a C-terminal SGNH domain that functions e xtra-

cytoplasmically, they all contain an 11th TMH to enable correct localisation of the fused

domain [131, 603, 651, 664]. In addition, the core of the SGNH domains is also similar

[651] with variation occurring in the length of the linking regions that connect the AT3

to the SGNH. While the PglI-NG protein closely resembles OafB with a short structured

linker [13], OatA proteins show a more extended, and potentially more mobile and


exible, structure, locating the SGNH domain further from the AT3 domain.

Figure 7.4: Predicted structures of other AT3 family proteins, with conserved essential residues
shown as blue spheres.(A) Fused AT3-SGNH proteins with OafB for comparison. Left to
right: OafB from Salmonella entericasubsp. enterica ser. Paratyphi A (OafB-SPA); PglI from
Neisseria gonorrhoeae(PglI-NG); OatA from Staphylococcus aureus(OatA-SA); OatA from
Listeria monocytogenes(OatA-LM). (B) Standalone AT3 proteins with OafB for comparison.
Left to right: OafB-SPA; Oac from Shigella 
exneri (Oac-SF); WecH from Escherichia coli
(WecH-EC); IcaC from S. aureus(IcaC-SA). The structure of the AT3 domain is largely conserved
between these proteins, containing a channel lined with essential residues in the TMD.

Expanding the analysis to standalone AT3 proteins, predictions for Oacfrom S.
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exneri (Oac-SF), WecH from E. coli (WecH-EC), and IcaC from S. aureus (IcaC-SA)

were analysed (Fig. 7.4B). While the RMSD of these compared to the AT3-domain of

OafB was more variable (4.5{6.7�A when compared to residues 1{376 of OafB), the

overall 10 TMH features were conserved and are consistent with the experimentally-

determined topologies of OafB and Oac-SF [609, 615]. However, a recent analysisof S.

aureus OatA combining LacZ-PhoA fusion data with in silico predictions [649] led to

an alternative model for the topology of the AT3 domain with nine TMHs, a fur ther

re-entrant helix, and a long cytoplasmic loop preceding the �nal TMH that lead to the

SGNH domain in the periplasm. This topology is not seen in any of our models;these

con
icts will be discussed later.

7.3.3 The AT3 domain de�nes a stable, novel membrane protein fold

Using our new structural model for AT3 proteins, we assessed their similarity to

known structures using the DALI server [665] (undertaken by Sarah Tindall). The

closest structural homologues consisted of small helical bundles that were fragments of

larger proteins; no signi�cant matches to full length proteins were identi�ed. Looking

speci�cally at membrane proteins with 10{11 TMH (PDB IDs 3M73, 4J72, 4KJR, 1RH5),

we could not see similarities with the AT3 structure (RMSDs between 12 and 24�A),

and the arrangement of TMHs is very di�erent. We compared our AT3 structure to that

of the other known family of membrane-bound acyltransferases, the MBOAT proteins

(Fig. 7.5). These also acylate complex extracytoplasmic carbohydrates [666], with

previous analysis showing an MBOAT protein to be functionally interchangeable with a

standalone AT3 protein [608, 612], suggesting that these proteins have closely related

functions. The structure of DltB (an MBOAT protein from Streptococcus thermophilus)

[666] similarly contains 11 TMHs. However, the helical arrangement is entirely di�erent

(Fig. 7.5C,D). Consistent with a core 10 TMH fold in the AT3-SGNH protein , the 11th

TMH sits on the outside of the bundle as would be expected for a non-essential feature

of the AT3 domain, in contrast to the 11th TMH in DltB.

To investigate the plausibility of the proposed AT3 fold and extract meaningful data

on the protein dynamics and structure-function relationships, we subjected the model

to MD simulations. The RaptorX model of the transmembrane domain (TMH1{11,

residues 1{376) was embedded in a modelE. coli inner membrane in 150 mM KCl

solution. When subjected to MD simulations of 50 and 100 ns at 320 and 303 K,

respectively, the protein model remained stable within the membrane (Fig. 7.6). There

was no signi�cant unfolding observed; SSA indicates that the� -helical segments are

maintained throughout, and the RMSD of the backbone remained below 5�Aat both

temperatures (Fig. 7.6A,B). The RMSF, as expected, is highest for thetermini and for

residues in unstructured loops, and lower for the TMHs (Fig. 7.6C,D). Together, these

data suggest that the protein structure prediction through RaptorX described a novel,

stable membrane protein fold for AT3 proteins.
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Figure 7.5: Structure comparison of the TMDs of an AT3-SGNH protein (OafB, panels (A,C) )
and an MBOAT protein (DtlB from Streptococcus thermophilus, panels(B,D) ). Both OafB and
DltB have 11 TMHs, however, their arrangements di�er considerably. (A) OafB and (B) DtlB
viewed from the membrane plane;(C) OafB and (D) DltB viewed from periplasm. Proteins
coloured blue to red, N- to C-termini with TMHs numbered.

7.3.4 The AT3 domain from OafB has a cavity lined with essential
residues forming a putative Acetyl Coenzyme-A binding site

Having established that the AT3 domain constitutes a novel, stable fold in the membrane,

we then wished to use this structural model to explore the mechanism of this membrane-

bound enzyme. A large cavity can be observed in the AT3 protein on the cytoplasmic

side, which is enclosed by TMHs 1, 2, 9, and the unstructured loop between TMH 5

and 6 (Fig. 7.7A). The periplasmic end of this cavity is blocked by thenovel re-entrant

loop between TMHs 3 and 4, which in contrast to TOPCONS predictions is not in

the periplasm but resides within the TMD. However, this loop appears to be dynamic.

Conformations from later in the simulations indicate that the loop can move outwards

(displacement of residues on the order of 3{4�A) from the centre of the cavity towards

TMH2, allowing the formation of a channel between the cytoplasmic and periplasmic

surfaces of the TMD; this could be a critical stage in the mechanism of the acyltransferase

in the transmembrane movement of acyl-groups (Fig. 7.7B).

Projection of amino acids known to be important/essential for the function of

di�erent AT3 proteins onto the predicted structure reveals that many of these in fact

line this cytoplasmic cavity in the protein (Fig. 7.7C). A channel li ned with conserved

essential residues is also observed in the predicted structures of homologous AT3 proteins

(Fig. 7.4). Two conserved motifs have been identi�ed in AT3 domains: an absolutely

conserved R-X10-H motif located in TMH1 (R14, H25 in OafB) [651]; and a highly

conserved RXXR motif located on the cytoplasmic face of TMH3 (R71, R74) [606,

609, 613, 667]. The four residues found in these motifs have all been identi�ed in
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Figure 7.6: Analysis of short MD simulations of the TMD in a model membrane. (A) RMSD
of the backbone atoms. RMSD values remain below 0.5 nm for the duration of each simulation,
even at an elevated temperature, indicating no major structural changes occur.(B) STRIDE
SSA of the TMD simulated at 303 K. � -helices, turns, 3{10 helices, and coils are indicated in
pink, teal, blue, and white, respectively. Secondary structureis maintained throughout the 100
ns simulation (1001 frames). 13 helices are maintained across the simulation, 11 of which are
transmembrane. (C) RMSF by residue calculated for the backbone atoms. Lilac bars indicate
TMHs of the AT3 domain; yellow bar indicates the 11th TMH. (D) TMD coloured by RMSF
magnitude: purple indicates low RMSF, yellow indicates high RMSF.

experimental studies as being essential for function in OafB and other AT3 proteins

[609, 614, 650, 651, 668]. Both arginine and histidine residues have previously been

implicated in the binding of acetyl-CoA in other acetyltransferase proteins [653, 666,

669]. Perhaps signi�cantly, all three arginine residues are in close proximity, positioned

approximately in the middle of the membrane: a usually unfavourablelocation for

charged residues. This suggests they may be important in the functional mechanism

of the enzyme. Further analysis of the cavity supports two other conserved regions as

being involved, namely an FX5L motif (F42, L48) in TMH2 and an SX 3Y motif (S288,

Y292) in TMH9 (Fig. 7.7C).

In addition, Jones et al. performed site-directed mutagenesis on a number of residues

in OatA from S. aureus[650]. These identi�ed, amongst others, three conserved tyrosine

residues which are required for function. It is thought that Y206, located in the periplasm

(Y194 in OafB, Fig. 7.7C), is involved in transfer of the acetyl group from the AT3

domain to the SGNH domain [650]. Similarly, a catalytic triad comprising this tyrosine,

a glutamic acid, and a histidine in the AT3 domain was proposed to removethe acetyl
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Figure 7.7: The loop between TMH3 and 4 controls the formation of a transmembrane channel
lined with essential residues. (A) Initial equilibrated structure of the OafB TMD. The two
largest cavities identi�ed are shown as blue transparent surfaces.The loop between TMH3
and 4 occludes the central pore in the AT3 domain. (B) Structure of the TMD after 50 ns
equilibrium MD at 320 K. The loop between TMH3 and 4 is dynamic; the loop has moved away
from the centre of the cavity to allow a channel to form. This channelcould be occupied by the
acetyl group donor. (C) Same snapshot as(B) with important conserved residues shown as
blue spheres: these residues line the pore in the centre of the AT3 domain.

group from acetyl-CoA [650], allowing transport across the membrane (Y194, H25, and

E334 in OafB). In the RaptorX structure Y194 and H25 are in close proximity (C�

separated by 8�A), both on the periplasmic face of the membrane. However, E334 is

located on the cytoplasmic side, distant from H25 and Y194, suggesting that it is not

part of a catalytic triad. Together this mapping suggests two important sites in the

protein: a mid-membrane region of positive charge created by three conserved arginine

residues, and a potential catalytic site on the periplasmic surface comprising at least

H25 and Y194.

7.3.5 The AT3 domain facilitates presentation of acyl-CoA molecules
to the periplasm

Any model for acetyl-CoA-dependent acylation of an extracytoplasmic acceptor requires

the transfer of the cytoplasmically-located acyl group across the IM. The inner cavity

and its dynamic conversion to a channel could provide the route for acetyl-CoA molecules

to enter the protein and present the acyl group for use in the catalytic process. To

test this hypothesis, one molecule of acetyl-CoA was pulled into this channel from the

cytoplasmic entrance of the AT3 domain of a hybrid full-length OafB model (Section

7.2.4) using SMD. It was found that this channel could indeed accommodateacetyl-CoA

and, signi�cantly, the thioester bond was positioned close to the essential H25 residue

within the membrane (Fig. 7.8A). The conserved R14 was also positioned tohelp

coordinate the 3'-phosphate of acetyl-CoA, as previously predicted [651].

The acetyl-CoA molecule was then allowed to equilibrate within theTMD using

equilibrium MD. Three replicates were generated and simulated with manually modi�ed

starting conformations for the acetyl-CoA within the protein. In the u nrestrained �nal

20 ns of these simulations, acetyl-CoA was observed to form salt bridges to several

basic residues within the pore (Fig. 7.8B). In addition to the R14 coordinating the

3'-phosphate of acetyl-CoA, we note that conserved R74 (of the RXXR motif of TMH3),
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Figure 7.8: Interactions between the TMD of OafB and the putative acyl donor molecule,
acetyl-CoA. Only the TMD of OafB is shown for clarity. (A) acetyl-CoA inside the channel of
the AT3 domain. acetyl-CoA was pulled into the TMD via SMD. The loop between TMHs 3
and 4 initially occluded the channel, but moved away from the centre of the channel to allow
acetyl-CoA to enter. Essential residues H25 and R14 are shown as sticks, and align with the
thioester bond and 3'-phosphate of acetyl-CoA, respectively.(B) A pocket of basic residues is
observed in the AT3 domain, complementary to the 3'-phosphate of acetyl-CoA. Several high
occupancy salt bridges form between the 3'-phosphate and TMD residues R14, R74, R338, and
K279. (C) Charge transfer interactions between acetyl-CoA and the OafB TMD wereidenti�ed
via ONETEP Energy Decomposition Analysis. Loss of electron density is shownas a purple
surface, gain of electron density in a green surface. Substantial chargetransfer interactions
were identi�ed between the 3'-phosphate of acetyl coenzyme-A (losing electron density) and
surrounding basic residues R14, R74, R338, and K279 (gaining electron density)

K279, and R338 formed a pocket capable of orienting to simultaneously hydrogen bond

to the 3'-phosphate group.

Furthermore, energy decomposition analysis using ONETEP [342, 343] indicates

strong, attractive interactions between the AT3 domain and acetyl-CoA. The TMD-

acetyl-CoA complex was optimised, and a single point energy calculated.This approach

was employed to calculate the QM interaction energy (in vacuo) and decompose it into its

contributing electronic components: electrostatic, exchange, correlation, Pauli repulsion,
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polarisation, and charge transfer contributions. Adding the dispersioncomponent,

the overall interaction energy was calculated to be {1,035.943 kcal mol{1 , of which

the strongest interaction is electrostatics. This value was calculated in a vacuum and

therefore does not translate to an absolute free energy of binding; our intention is

to highlight the highly attractive nature of this interaction. Strong c harge transfer

interactions were identi�ed between the protein and substrate. The most prominent of

these was between the 3'-phosphate of acetyl-CoA and nearby basic residues in the AT3

domain (R14, R74, R338, K279); these interactions are shown in (Fig. 7.11C) and are

in strong agreement with the above MD simulations.

We calculated the electrostatic potential of the TMD and acetyl-CoA and found

them to be complementary: the TMD displayed positive potentials,while the acetyl-CoA

displayed negative potentials of similar magnitudes (Fig. 7.9). The greatest positive

potentials are found towards the cytoplasmic side of the TMD in agreement with the

positive inside rule [10]. The greatest negative potentials are found at the phosphate

groups of acetyl-CoA, positioned towards the cytoplasmic side of the AT3 domain.

Together these data are strongly supportive of a model whereby acetyl-CoA from the

cytoplasm enters the enzyme TMD to present the acyl group to the periplasmic face for

use in catalytic transfer to the acceptor molecule.

Figure 7.9: Electrostatic potential surface of the OafB TMD and acetyl coenzyme-A. (A)
Electrostatic potential of the OafB transmembrane domain. Protein coloured as in previous
�gures; calculated electrostatic potential overlaid as a surface. Scale from {10 V (red) to +10
V (blue). (E) Electrostatic potential of acetyl coenzyme-A. Molecule in sticks representation;
calculated electrostatic potential overlaid as a surface. Using the same scale as the AT3 domain,
it is clear that acetyl coenzyme-A and the AT3 domain are complementary.

7.3.6 Modelling suggests the two domains in OafB could function in a
pedal bin mechanism

To learn more about the function of the model full-length OafB, which requires both

the AT3 and SGNH domains to function, we constructed a hybrid model by combining

the RaptorX-predicted structure of the TMD (residues 1{376) with the XR D structure
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(380{640) of the SGNHext (380{421) and SGNH domain (422{640). Di�erent relative

starting conformations of the TMD and SGNH domain were generated by modifying

dihedrals on addition of the missing linking residues (Fig. 7.10A). To investigate the


exibility of the hybrid structure, we applied equilibrium MD simulations.

Figure 7.10: The SGNH domain can adopt a variety of conformations relative to the TMD. (A)
Relative starting conformations for MD simulations, with the most closed conformation (OafB80)
in white and the most open conformation (OafB140) in dark grey. (B,C) Porcupine plots of the
�rst and second major motions in unrestrained equilibrium MD simul ations, identi�ed via PCA.
(B) A pedal bin lid-type motion is observed. The protein opens and closes,hinged at the linker
(residues 370{380).(C) The periplasmic domain is able to rotate freely about the linker region.

The XRD structure of the SGNHext region (PDB ID 6SE1, residues 380{421)

[651] shows it to be structured, and interacting substantially with the SGNH domain.

The biological relevance of this close interaction is supported by the equilibrium MD

simulations of OafBx : the SGNHext remains structured and packed close to the SGNH

domain throughout the 4 � 250 ns simulations, indicating this fold is stable under

physiological conditions. Unfolding of the SGNHext to generate a longer 
exible linker -

such as that seen in the RaptorX-predicted structures of OatA-LM and OatA-SA - is

not observed.

A short stretch of only � 10 residues (residues� 370{380) remains that could form

a 
exible linker between the transmembrane and periplasmic domains. In the MD

simulations the periplasmic domain exhibits a wide range of orientations relative to

the transmembrane domain. PCA of the backbone atoms was used to extract the

�rst two major motions (accounting for 77% of the variance, Table 7.3) of the protein

across the four replicates. The �rst of these motions was a pedal bin-like action, where

the periplasmic domain `lid' opens and closes relative to the TMD, hinged at the


exible linker. The second motion was the rotation of the SGNH domain within the

periplasmic space about the linker. The motions represented by PC1and PC2 are

shown as porcupine plots in Fig. 7.10B,C.

Despite these motions and the range of relative orientations, the SGNH andAT3

domains were not observed to spontaneously interact in the equilibrium simulations.

This does not necessarily mean that the domains do not interactin vivo; given the

short timescales of these simulations and the vast conformational space available to

the protein, sampling all possible conformations is an intractable problem. To direct

computational e�orts to the conformational space of interest, elastic network bonds
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Eigenvector % of total variance

1 53.2
2 23.8
3 11.1
4 3.8
5 2.9

Table 7.3: Proportion of the variance accounted for by each eigenvector identi�edvia principal
component analysis of the equilibrium simulations.

were applied to pull the transmembrane and periplasmic domains together.

Elastic networks are a set of arti�cial harmonic `bonds' added to a molecular model.

These are often used in coarse-grained models to maintain secondary structure [670];

here, we use them to induce and then maintain a change in the tertiarystructure of OafB

by pulling the periplasmic and transmembrane domains towards each other. The `bonds'

were added between residues likely to be proximal to one another as identi�ed through

co-evolution analysis (Table 7.1). Around 75% of co-evolving residues have heavy atoms

within 5 �A of one another [577]. The side chains of these residues were generally 3{5�A

in length; to avoid arti�cial re-orientation of the side chains but sti ll bring the residues

close enough to interact, elastic bonds of 10�A were added between the C� atoms of

residue pairs. Applying such elastic network bonds between the transmembrane and

periplasmic domains resulted in the rapid and irreversible `closing' of the protein while

elastic network bonds were applied (100 ns) (Fig. 7.11A).

The elastic network bonds were then removed from these closed structures, and

over the subsequent 100 ns equilibrium MD simulations all four replicates remained

closed. In this con�guration, inter-domain interactions, su�cientl y stable to maintain

the closed state without the elastic network, are identi�ed. Hydrogen bond analysis

(distance and angle cut-o�s of 3�A and 20°, respectively) of these equilibrium simulations

revealed a minimum of 35 unique hydrogen bonds between the domains across each

simulation. Averaged across all four simulations, the number of hydrogen bonds between

the two domains at any given time was 3.16� 1.67 (SD). Three of the higher-occupancy

hydrogen bonds found in all four replicates reside close to the linkerregion (Table 7.4,

Fig. 7.11B). Speci�cally, these are K132-D387 (> 51% occupancy), T386-D98 (> 25%

occupancy), and S129-D387 (> 70% occupancy in three of four simulations, 23% in

the fourth). Additional hydrogen bonds were observed further from the linker in each

system, on the other side of the SGNH catalytic triad: for example, L408-E189 (34%

occupancy) and S474-E189 (21%) are observed in the OafB100 system but do not form

simultaneously (Fig. 7.11C,D). Taken together, these �ndings from equilibrium MD

simulations identify interactions between the residues in the TMD and the periplasmic

domain, supporting the hypothesis that the two domains may cooperate.

These fully closed structures were submitted to the ProPores2 webserver [671] to

identify and parameterise cavities within the protein. The closing of OafB converts

the outer cavity from the transmembrane domain into a larger enclosed cavity at the
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Figure 7.11: Interactions between the transmembrane and periplasmic domains in the closed
state of OafB. (A) Closed OafB structure: AT3 TMHs in pink; loop between TMHs 3 and 4 in
dark blue; 11th TMH in light orange; SGNH ext in dark orange; extra helix in SGNH domain (� 8)
in cyan; and remainder of SGNH domain in grey. SGNH catalytic triad (D618, H621, and S430)
C� atoms as magenta spheres. Residues identi�ed in high-occupancy or important hydrogen
bonding interactions shown as sticks.(B) Hydrogen bonding observed between SGNHext and
AT3 domains in all equilibrium simulations closed OafB. High-occupancy hydrogen bonding
between side chain: carboxylate of E387 and hydroxyl of S129; amine of K132; carboxylate of
E98 and hydroxyl of T386. (C) Hydrogen bonding between the SGNH and AT3 domains in
closed OafB100 simulations. E189 can hydrogen bond to S474via its backbone carbonyl (red
dashed line), or to L408via its carboxylate side chain (blue dashed line) but cannot form these
interactions simultaneously. (D) Separation between the carboxylate of E189 and backbone
NH of L408 (blue), and backbone O of E189 and backbone NH of S474 (magenta). Cut-o�
distance (3 �A) shown as a dashed grey line. For� 40 ns, the backbone carbonyl of E189 forms a
hydrogen bond to L474 backbone amide NH. After this point, the 
exible loop in which E189
resides (between TMH5 and 6) shifts, breaking this interaction and allowing the formation of a
hydrogen bond between the side chain carboxylate of E189 and the backboneamide NH of L408
instead.

Hydrogen Bond Simulation(s) % Occupancy

K132-D387 All replicates > 51
T386-D98 All replicates > 25
S129-D387 Three of four replicates > 70 (23 in other sim)
L408-E189 OafB100 34
S474-E189 OafB100 21

Table 7.4: High occupancy hydrogen bonds identi�ed during the equilibrium simulations of
the closed state of OafB.

interface of the AT3 and SNGH domains (Fig. 7.12A). This pore has a volume of

approx. 4,780�A3 and includes both the SGNH catalytic triad comprising residues D618,

H621, and S430, and at the membrane surface the proposed catalytic residues of the

AT3 domain, namely H25 and Y194. This raises the possibility that the transfer of the

acyl-group to the acceptor molecule could occur in this region of the protein.

7.3.7 Fully closed structure can accommodate the LPS O-antigen

Finally, we considered the potential mechanisms by which the acceptor molecule(s)

would interact with the modelled open and closed conformers of OafB, working with two
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alternative hypotheses: that the acceptor is presented by a lipid carrier, or presented

after transfer to the lipid A-core oligosaccharide molecule.

The closed form of the pedal bin model presents a possible enclosed catalytic site for

OafB, which is known to acetylate the rhamnose residue in the O-antigen repeating unit

of the LPS [599]. This cavity resides directly below the SGNH catalytic triad (S430,

H621, and D618) and extends down into the AT3 domain (Fig. 7.12A). Its volume

(� 4,780�A3) is an order of magnitude greater than the volume of the LPS O-antigen unit

(� 502 �A3); hence, one or more units could be manually placed within the cavity(Fig.

7.12B). Importantly, the enclosed cavity on the periplasmic surface ofthe membrane

does extend into the membrane, the lower portion residing belowthe plane of the upper

lea
et headgroups. This cavity is exposed to the membrane core, consistent with an

acceptor ligand delivered on a lipid anchor.

Figure 7.12: Largest cavity in the closed state of OafB.(A) Largest cavity identi�ed in the
closed OafB structure shown as a blue surface. The cavity extendsdown into the transmembrane
domain. AT3 TMHs shown in pink; 
exible loop shown in dark blue; 11 th TMH shown in
orange; SGNH domain in grey; SGNH catalytic triad residue C� atoms in magenta. (B) A single
O-antigen unit is shown inside the pore in stick representation, coloured by atom name. The
single O-antigen unit can be comfortably accommodated in this space in several orientations.

Further to this, we observe distinct thinning of the bilayer in this region (Fig. 7.13).

This dip in the membrane could correspond to a binding site for the lipid-bound acceptor

oligosaccharide. Membrane deformation of a comparable amplitude has been reported

in the Cupriavidus metallidurans O-antigen ligase protein WaaL [672]. This thinning

was observed in both experimental structures and MD simulations, though deformation

was con�ned to the periplasmic lea
et where in our simulations we observe deviations

in both lea
ets. For the WaaL system, this change in lea
et thickness aligned with

the proposed lipid A binding site, and was ascribed to the shorter acyl tails of lipid A

compared to typical IM lipids. As our simulations display deviations in both lea
ets it is

unclear whether this site is lipid A speci�c; we propose that the lipid-bound O-antigen
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is presented at this site, but the exact nature of the lipid carrier is as yet unknown.

This uncertainty is discussed in detail in the following sections.

Figure 7.13: Membrane thickness decreases near the entrance to the largest pore in closed
OafB. (A) Heatmap-style visualisation of membrane thickness around OafB (closed OafB100

system after 100 ns of equilibrium simulation). Generated using VMD plugin MEMBPLUGIN
[513]. (B) Side view of membrane thinning around OafB, lipid phosphorus atoms fromevery
10th frame of the �nal 50 ns overlaid. Lipid phosphorus atoms are shown as spheres coloured by
deviation for the average phosphorus position in that lea
et, where the centre of the hydrophobic
core is considered the origin. There is clear thinning of the membrane aligning with the largest
cavity in closed OafB.

S. enterica serovars Typhimurium and Paratyphi use the prevalent Wzx/Wzy-

dependent pathway for O-antigen assembly, in which a single O-antigen unit is assembled

in the cytoplasm on membrane-bound UndP, which is then 
ipped placing the O-antigen

unit in the periplasm. Lipid-linked O-antigen units are assembledto the �nal length

in the periplasm before ligation to the LPS core oligosaccharide. Subsequently, the

completed LPS molecule is transported to the outer membrane [673]. Thisraises the

question of whether OafB acetylates the rhamnose moiety of a single O-antigen bound

to UndP or after O-antigen polymerisation. If the latter, does acetylation occur with

the polymerised O-antigen unit(s) attached to the UndP or after transfer to the lipid

A-core molecule?

To contextualise the OafB models with biologically relevant molecules, one molecule

of the lipid carrier UndP attached to a single O-antigen unit was placed in the membrane

model, proximal to OafB. A distance of � 9 �A separates acceptor O3 atom of the

rhamnose from the periplasmic surface of the membrane, which is similar to the distance

of the SGNH active site (S430) from the membrane (� 12 �A, Fig. 7.14A). It is possible

that the substrate di�uses laterally into the cavity, with OafB in either an open or

closed state.

The analysis above suggests that acetylation could occur using single O-antigen

units, before O-antigen polymerisation. Alternatively, acetylation could occur during

or after polymerisation on the UndP carrier before transfer to the lipid A core (not

shown). Multiple O-antigen repeats (n � 9 �A) stretching away from the membrane

could possibly be accommodated by the open state of the pedal bin with the SGNH

domain extending into the periplasm.
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Figure 7.14: Two proposed models for the O-antigen rhamnose moiety acetylation by OafB.
OafB is coloured as in previous �gures, lipid headgroup phosphorus atoms areshown as
purple spheres.(A) Undecaprenyl phosphate carrier lipid with a single O-antigen unit in stick
representation. O3 of the rhamnose moiety (red sphere) has a verticalseparation from the
periplasmic lea
et surface of � 9 �A. The OH of S430 has a vertical separation from the bulk
membrane of � 12 �A. (B) OafB-LPS system after equilibration: one LPS molecule with a
single O-antigen unit shown in stick representation, and its rhamnose O3 atom shown as a red
sphere. OafB remains in an open conformation. After relaxation, the oligosaccharide of LPS
has kinked, with the distance between the lipid headgroups of the periplasmic lea
et surface
and the acetylation site reduced to� 29 �A (from � 42 �A). This is comparable to the � 35 �A,
separation between the OH of S430 and the periplasmic lea
et surface.

To investigate the alternative model of acetylation after attachment to Ra-LPS, we

built a model with LPS (with one O-antigen unit) and OafB embedded in the IM to

assess the distances de�ned between the periplasmic lea
et surface and various groups

within the system relevant to the acetylation. Initially the mode lled LPS adopts a quasi-

linear conformation; the z-separation between the rhamnose moiety and the periplasmic

membrane surface was found to be� 42 �A. During minimisation and equilibration of

this system, the oligosaccharide was allowed to relax; this resultedin a kinked structure,

where the distance between the acetylation site and the periplasmic lea
et surface was

reduced to around 29�A. By comparison, after equilibration, the z-separation of the

hydroxyl of S430 in the catalytic triad of OafB 100 and the periplasmic lea
et is approx.

35 �A (Fig. 7.14B); it is not inconceivable that the open pedal bin could function to

deliver acetyl groups at a distance from the membrane. However, we notethat in reality

the full length O-antigen would be attached in mature LPS. O-antigens inS. enterica

can range from 2 to> 100 units [674]; acetylating distal O-antigens in mature LPS

would require signi�cant, entropically unfavourable conformational rearrangement of

the O-antigen for OafB to catalyse signi�cant overall levels of O-acetylation across the

whole polymer. Together these analyses indicate that O-acetylation of the O-antigen

may occur either when a single O-antigen unit attached to a lipid carrier is presented

in the periplasm, or when the O-antigen is polymerised, either on the lipid carrier, or

when incorporated into mature LPS.
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7.4 Ideas, Speculation, and Limitations

The realisation that diverse bacteria use AT3 proteins in a broad range ofbiological

processes for the modi�cation of extracytoplasmically localised glycans directed our

e�orts into describing the fundamental mechanism of these proteins [13]. While the

role of AT3 proteins in these diverse processes is often implicated from genetics only,

the OafB protein has been studied in much more detail, alongside other selected AT3

proteins including OatA from S. aureus [599, 650, 651]. These systems are examples

of AT3 proteins working with SGNH domains to acylate LPS and PGN, respectively,

which are key components of Gram negative bacterial cell envelopes.

Integrative modelling provides detailed insight into the structure and potential

mechanism of action of AT3-SGNH proteins. Our structural model, combined with

simulations, suggests that the TMD of OafB has a novel fold. Importantly this is

distinct from the MBOAT family of membrane-bound acyltransferases, implying that

nature has evolved two independent routes to perform this process. The discovery of

a large cytoplasmic cavity, which can open dynamically to accommodate an acetyl-

CoA molecule that spans the membrane, provides a mechanistic breakthrough in our

understanding of the protein function; in OafB this appears to be mediated by a loop

which would need to block the pore in the absence of acetyl-CoA to prevent leakage of

protons.

The putative catalytic residues H25 and Y194 are close enough to the acetyl group

(approx. 5 �A) to conceivably be involved in catalysis. MD simulations cannot capture

this event as bond making or breaking (nor proton transfer) are possible in classical

force�elds. The loop between TMH5 and 6, in which Y194 resides, shows signi�cant

mobility and the side chain of Y194 is observed to point inwards, towards the centre

of the pore (and therefore towards acetyl-CoA). Given the conformational mobility of

the 4'-phosphopantetheine segment of the coenzyme and of the loop between TMH5

and 6, it is not unreasonable to suggest that the thioester bond is accessible to both

H25 and Y194 to aid the acetyl transfer as in the mechanism suggested by Joneset al.

[650]. Addressing the role of E334, which Meziane-Cherifet al. [649] proposed was the

third residue in the catalytic site (E357 in OatA), our model places this distal from H25

and Y194, but yet in OafB we also know this residue is important for function [651].

The residue sits close to the cytoplasmic side and the internal cavity; it perhaps has a

role in the initial recognition of the acetyl-CoA. Other conserved residues, including

F42, Y124, W138, and E143 in OafB were identi�ed by mutagenesis as being important

for both the OafB-related proteins OafA and OatA, cluster on the extracytoplasmic

surface. These residues could have related roles in acetyl-CoA binding, catalysis, or

acceptor recognition.

While the function of the AT3 domain to bind and deliver acyl-groups to a periplasmic

catalytic site is well supported by our model and must be a conservedfeature of all

AT3 proteins, the further discrete role of the essential SGNH domainis still not fully

understood [650, 651]. The linker region, while short, allows substantial conformational

mobility. This suggests that the SGNH domain can function in a `pedal bin' like model,
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opening and closing to de�ne a large cavity on the extracytoplasmic surface that could

capture a lipid-anchored O-antigen. For OatA and other related proteins, this linker can

be much longer (Fig. 7.4A); whether this then allows the `pedal bin' lid to close/accept

the acyl-group then open and extend away from the membrane to reach theacceptor

substrate needs further investigation, but MD simulations suggest it is possible. However,

for the OafB system, we favour the model of lid opening and closing to help trap the

substrate in a membrane-surface-located activity site, similar to the function of the Sus

protein in capturing ligands in the outer membrane of Bacteroidetes [675]. For LPS

O-acetylation by OafB and similar proteins we favour the model where the substrate is

the single O-antigen repeat bound by the UndP lipid anchor before later polymerisation.

Given that levels of OafB-dependent O-acetylation vary between 40 and70% [599, 676],

the stochastic interaction of OafB with the UndP anchored O-antigen repeat appears a

more feasible mechanism than this membrane bound enzyme reaching distal rhamnose

moieties in a fully assembled O-antigen.

Beyond LPS and PGN, AT3 domain-containing proteins acylate a diverse rangeof

complex carbohydrates in bacteria [13]. Each acceptor substrate presents its own unique

challenges for the AT3 domain. In both the LPS and PGN examples, additionalSGNH

domains are required for function. However, AT3 domains can function as standalone

proteins in other contexts. One example is IcaC, which is involved in the O-succinylation

of poly N-acetylglucosamine (PNAG) bio�lm component of Staphylococci. Here, the

acceptor is not delivered on a lipid anchor but through a continuous synthesis and

extrusion mechanism catalysed by IcaAD: a `synthase' mechanism [673]. Perhaps a close

physical association of IcaC with IcaAD removes the need for the additional SGNH

domain, allowing direct transfer of the acyl group onto the emerging polymer yielding

stochastic levels of O-succinylation of about 40% [677, 678]. Hence, the di�erences

between AT3 and AT3 with additional domains such as SGNH could perhaps relate to

presentation route of the acceptor molecule within the context of di�erent biosynthetic

pathways for extracytoplasmic glycans.

7.5 Conclusions

Here we provide strong evidence that membrane-bound AT3 domains, mediating acy-

lation of a diverse range of complex carbohydrates, has a novel fold. The stability

of this structure was con�rmed using MD simulations, also enabling insights into the

mechanism of action. Importantly, our model provides a solution to theproblem of

acetylation occurring in the periplasm using the cytoplasmic acetyl donor acetyl-CoA.

We show a membrane-spanning pore in the AT3 domain can accommodate acetyl-CoA,

presenting the acyl group to the periplasmic side. This is supported by QM calculations

to probe the hypothesised protein-acetyl-CoA interactions, and thepresence of key,

conserved and essential residues that line the pore. A cavity at theperiplasmic side in

closed OafB is able to accommodate the acceptor substrate O-antigen. Together, our

data give important new insights into the family of AT3 domain containing proteins.
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7.6 Future Work

Our model can support and drive targeted research to gain a full understanding of

the mechanism of action of this membrane-bound acyltransferase proteinfamily, which

mediate acylation of complex carbohydrates across the domains of life. Further study

may look to test the hypotheses presented here.

The 
exibility of the linker and resulting variations in relative d omain orientations

could be investigated using experimental `molecular ruler' approaches. FRET and

Double Electron-Electron Resonance (DEER) methods are attractive options [679],

wherein relevant chemical tags (
uorophores or spin-labelled tags, respectively) are

attached to the protein and their separation is measured. Such methods yield distance

distributions that could be used to assess the accuracy of our pedal binlid model, and/or

the relative occupancy of open and closed states. However, tagging membrane proteins

can prove troublesome as the acceptor residues must typically be solvent-exposed to

bind the tag. Cysteine is usually selected as the acceptor residue due to its labile thiol

group. In the case of OafB there is only one solvent-exposed cysteine inthe TMD

(C57) and all cysteine residues in the SGNH domain are engaged in disulphide bridging;

disrupting these bonds for tagging purposes may result in undesirable changes to the

secondary structure. Thus mutations would likely need to be carefully selected and

introduced in both domains to provide suitable tag sites.

Further simulation and structural studies could provide further insight into the

nature of the lipid-bound O-antigen acceptor molecule. Ideally an experimental structure

for an AT3 domain containing protein would be resolved which could revealimportant

details of the lipid binding site(s), rather than utilising pred icted structures to infer

mechanistic information. However, previous attempts have been unsuccessful due to

di�culties in crystallising the membrane-bound portion of this pr otein family [680].

Additional MD simulations could be employed to explore binding modes and residence

times for the potential O-antigen presenting lipid: preference for either lipid A or UndP

would provide greater certainty in the mechanism of action of the AT3 family.
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8 j Conclusions

Have you �nished your thesis yet?

My parents, every time I've phoned home for the last 9 months

Antimicrobial resistant bacterial infections are an imminent threat t o all domains of

life. With the arsenal of e�ective antibiotic treatments dwindlin g and few innovative

advances in recent decades, the development of new antibiotics is of paramount impor-

tance. Investigating the structure, dynamics, and interactions of bacterial proteins is a

fundamental step in understanding antimicrobial resistance mechanisms that can be

exploited for novel therapies. This thesis focused on theN -glycosylated RND e�ux

machinery CmeABC of the Gram-negative bacterium, C. jejuni . Each component

protein was explored, and a novel membrane model for this bacterium generated. The

modelling and simulation studies presented in this thesis o�er insight into important

bacterial membrane proteins at an atomistic level of detail.

The protein and glycan conformational dynamics of the outer membrane factor,

CmeC, were explored. It was shown that the glycans and extracellular loops are

conformationally labile, while the periplasmic entrance is gated by cations. These

cations are shown to be exploited in the translocation of an anionic substrate through

the channel. Molecular modelling and simulations were used to generate and test novel

atomistic models for lysophospholipids, which are found in high concentrations in the

C. jejuni lipidome. The models generated displayed varying success in forming the

expected phases at high concentrations, but did enhance the susceptibility of model

phospholipid membranes to electroporation. These novel lysophospholipid-containing

bilayers were then used as an inner membrane model, wherein the RND protein CmeB

is simulated. The induction of conformational cycling through protonation at the relay

site was probed; the conformational changes expected were not observed,suggesting

that the protonation pattern simulated may be inconsistent with that in vivo. The

glycans attached to CmeB were found to display similar 
exibility t o those attached to

CmeC, and substrates were observed to form salt bridges within the binding pockets

which prevented translocation.

Protein structure prediction techniques are employed to generate a model for the

structure of the periplasmic adaptor protein CmeA. Taken together with bioinformatics

data and structures of CmeABC homologues, a model for the assembled machinery was
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generated and used to estimate periplasmic width inC. jejuni . Further to this, the

structure of a potential outer membrane tether protein was predicted, with the location

of the N-terminus suggesting that the cell wall is located at the interface between the

PAP and OMF.

Finally, structure prediction methods are also applied to the acyltransferase protein,

OafB of Salmonella enterica- another Gram-negative bacterium. Simulations of the

predicted structure, as well as experimental data on essential residues, are consistent

with acetylcoenzyme-A being the acyl donor molecule for this familyof proteins. Further

simulations of the full-length protein indicate a pedal-bin type motion that may be

important for capturing and release of the O-antigen acceptor substrate.
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A j Appendix I: Supplementary Data

A.1 Chapter 2

A.1.1 Calculating Pressure via the virial theorem

The pressure of a given system is calculatedvia the virial theorem of Clausius [232]. The virial

is the expectation value of the sum of the products of the coordinates ofthe particles and the

forces acting on them:

W =
X

i

x i _px i (A.1)

where W is the virial; x i is the coordinate (x, y, or z) of atom i; and _px i is the �rst derivative

of the momentum along that coordinate, which is equal to force. The virial theorem states that

W = � 3NkB T (where N is the number of particles; kB is the Boltzmann constant; and T is

the temperature).

For an ideal gas, the only forces are those due to interactions between particles and the

container; thus, through the ideal gas equation (P V = NkB T, where P is pressure andV is

volume of the container), it can be shown that W = � 3P V. Forces between the particles a�ect

the virial in a real system, therefore a�ecting the pressure. Thetotal virial for the system is

equal to the sum of an ideal gas part (� 3P V) and an additional contribution due to interactions

between the particles:

W = � 3P V +
NX

i =1

NX

j = i +1

r ij
dU(r ij )

dr ij
= � 3NkB T (A.2)

wherer ij is the vector between atomsi and j , and U is the interaction potential between atomsi

and j . The derivative of the potential energy may be written as the force acting on the particles

(Eq. 2.2). Thus, pressure can be calculated as:

P =
1
V

2

4NkB T �
1

3kB T

NX

i =1

NX

j = i +1

r ij � F ij

3

5 (A.3)

where F ij is the force acting between atomsi and j .
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A.2 Chapter 3

A.2.1 Multiple Sequence Alignment: Outer Membrane Factors

Figure A.1: Multiple Sequence Alignment between CmeC and other OMFs. Positions of the
CmeC N -glycosites highlighted with yellow stars.
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A.2.2 Outer Membrane system contents

Glycosylated
CmeC

Plain CmeC
Gly Ca 2+

Removed
Gly Ca 2+ and
K + Removed

Erythromycin
SMD

CDCA
SMD/MD

CmeC protomers 3 3 3 3 3 3
GM1 LOS 108 107 108 108 108 108
GD1a LOS 108 107 108 108 108 108

POPE 551 551 551 551 551 551
POPG 136 136 136 136 136 136

K + 841 837 841 827 841 842
Cl � 669 664 651 637 669 669

Ca2+ 702 695 693 693 702 702
TIP3P Water 244,701 242,631 244,701 244,701 244,701 244,701
Erythromycin 0 0 0 0 1 0

CDCA 0 0 0 0 0 1

Total Atoms 964,998 956,546 964,971 964,943 965,116 965,063

Initial System
Dimensions / nm

20.5� 20.5� 22.5
20.5� 20.5� 22.4

20.5� 20.5� 22.5 20.5� 20.5� 22.5 20.5� 20.5� 22.5 20.5� 20.5� 22.5

Table A.1: System Contents in outer membrane factor simulations
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A.2.3 Secondary Structure Analysis

Figure A.2: Secondary structure analysis (STRIDE) for glycosylated CmeC from one replicate
across the 500 ns simulation. Teal (T): turn; yellow (E): � -sheet; tan (B): isolated bridge; pink
(H): � -helix; blue (G): 3-10 helix; red (I): � -helix; white (C): coil/unstructured.

Figure A.3: Secondary structure analysis (STRIDE) for unglycosylated (plain) CmeC from
one replicate across the 500 ns simulation.
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A.2.4 Correlation between channel radius, pulling force, and
solvation shell for substrates in CmeC

Figure A.4: Scatter plots of the force against the hydration shell population at positions
within the CmeC channel, with points coloured by the channel radius, demonstrating correlation
between the force required for translocation and both the channel radius and the population of
the hydration shell.
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A.2.5 Distribution of  and � values for glycosidic linkages in the
CmeC heptasaccharides

Figure A.5: Distribution of  and � values for each glycosidic linkage in the heptasaccharides
attached to CmeC. Yellow shaded areas indicate the mean� SD for each linkage as calculated
by Pedeboset al. [351].
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A.2.6 Volume occupied by the CmeC N -glycans

Figure A.6: Volume occupied by the CmeCN -glycans. CmeC shown in blue (ribbons and
transparent surface); glycans shown as green sticks, with every 20th frame overlaid. (A) Top-
down (from the LOS lea
et of the OM) view. (B) Side view.
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A.3 Chapter 4

A.3.1 Simulation System Contents

A.3.1.1 Self-assembly Simulations, Excess Water

Small Single LPL systems Larger Single LPL systems (Anisotropic)
LysoPE (18:1) LysoPE (16:0) LysoPE (19:0 c) LysoPG (18:1) LysoPE (18:1) LysoPE (16:0) LysoPE (19:0 c) LysoPG (18:1)

LysoPE (18:1) 140 0 0 0 500 0 0 0
LysoPE (16:0) 0 140 0 0 0 500 0 0
LysoPE (19:0 c) 0 0 140 0 0 0 500 0
LysoPG (18:1) 0 0 0 140 0 0 0 500

Water 7,000 7,000 7,000 7,000 31,059 29,373 31,967 33,002
K + 10 10 10 150 40 40 40 500
Cl � 10 10 10 10 40 40 40 0

Initial box
dimensions /

nm
7.0� 7.0� 7.0 10.9� 10.9� 10.9

Table A.2: System contents for self-assembly simulations in excess water
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A.3.1.2 Self-assembly Simulations, C W =0.4

Small Single LPL systems Larger Single LPL systems (Anisotropic)
LysoPE (18:1) LysoPE (16:0) LysoPE (19:0 c) LysoPG (18:1) LysoPE (18:1) LysoPE (16:0) LysoPE (19:0 c) LysoPG (18:1)

LysoPE (18:1) 140 0 0 0 500 0 0 0
LysoPE (16:0) 0 140 0 0 0 500 0 0
LysoPE (19:0 c) 0 0 140 0 0 0 500 0
LysoPG (18:1) 0 0 0 140 0 0 0 500

Water 2,512 2,377 2,585 2,870 8,874 8,392 9,134 9,429
K + 2 2 2 142 20 20 20 500
Cl � 2 2 2 2 20 20 20 0

Initial box
dimensions /

nm
5.8� 5.8� 5.8 9.9� 9.9� 9.9

Table A.3: System contents for self-assembly simulations at CW =0.4
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A.3.1.3 Self-assembly Simulations, C W =0.1

Small Single LPL systems Larger Single LPL systems (Anisotropic)
LysoPE (18:1) LysoPE (16:0) LysoPE (19:0 c) LysoPG (18:1) LysoPE (18:1) LysoPE (16:0) LysoPE (19:0 c) LysoPG (18:1)

LysoPE (18:1) 140 0 0 0 500 0 0 0
LysoPE (16:0) 0 140 0 0 0 500 0 0
LysoPE (19:0 c) 0 0 140 0 0 0 500 0
LysoPG (18:1) 0 0 0 140 0 0 0 500

Water 419 396 431 478 1,479 1,399 1,523 1572
K + 1 1 1 141 5 5 5 500
Cl � 1 1 1 1 5 5 5 0

Initial box
dimensions /

nm
5.4� 5.4� 5.4 9.9� 9.9� 9.9

Table A.4: System contents for self-assembly simulations at CW =0.1
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A.3.1.4 Bilayer Self-assembly Simulations

Bilayer Self-Assembly
POPG POPE POPA 20% LPL

LysoPE (18:1) 0 0 0 7
LysoPE (16:0) 0 0 0 7
LysoPE (19:0 c) 0 0 0 7
LysoPG (18:1) 0 0 0 7

POPG 140 0 0 63
POPE 0 140 0 42
POPA 0 0 140 7
Water 7,000 7,000 7,000 7,000

K + 10 10 150 87
Cl � 10 10 10 10

Initial box
dimensions / nm

7.2� 7.2� 7.2

Table A.5: System contents for bilayer self-assembly simulations
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A.3.1.5 Equilibrium Bilayer Simulations

20% LPL Phospholipids Only
R1 R2 R3 R1 R2 R3

LysoPE (18:1) 63 63 63 0 0 0
LysoPE (16:0) 63 63 63 0 0 0
LysoPE (19:0 c) 63 63 63 0 0 0
LysoPG (18:1) 63 63 63 0 0 0

POPG 567 567 567 828 828 828
POPE 376 376 376 552 552 552
POPA 63 63 63 92 92 92
Water 103,808 104,583 104,663 71,713 71,691 71,756

K + 1,145 1,147 1,147 1,113 1,114 1,113
Cl � 452 454 454 193 194 193

Initial box
dimensions /

nm
20.9� 20.9� 10.5 21.1� 21.1� 8.9 21.0� 21.0� 9.0 21.1� 21.1� 8.9

Table A.6: System contents for equilibrium simulation of bilayers with and without lysophospholipids
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A.3.1.6 Electroporation Simulations

20% LPL Phospholipids Only
R1 R2 R3 R1 R2 R3

LysoPE (18:1) 28 28 28 0 0 0
LysoPE (16:0) 28 28 28 0 0 0
LysoPE (19:0 c) 28 28 28 0 0 0
LysoPG (18:1) 28 28 28 0 0 0

POPG 252 252 252 324 324 324
POPE 168 168 168 216 216 216
POPA 28 28 28 36 36 36
Water 40,150 40,122 40,194 40,320 40,323 40,323

K + 489 490 492 457 458 458
Cl � 181 182 184 97 98 98

Initial box
dimensions /

nm
13.0� 13.0� 10.9 13.1� 13.1� 10.8 12.9� 12.9� 11.1 13.5� 13.5� 10.4 13.5� 13.5� 10.4 13.5� 13.5� 10.5

Table A.7: System contents for electric �eld simulation of bilayers with and without lysophospholipids
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A.3.2 Simulation box collapse

Figure A.7: Collapse of a simulation box under anisotropic pressure coupling. Lipids shown as
surfaces, coloured by element. Unit cell shown by blue lines. Simulation of lysoPE(18:1) (500
lipids, CW =0.7) initially forms micelles. The unit cell deforms as the simulation progresses,
resulting in box dimensions less than twice the electrostatics cut-o�. The simulation crashes
shortly after 50 ns.
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A.3.3 Depletion-enrichment indices

DEI
POPG POPE POPA lysoPE (18:1) lysoPE (16:0) lysoPE (19:0 c) lysoPG (18:1)

R1

POPG 0.95 � 0.02 1.00� 0.02 0.92� 0.05 0.96� 0.05 1.06� 0.04 0.97� 0.06 0.95� 0.05
POPE 1.05 � 0.02 0.97� 0.04 1.11� 0.09 1.02� 0.08 0.95� 0.07 1.02� 0.07 1.10� 0.06
POPA 0.96 � 0.05 1.11� 0.10 0.90� 0.26 1.17� 0.28 0.90� 0.21 1.17� 0.22 0.93� 0.21

lysoPE (18:1) 1.02 � 0.06 1.03� 0.09 1.19� 0.28 0.92� 0.21 1.18� 0.19 0.98� 0.19 1.11� 0.20
lysoPE (16:0) 1.12 � 0.05 0.95� 0.07 0.90� 0.21 1.16� 0.20 0.8� 0.26 0.97� 0.22 0.93� 0.20
lysoPE (19:0 c) 1.04 � 0.06 1.04� 0.08 1.20� 0.23 0.99� 0.19 0.99� 0.23 1.09� 0.31 0.99� 0.17
lysoPG (18:1) 0.95 � 0.05 1.04� 0.07 0.88� 0.20 1.04� 0.19 0.89� 0.20 0.93� 0.17 0.93� 0.28

R2

POPG 0.96 � 0.02 0.99� 0.02 0.90� 0.05 0.98� 0.05 1.03� 0.06 0.97� 0.06 0.92� 0.05
POPE 1.05 � 0.02 0.98� 0.04 1.11� 0.06 1.01� 0.06 0.98� 0.08 1.00� 0.06 1.10� 0.07
POPA 0.95 � 0.05 1.11� 0.07 1.07� 0.39 1.08� 0.19 1.16� 0.25 1.07� 0.19 0.84� 0.24

lysoPE (18:1) 1.04 � 0.05 1.02� 0.07 1.09� 0.18 0.83� 0.27 0.97� 0.21 1.15� 0.19 1.16� 0.26
lysoPE (16:0) 1.08 � 0.06 0.97� 0.08 1.16� 0.24 0.96� 0.20 0.75� 0.25 0.95� 0.23 1.11� 0.19
lysoPE (19:0 c) 1.04 � 0.06 1.02� 0.07 1.09� 0.20 1.16� 0.19 0.96� 0.23 1.14� 0.26 1.06� 0.19
lysoPG (18:1) 0.93 � 0.05 1.04� 0.07 0.80� 0.23 1.10� 0.25 1.06� 0.18 0.99� 0.17 0.95� 0.30

R3

POPG 0.95 � 0.01 1.00� 0.02 0.90� 0.05 0.98� 0.05 1.01� 0.06 1.00� 0.05 0.95� 0.05
POPE 1.06 � 0.02 0.97� 0.04 1.13� 0.07 1.02� 0.07 0.95� 0.07 1.01� 0.06 1.05� 0.06
POPA 0.95 � 0.05 1.13� 0.08 0.86� 0.24 1.23� 0.22 1.08� 0.23 0.94� 0.17 1.04� 0.20

lysoPE (18:1) 1.04 � 0.05 1.03� 0.08 1.24� 0.21 1.01� 0.32 0.99� 0.19 0.88� 0.22 1.06� 0.21
lysoPE (16:0) 1.07 � 0.06 0.95� 0.08 1.09� 0.24 0.98� 0.18 1.04� 0.30 0.98� 0.22 1.14� 0.20
lysoPE (19:0 c) 1.07 � 0.06 1.02� 0.07 0.95� 0.17 0.88� 0.22 0.99� 0.22 1.01� 0.24 1.18� 0.18
lysoPG (18:1) 0.95 � 0.05 1.0� 0.06 0.98� 0.19 1.0� 0.20 1.08� 0.19 1.1� 0.18 0.71� 0.30

Table A.8: Depletion-Enrichment Index (DEI) for lipids in the mixed bila yers. Values are presented as the mean� SD over the second half (�nal 500 ns) of each
simulation. Calculated using the Python package LiPyphilic [258, 337, 338, 407].
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A.3.4 MDAnalysis Script for Order Parameter Calculation

1 # Preamble

2 import numpy as np

3 import pandas as pd

4 import MDAnalysis as mda

5 import matplot l ib . pyplot as plt

6

7 # Dict ionaries to hold the carbons and their relevant hydrog ens (atom

names )

8 # These are the standard atom names for POPX lipids in the CHAR MM36m

forcef ield - edit these dict ionaries for other tai l types .

9 # IGNORE the terminal carbon

10 Sn1 = {"C32" : [ "H2X", "H2Y"] ,

11 "C33" : [ "H3X", "H3Y"] ,

12 "C34" : [ "H4X", "H4Y"] ,

13 "C35" : [ "H5X", "H5Y"] ,

14 "C36" : [ "H6X", "H6Y"] ,

15 "C37" : [ "H7X", "H7Y"] ,

16 "C38" : [ "H8X", "H8Y"] ,

17 "C39" : [ "H9X", "H9Y"] ,

18 "C310" : [ "H10X", "H10Y"] ,

19 "C311" : [ "H11X", "H11Y"] ,

20 "C312" : [ "H12X", "H12Y"] ,

21 "C313" : [ "H13X", "H13Y"] ,

22 "C314" : [ "H14X", "H14Y"] ,

23 "C315" : [ "H15X", "H15Y"] ,

24 # "C316 ": [" H16X", "H16Y", "H16T "] ,

25 }

26 Sn2 = {"C22" : [ "H2R", "H2S"] ,

27 "C23" : [ "H3R", "H3S"] ,

28 "C24" : [ "H4R", "H4S"] ,

29 "C25" : [ "H5R", "H5S"] ,

30 "C26" : [ "H6R", "H6S"] ,

31 "C27" : [ "H7R", "H7S"] ,

32 "C28" : [ "H8R", "H8S"] ,

33 "C29" : [ "H91" ] ,

34 "C210" : [ "H101" ] ,

35 "C211" : [ "H11R", "H11S"] ,

36 "C212" : [ "H12R", "H12S"] ,

37 "C213" : [ "H13R", "H13S"] ,

38 "C214" : [ "H14R", "H14S"] ,

39 "C215" : [ "H15R", "H15S"] ,

40 "C216" : [ "H16R", "H16S"] ,

41 "C217" : [ "H17R", "H17S"] ,

42 # "C218 ": [" H18R", "H18S", "H18T "] ,

43 }

44

45 # Helper funct ions

46 # Mean of 2 values

47 def mean (x1 , x2) :

48 """
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49 Returns the mean value of the two inputs

50 >>> mean (1 , 2)

51 1.5

52 """

53 return (x1 + x2) /2

54

55 # Get average Hydrogen posit ion if there are 2 hydrogens

56 def AverageHydrogenPosi t ion (h1 , h2):

57 """

58 Takes two MDAnalysis atom objects as input , returns their av erage

posit ion (x , y , z coordinates ) as an array

59 >>> AverageHydrogenPosi t ion ( hydrogen_atom_1 , hydrogen _atom_2 )

60 array ([10.5 , 3.2 , 7.8])

61 """

62 x = mean (h1 . posit ion [0] , h2 . posit ion [0])

63 y = mean (h1 . posit ion [1] , h2 . posit ion [1])

64 z = mean (h1 . posit ion [2] , h2 . posit ion [2])

65 return np. array ([x , y , z ])

66

67 # Get cos ^2( theta ) for the C-H vector to z axis angle

68 def GetCos2Theta ( carbon_pos , hydrogen_pos ):

69 """

70 Takes two arrays (xyz coords of Carbon and Hydrogen atom) as i nput ,

returns cos ^2( theta ) of the angle , theta , between the C-H ve ctor and

the z-axis

71 >>> GetCos2Theta ( array ([32.34 , 27.99 , 29.82]) , array ([3 2.45 , 27.70 ,

28.75]) )

72 0.9224881153815169

73 """

74 # get the C-H vector

75 CH_vec = hydrogen_pos - carbon_pos

76 # return cos ^2 theta

77 return ( CH_vec .dot (np . array ([0 , 0, 1]) ) /( np . l inalg .norm( CH_v ec )*np .

l inalg .norm(np. array ([0 , 0, 1]) ) ) ) **2

78

79

80 # Main funct ion

81 def CalculateOrderParameters (gro , xtc , l ipid ) :

82 """

83 Takes a structure file , trajectory file , and lipid resname ( string ,

matching the resname of the l ipid in the structure fi le ) as in put .

84 Returns a dataframe for each tail containing the order param eter for

each carbon , averaged over all l ipids of that resname and all frames

.

85 """

86 # Instant iate universe

87 u = mda . Universe (gro , xtc )

88

89 # Get number of frames

90 n_frames = len (u. trajectory )

91

92 # Get number of molecules of that part icular l ipid
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93 n_mol = len (u. select_atoms (f " resname { l ipid }" ) . residues )

94

95 # Empty arrays to keep running total sum for cos ^2( theta )

96 sn1_cos2theta = np. empty ( len (Sn1))

97 sn2_cos2theta = np. empty ( len (Sn2))

98

99 # For each molecule

100 for res_n , residue in enumerate (u. select_atoms (f " resname { l ipid }" ) .

residues ):

101

102 # Select the SN1 carbons and hydrogens , put in a list

103 sn1_CH = []

104 for carbon in Sn1 :

105 sn1_CH . append ( residue . atoms . select_atoms (f " resname { l ipid }

and name { carbon } { ' '. join (Sn1 [ carbon ]) }" ) )

106

107 # Select the SN2 carbons and hydrogens , put in a list

108 sn2_CH = []

109 for carbon in Sn2 :

110 sn2_CH . append ( residue . atoms . select_atoms (f " resname { l ipid }

and name { carbon } { ' '. join (Sn2 [ carbon ]) }" ) )

111

112 # Iterate over the trajectory

113 for ts in u. trajectory :

114

115 # Iterate over the sn1 carbons

116 for n , methylene in enumerate ( sn1_CH ):

117

118 # Select the hydrogens for that carbon

119 hydrogens = methylene . select_atoms ( "name H*")

120

121 # If there 's 2 hydrogens , get the average hydrogen

posit ion

122 if len ( hydrogens . atoms ) == 2:

123 h_pos = AverageHydrogenPosi t ion ( hydrogens . atoms [0] ,

hydrogens . atoms [1])

124 # If there 's only one hydrogen , set the hydrogen

posit ion from that H

125 elif len ( hydrogens . atoms ) == 1:

126 h_pos = hydrogens . posit ions [0]

127

128 # Get the carbon posit ion

129 c_pos = methylene . select_atoms ( "name C*") . atoms [0].

posit ion

130

131 # Get the angle between the C-H bond and the z-axis , put

it into the relevant array ( running total sum)

132 sn1_cos2theta [n] = sn1_cos2theta [n] + (3 * GetCos2Theta (

c_pos , h_pos ) - 1) /2

133

134 # Iterate over the sn2 carbons

135 for n , methylene in enumerate ( sn2_CH ):
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136

137 # Select the hydrogens for that carbon

138 hydrogens = methylene . select_atoms ( "name H*")

139

140 # If there 's 2 hydrogens , get the average hydrogen

posit ion

141 if len ( hydrogens . atoms ) == 2:

142 h_pos = AverageHydrogenPosi t ion ( hydrogens . atoms [0] ,

hydrogens . atoms [1])

143 # If there 's only one hydrogen , set the hydrogen

posit ion from that H

144 elif len ( hydrogens . atoms ) == 1:

145 h_pos = hydrogens . posit ions [0]

146

147 # Get the carbon posit ion

148 c_pos = methylene . select_atoms ( "name C*") . atoms [0].

posit ion

149

150 # Get the angle between the C-H bond and the z-axis , put

it into the relevant array ( running total sum)

151 sn2_cos2theta [n] = sn2_cos2theta [n] + (3 * GetCos2Theta (

c_pos , h_pos ) - 1) /2

152

153 # Print progress

154 print ( " Calculat ing Order Parameters : {:.1 f }% complete " .

format (100*( res_n ) /( len (u. select_atoms (f " resname { l ipid }" ) . residues )

-1) ) , end= '\ r ' )

155

156 # Average the values - divide by the number of frames and numbe r of

molecules of that l ipid

157 sn1_SCD = sn1_cos2theta / ( n_frames * n_mol )

158 sn2_SCD = sn2_cos2theta / ( n_frames * n_mol )

159

160 # Turn the arrays into dataframes for easier manipulat ion la ter on

161 df_sn1 = pd. DataFrame (np . arange (2 , 2+ len ( sn1_SCD )) , columns =[ "C" ])

162 df_sn1 [ "Scd" ] = sn1_SCD

163 df_sn2 = pd. DataFrame (np . arange (2 , 2+ len ( sn2_SCD )) , columns =[ "C" ])

164 df_sn2 [ "Scd" ] = sn2_SCD

165

166 # Return the order parameter dataframes

167 return df_sn1 , df_sn2
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A.4 Chapter 5

A.4.1 Multiple Sequence Alignment: RND family

MSA for RND proteins CmeB (WT and RE variants), AdeB, MtrD, AdeJ, AcrB, an d
MexB (continued on next page).
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Figure A.8: MSA for RND proteins CmeB (WT and RE variants; C. jejuni ), AdeB (A.
baumannii), MtrD ( N. gonorrhoeae), AdeJ (A. baumannii ), AcrB ( E.coli ), and MexB (P.
aeruginosa). The F- and G-loops are labelled. Glycosites are also noted by stars inthe
same colourscheme as Fig. 5.1A: yellow star (WT-CmeB, N636) is an occupied glycosite [91];
magenta star (WT-CmeB, N655) in unoccupied [91]; purple star (RE-CmeB,N426) in putatively
unoccupied.
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A.4.2 RND family crystal structures used to calculate average
distances

Table A.9: Crystal structures used to calculate average distances between residues and domains
in RND proteins.

PDB ID Protein Species Ref.

8GJK

RE-CmeB C. jejuni [454]

8GJJ

8GK4

8GK0

8GJL

5T0O
WT CmeB C. jejuni [445]

5LQ3

6OWS AdeB A. baumannii [470]

7B8P AdeB A. baumannii [681]

7KGD

AdeB A. baumannii [475]

7KGE

7KGF

7KGG

7KGH

7KGI

7M4Q
AdeJ A. baumannii [476]

7M4P

7RY3 AdeJ A. baumannii [477]

3W9H AcrB E. coli

[682]3W9J
MexB P. aeruginosa

3W9I

2DHH

AcrB E. coli [448]2DR6

2DRD

2GIF
AcrB E. coli [446]

2HRT

3AOA

AcrB E. coli [443]
3AOB

3AOC

3AOD

6BAJ
AcrB E. coli [500]
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Continuation of Table A.9

6CSX

4DX6

AcrB E. coli [503]4DX5

4DX7

5NC5 AcrB E. coli [167]

8F3E

AcrD E. coli [683]
8F4N

8F4R

8F56

8FFK
AcrB K. pneumoniae [684]

8FFS

7CZ9 OqxB K. pneumoniae [685]

6VKS
MtrD N. gonorrhoeae [473]

6VKT

4MT1 MtrD N. gonorrhoeae [686]

8DEU

MtrD N. gonorrhoeae [474]8DEV

8DEW

6TA6
MexB P. aeruginosa [168]

6T7S

6IIA MexB P. aeruginosa [687]

2V50 MexB P. aeruginosa [447]
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A.4.3 Residues constituting the RND Binding Pockets

A.4.3.1 Proximal Binding Pockets

Note WT-CmeB RE-CmeB AdeB MtrD AdeJ AcrB MexB

D80 D80 S79 S79 S79 S79 S79
T92 T91 T91 S91 Q91 T91 T91
S135 S134 S134 S134 A134 S134 K134
T136 T135 G135 N135 S135 S135 N135
N294 N293 Q292 M290 K292 K292 K292
I571 M570 M570 M570 M575 M573 F573
I573 I572 S572 S572 L577 M575 Q575
N575 N574 Q574 Q574 Q579 Q577 Q577

G L613 L612 F612 F612 F618 F617 F617
A622 A621 V619 M619 A625 T624 S624
S657 L656 E654 F658 Y664 M662 M662
V659 Y658 M656 I660 M666 F664 F664
I661 L660 V658 V662 L668 F666 F666
G662 N661 L659 V663 Q669 N667 F667
L663 L662 P660 P664 L670 L668 P668

F, „ L669 L668 L666 L670 L676 L674 L674
F I671 L670 T668 N672 V678 T676 L676

E676 E675 S673 S677 N683 D681 D681
R711 R710 W708 R714 R718 R717 R716
T713 T712 E710 G716 N720 N719 N718
Q820 L819 S817 E823 N827 E826 E825
Q822 Q821 A819 S825 Q829 L828 L827

% Non-polar 45.5 50.0 50.0 50.0 50.0 40.9 45.5
% Polar 40.9 36.4 40.9 40.9 40.9 40.9 31.8
% Basic 4.5 4.5 0.0 4.5 9.1 9.1 13.6
% Acidic 9.1 9.1 9.1 4.5 0.0 9.1 9.1

Table A.10: Residues constituting the proximal binding pocket in RND proteins. WT and
RE-CmeB are from Campylobacter jejuni; AdeB and AdeJ are from Acinetobacter baumannii;
MtrD is from Neisseria gonorrhoeae; AcrB is from Escherichia coli; MexB is from Pseudomonas
aeruginosa. Residues are coloured by type: polar residues in green; aliphatic/aromatic residues
in white; acidic residues in red; basic residues in blue. Residues that are in the F- and G-loops
have a note `F' or `G', respectively. Residues with the note„ are conserved across these RND
proteins.
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A.4.3.2 Distal Binding Pockets

Note WT-CmeB RE-CmeB AdeB MtrD AdeJ AcrB MexB

S47 S47 S46 H46 A46 S46 Q46
S90 K89 E89 S89 S89 Q89 T89

T129 T128 Q128 T128 T128 S128 R128
R131 R130 E130 S130 T130 E130 T130
S135 S134 S134 S134 A134 S134 K134
T137 T136 F136 F136 F136 F136 F136
N177 S176 Q176 R174 Q176 Q176 Q176
A178 A177 S177 L175 V177 L177 V177
I179 I178 F178 F176 F178 F178 F178
N181 N180 A180 A178 G180 S180 S180
Q275 E274 Q273 E272 D273 E273 Q273
Q276 Q275 A274 D273 N274 N274 D274
S278 N277 N276 S275 Q276 D276 S276
S279 S278 F277 S276 F277 I277 I277
M292 I291 A290 A288 A290 G290 A290

„ Y329 Y328 Y327 Y325 Y327 Y327 Y327
I571 M570 M570 M570 M575 M573 F573
M606 V605 T605 I605 F611 F610 F610
M608 L607 I607 V607 V613 V612 V612

G F611 F610 W610 F610 F616 F615 F615
G L613 L612 F612 F612 F618 F617 F617
G L618 L617 A615 S615 V621 R620 R620
„ F626 F625 F623 F623 F629 F628 F628

% Non-polar 47.8 47.8 56.5 52.2 69.6 52.2 52.2
% Polar 47.8 39.1 34.8 34.8 26.1 30.4 30.4
% Basic 4.3 8.7 0.0 4.3 0.0 4.3 13.0
% Acidic 0.0 4.3 8.7 8.7 4.3 13.0 4.3

Table A.11: Residues constituting the distal binding pocket in RND proteins. WT and
RE-CmeB are from Campylobacter jejuni; AdeB and AdeJ are from Acinetobacter baumannii;
MtrD is from Neisseria gonorrhoeae; AcrB is from Escherichia coli; MexB is from Pseudomonas
aeruginosa. Residues are coloured by type: polar residues in green; aliphatic/aromatic residues
in white; acidic residues in red; basic residues in blue. Residues that are in the G-loop have a
note `G'. Residues with the note„ are conserved across these RND proteins.
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A.4.4 Multiple Sequence Alignment: PglB

Figure A.9: MSA of oligosaccharyltransferase protein PglB. Sequence ofC. jejuni PglB aligned
with the sequences of PglB proteins (C. lari ) with resolved crystal structures. Glycosite denoted
by a yellow star.
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A.4.5 RND Relay Network residue pK a values

Source [460] [458] [463] [441] This work
Method „ … 4 ; " p = 4 4 ; " p = 8 § * „„ „„ „„
PDB ID 2DHH 2DHH 2DHH 2DHH 4DX5 4DX5 2DHH 4DX5 8GJJ

pK a

D407 (A) 4.52 3.88 < 0 < 0 N/A 2.4 3.88 3.41 5.66
D407 (B) 5.24 4.07 < 0 < 0 N/A 2.5 4.07 3.46 3.46
D407 (E) 4.91 6.57 0.76� 0.07 1.20� 0.05 8.2 � 2.1 3.5 6.71 7.86 6.78

D408 (A) 3.32 5.41 6.95� 0.18 4.89� 0.12 N/A 2.8 5.41 4.65 4.50
D408 (B) 3.28 5.89 6.32� 0.32 5.01� 0.07 N/A 2.7 5.89 4.68 3.80
D408 (E) 7.1 8.77 9.88� 0.12 7.06� 0.07 10.8 � 0.45 4.3 8.75 9.14 7.60

K904 (A) 11.44 12.2 > 14 > 14 N/A > 8.5 12.2 12.35 10.89
K904 (B) 11.26 11.95 > 14 > 14 N/A > 8.5 11.95 12.13 12.30
K904 (E) 8.51 8.89 > 14 > 14 8.8 � 0.38 > 8.5 8.89 8.17 7.72

Table A.12: pKa values for the relay network residues. Adapted from Ref. [441]. Methods: „ = PROPKA, v2.0 [688]; …= PROPKA, v3.0 [493]; 4 = MCCE
(multiconformation continuum electrostatics; " refers to the dielectric constant employed);§ = free-energy perturbation; * = constant pH MD; „„ = PROPKA,
v3.5. While choice of method to calculate pKa can lead to varying results, the values calculated suggest that D408 (D410 in WT-CmeB, D409 in RE-CmeB) is
more readily protonated than D407 (D409 in WT-CmeB, D408 in RE-CmeB) in the Extrusion state.

.
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A.4.6 System Contents

R1 R2 R3 R4

WT CmeB protomers 6 6 0 0
RE CmeB protomers 0 0 6 6

CDCA 4 4 4 4
PglB (gly) 3 3 0 0

PglB (plain) 0 0 3 3
Acceptor peptide 0 3 0 3

Donor LLO 0 3 0 3
POPG 2,005 2,020 2,031 2,010
POPE 1,336 1,338 1,317 1,343
POPA 223 231 219 222

LysoPE (18:1) 234 242 227 237
LysoPE (16:0) 230 228 230 230
LysoPE (19:0c) 228 234 229 228
LysoPG (18:1) 232 235 223 228

K + 5,029 5,066 5,047 5,065
Cl � 2,636 2,641 2,611 2,636

Mg 2+ 42 42 42 42
TIP3P 680,823 682,255 673,163 681,072

Total atoms 2,703,581 2,713,329 2,678,510 2,705,435

Initial Box dimensions 38.5 � 38.5 � 18.1 38.5� 38.5 � 18.2 38.3� 38.3 � 18.1 38.4� 38.4 � 18.2

Table A.13: System contents for Inner Membrane simulations
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A.4.7 Inter-residue and Inter-domain distances

A.4.7.1 Initial Inter-residue and Inter-domain distances

Figure A.10: Initial Inter-residue and Inter-domain distances form the WT- and R E-CmeB
protomers. Average values calculated over the crystal structured of RNDproteins in the PDB
are shown as translucent bars (with associated SD as error bars). Valuescalculated for the initial
states of the WT and RE protomers of CmeB are plotted as blue and pink crosses, respectively.
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A.4.7.2 Inter-residue and Inter-domain distances histograms

Figure A.11: Inter-residue and Inter-domain distances histograms calculated over the 500 ns
siumulations
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A.4.8 Projection of CmeB motions along principal components

Figure A.12: Projection of CmeB motions along the �rst 3 principal components

Figure A.13: Porcupine plots for the second principal component for each protomer.(A)
WT-CmeB, A � B. (B) WT-CmeB, B � E. (C) WT-CmeB, E � A. (D) RE-CmeB, A� B. (E)
RE-CmeB, B� E. (F) RE-CmeB, E� A.
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A.4.9 Hydrogen bonds between CDCA and the proximal binding pocket

H-Bonds ( > 5% occupancy)
WT RE

R1 R2 R3 R4
Copy 1 Copy 2 Copy 1 Copy 2 Copy 1 Copy 2 Copy 1 Copy 2

TYR329-Side 7.6 11.3
THR137-Side 60.1 36.2 49.7
THR137-Main 36 36.3 41.9
THR136-Side 57.7 48 55.2
THR133-Side 6.5
GLU676-Side 11.4
SER90-Side 12
THR92-Side 8.8
LYS45-Side 48.8

ARG710-Side 18.1 19.3 37.5
ARG701-Side 47.1 30.9 72.9
THR671-Side 36.6
GLY672-Main 11.4
ILE136-Main 24.1
ARG653-Side 6.3
SER669-Side 39.2
ASN708-Side 5.6
ARG653-Side 12.7
GLY822-Main 42.7

Table A.14: Percentage occupancy of hydrogen bonds between CDCA and the proximal binding pocket. Residue numbers above the separating line are for
WT-CmeB. Residue numbers below the line are for RE-CmeB (WT number -1 due to a deletion).
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A.4.10 Hydrogen bonds between CDCA and the distal binding pocket

Hydrogen Bonds ( > 5% occupancy)
WT RE

R1 R2 R3 R4
Copy 1 Copy 2 Copy 1 Copy 2 Copy 1 Copy 2 Copy 1 Copy 2

ARG131-Side 124.0 130.0 30.4 131.2 128.1 113.6 112
LYS45-Side 46.9 34.7 124.9 48.6

THR137-Side (acceptor) 9.5 12.1 15.7
SER616-Side 5.4 6.0 8.72 5.1 20.2

THR137-Side (donor) 12.5 7.54 10.9
THR133-Side 31.9 37.8 9.1 15.1
GLY668-Main 5.1 5.3
SER134-Side 5.2 6.4
SER134-Main 7.2

PRO663-Main 5.8
SER141-Side 41.4
GLU138-Side 7.2

Table A.15: Percentage occupancy of hydrogen bonds between CDCA and the distal binding pocket. Occupancy above 100% indicates this residue is frequently
forming more than one hydrogen bond to CDCA. Residue numbers above the separating line are for WT-CmeB. Residue numbers below the line arefor RE-CmeB
(WT number -1 due to a deletion).
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A.4.11 Distribution of  and � values for glycosidic linkages in the
CmeB and PglB heptasaccharides

Figure A.14: Distribution of  and � values for each glycosidic linkage in the heptasaccharides
attached to CmeB and PglB. Yellow shaded areas indicate the mean� SD for each linkage as
calculated by Pedeboset al. [351].
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A.4.12 Volume occupied by CmeB glycans

Figure A.15: Volume occupied by WT-CmeB glycans over the simulations. WT-CmeBshown
in dark blue, glycans in green. Every 5th frame overlaid for the glycans; a large volume around
the PC1 domain is occupied over the simulation.
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A.5 Chapter 6

A.5.1 Multiple Sequence Alignment: Periplasmic Adaptor Proteins

Figure A.16: Multiple Sequence Alignment of Periplasmic Adaptor Proteins. Abbreviated
bacterial species names: EC =Escherichia coli; CJ = Campylobacter jejuni; NG = Neisseria
gonorrhoeae; PA = Pseudomonas aeruginosa; KP = Klebsiella pneumoniae; SE = Salmonella
enterica. The � -hairpin domain is highlighted: MacA displays 5 heptad repeats; MexAdisplays
4 heptad repreats; all other PAPs display 5 heptad repeats. The conserved RLS motif is also
highlighted.
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A.5.2 Secondary Structure Analysis

A.5.2.1 Homology Models

Figure A.17: Homology Models secondary structure analysis.(A) SWISS-MODEL. (B)
Rosetta Comparative Modeling.
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A.5.2.2 Threading Models

Figure A.18: Threading Models secondary structure analysis.(A) I-TASSER. (B) RaptorX.
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A.5.2.3 Ab Initio Models

Figure A.19: Ab Initio Models secondary structure analysis.(A) C-QUARK. (B) ROSETTA.
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A.5.2.4 Machine Learning Models

Figure A.20: Machine Learning Models secondary structure analysis.(A) RoseTTAFold (B)
AlphaFold2.
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A.5.3 Recent Machine Learning Models: AlphaFold3 &
RoseTTAFold All-Atom

A.5.3.1 Summary Statistics

Figure A.21: Summary statistics for CmeA protomer models from RoseTTAFold (RF); Al-
phaFold2 (AF2); AlphaFold2 Multimer; RoseTTAFold All-Atom (RFAA); AlphaFold 3 (single
protomer, AF3); AlphaFold3 (hexameric assembly, AF3). (A) Percentage bad bonds.(B)
Percentage bad angles.(C) Percentage allowed Ramachandran angles.(D) Percentage Ra-
machandran outliers. (E) Clash score.(F) MolProbity score.
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A.5.3.2 Predicted Structures

Figure A.22: RoseTTAFold All-Atom and AlphaFold3 models for CmeA. (A) RoseTTAFold All-
Atom predicted structure for monomeric CmeA. Coloured by pLDDT value. (B) Ramachandran
plot for the RoesTTAFold All-Atom predicted structure. (C) AlphaFold 3 predicted structure
for monomeric CmeA. Coloured by pLDDT value. (D) Ramachandran plot for the AlphaFold
3 (monomer) predicted structure. (E) AlphaFold 3 predicted structure for hexameric CmeA.
Coloured by pLDDT value. (F) Ramachandran plot for the AlphaFold 3 (hexamer) predicted
structure.
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A.5.4 CmeA Coevolved Residue Pairs

Table A.16: CmeA Co-evolved residues. The signal peptide is included in thisanalysis; residues
1-20 form the signal peptide, residues 21 onwards form the mature protein. The residue numbers
presented here are thus 20 ahead of the residue numbers presented in the main text.

Residue Pair p Residue Pair p Residue Pair p

I91 N74 1 I285 F211 1 D345 L314 0.999

E171 T88 1 T202 G181 1 T286 T51 0.999

K322 Y311 1 T179 K82 1 D81 K78 0.999

E321 K316 1 A335 K297 1 N147 L143 0.999

K346 T38 1 T245 I235 1 R164 A161 0.999

D177 K84 1 T286 S49 1 K293 D45 0.998

D210 V57 1 K126 F122 1 Q136 F129 0.998

K339 H326 1 D140 Q136 1 T276 E244 0.998

E171 I91 1 D338 S328 1 I348 V320 0.998

D345 S323 1 S142 S125 1 T284 T51 0.998

N123 S119 1 V357 E321 1 N203 Y60 0.998

I269 Y251 1 A268 S234 1 V325 V312 0.998

S323 L314 1 D338 H326 1 R200 D61 0.998

R164 Y105 1 A209 L56 1 T286 I235 0.998

Q247 D233 1 Y139 F129 1 K42 T38 0.998

I336 Q300 1 D177 K85 1 E363 V36 0.998

N343 S43 1 A268 F211 1 Y105 D102 0.997

A268 G248 1 A335 E44 1 D102 K98 0.997

I91 L76 1 L143 K126 0.999 A283 A209 0.997

I134 S125 1 K267 Y208 0.999 R164 V101 0.997

S130 K126 1 Y139 F122 0.999 D121 N117 0.997

K98 Q94 1 L167 K98 0.999 R157 A154 0.997

K173 T88 1 F296 A41 0.999 I207 L56 0.997

K297 E44 1 F90 I72 0.999 I336 I327 0.996

N294 S43 1 V361 V315 0.999 K265 F212 0.996

D345 Q342 1 G344 A41 0.999 K362 P33 0.995

H169 Q67 1 L160 V101 0.999 S324 D309 0.995

Q247 I235 1 K265 D210 0.999 I337 V325 0.995

Q87 K84 1 V185 I72 0.999 V315 V36 0.995

T88 L76 1 S141 E138 0.999 E288 I235 0.995

K322 N306 0.995 I187 N74 0.987 L143 Y139 0.969

D217 S214 0.995 K267 F252 0.986 D271 K249 0.969

V199 I180 0.994 I269 K249 0.986 A268 L250 0.966

I92 G70 0.994 N294 D45 0.985 K150 S119 0.966

K126 N123 0.993 L160 Y105 0.985 S119 F115 0.965

V199 L89 0.993 S125 D121 0.983 A193 S69 0.965
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Residue Pair p Residue Pair p Residue Pair p

E93 E73 0.993 K131 A127 0.981 D166 N162 0.965

T286 A237 0.993 S119 E116 0.981 V199 F90 0.963

Y105 V101 0.993 L349 T37 0.981 L277 L56 0.962

V201 A174 0.993 I91 E73 0.98 Q330 Q300 0.962

Q159 S103 0.992 R200 D182 0.98 K346 V315 0.962

V264 I257 0.992 S152 M110 0.98 F176 V62 0.962

I347 V298 0.992 T170 Q94 0.979 S141 K137 0.961

R200 I63 0.992 S141 D121 0.979 V71 Q67 0.961

R157 R112 0.992 N343 F296 0.978 R157 L153 0.958

E360 K319 0.992 L160 A108 0.977 V199 F77 0.958

E333 Q300 0.992 A127 N123 0.977 V264 K218 0.957

A283 N238 0.992 T170 F97 0.976 A161 D102 0.955

I91 T88 0.991 P206 D59 0.976 H236 A209 0.953

K249 D233 0.991 I285 A209 0.976 I269 Y208 0.953

Q87 F77 0.991 A161 R157 0.975 F146 F122 0.952

P206 N203 0.991 F270 H236 0.974 L153 A108 0.952

K346 V36 0.99 D166 S100 0.973

K150 N147 0.99 R164 L160 0.973

V310 Q305 0.99 D182 A79 0.973

N220 D217 0.989 N186 A183 0.972

I269 P206 0.988 V191 I72 0.972

D350 P35 0.987 V199 A183 0.972

R112 L109 0.987 D168 R164 0.971

K120 E116 0.987 L143 F122 0.97
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A.6 Chapter 7

A.6.1 AlphaFold2 Predicted Structure

Figure A.23: AlphaFold2 predicted structure for OafB. Structure coloured by per-residue
con�dence (pLDDT).
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A.6.2 Multiple Sequence Alignment: AT3 domain-containing proteins

Figure A.24: Multiple Sequence Alignment for AT3 domain-containing proteins. OafB
from Salmonella entericasubsp. enterica ser. Paratyphi A (OafB-SPA); PglI from Neisseria
gonorrhoeae (PglI-NG); OatA from Staphylococcus aureus(OatA-SA); OatA from Listeria
monocytogenes(OatA-LM); Oac from Shigella 
exneri (Oac-SF); WecH from Escherichia coli
(WecH-EC); IcaC from S. aureus (IcaC-SA).
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B.1 Conformational dynamics and putative substrate

extrusion pathways of the N -glycosylated outer

membrane factor CmeC from Campylobacter jejuni
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B.2 A novel fold for acyltransferase-3 (AT3) proteins

provides a framework for transmembrane acyl-group

transfer

280



Appendix II: Published Works

B.3 Dual function of OmpM as outer membrane tether

and nutrient uptake channel in diderm Firmicutes
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