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Abstract  

 

Lipopolysaccharide (LPS) lipids compose the outer leaflet of the outer membrane in 

pathogenic Gram-negative bacteria and are chiefly responsible for host-immune 

responses. Therefore, the membrane proteins which interact with LPS as well as the 

transport system for LPS, the Lpt system, represents a class of extremely important 

drug targets. The focus of this thesis is to employ molecular dynamics studies to 

examine the effects of LPS binding upon the Lpt complex at every stage of the 

transportation process, validating and conferring recent mass spectrometry and cryo-

electron microscopy (Cryo-EM) studies. 

 

Molecular dynamics (MD) studies in this thesis reveal that LPS binds to other proteins 

found in the inner membrane in a similar manner to the transporter subcomplex 

LptB2FGC. Within the transporter itself, simulations of recently resolved Cryo-EM 

structure reveal that LPS shifts position to facilitate transportation across the 

periplasmic protein bridging complex. Binding energy calculations between the acyl 

chains of LPS and the bridging complex reveal a generally flat energetic landscape 

before reaching the terminal outer membrane subcomplex of the Lpt system, LptDE. 

Here, MD studies validate and explain hydrogen-deuterium exchange mass 

spectrometry results which capture the conformational changes required for LPS 

insertion into the outer membrane. With an increasing prevalence of antibiotic resistant 

pathogens, this thesis concerns characterising LPS interactions with its transport 

machinery suggesting means for developing antimicrobial therapeutics which target 

this essential system.  
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AREAS SHADED IN GREY INDICATES THE ERROR AND IS OBTAINED BY BOOTSTRAPPING THE PROFILE 200 TIMES. CARTOON 
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 18 

– 300 NS, 200 – 400 NS, …, 200 – 1000 NS. (C) THE BINDING VALUES (THE LOWEST ENERGY VALUE) OF EACH PMF PROFILE 
OVER THE COURSE OF THE SIMULATION TIME FOR CONSECUTIVE BLOCKS OF 100 NS. FOR INSTANCE, 200 – 300 NS, 300 – 
400 NS, …, 900 – 1000 NS. ........................................................................................................................... 190 

FIGURE 4.22 LIPID A BINDING CONFORMATION WITHIN THE LPTA3CDF COMPLEX. (A) PMF PROFILE OF LIPID A MOVING THROUGH 
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CHAPTER 1 Introduction 

1.1 Membrane and lipid biology 

Proteins are large, complex macro-molecules which are comprised of long chains of 

smaller building blocks called amino acids. There are 20 different types of amino acid 

which make up proteins. The sequence of these amino acids determines the protein’s 

particular three-dimensional structure and function1.  

 

Proteins are fundamental to crucial cellular pathways which regulate the viability of 

living organisms. They are intimately involved in all aspects of biological life such as: 

catalysis of biomolecular reactions, gene expression regulation, cellular signalling and 

transport of essential metabolic molecules2. Commonly, proteins associate together 

to form larger complexes, where modulation of activity is controlled by small molecules 

binding (cofactors or substrates) or post-translational modifications (PTMs) which 

affects complex formation and conformation3-5. For example, small molecules such as 

zinc ions and ATP enhances the ability of the eye lens protein α-crystallin acting as 

molecular chaperone to maintain the transparency of the eye lens as they help 

stabilise the structure of the protein3.  

 

Within a cell, membranes are composed of lipid bilayers which feature abundant and 

varied proteins, such as embedded ‘integral’ membrane proteins or ‘peripheral’ 

membrane proteins attached to the inner or outer leaflet of the membrane6. Integral 

and peripheral membrane proteins can be associated with the lipid bilayer in different 

ways. Integral membrane proteins extend across the bilayer, having regions which are 
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hydrophobic which pass through the membrane and interact with the lipid tails of the 

bilayer as well as regions that are hydrophilic and are exposed to water on the other 

side of the bilayer. Peripheral membrane proteins primarily in the soluble compartment 

of the cell but are anchored to bilayer by an amphipathic helix or by one or more 

covalently attached lipids. Membrane proteins stand out amongst the other classes of 

protein as they are prevalent on the outer surfaces of the cell and therefore have 

important responsibilities in maintaining cellular homeostasis control and cell integrity7 

(Figure 1.1).  

 

 
Figure 1.1 Schematic of the prokaryotic Gram-negative cell membrane. The 
membrane is a dynamic entity, comprising proteins interacting with different types of lipids  
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1.1.1 The significance and diversity of membrane proteins  

In contrast to soluble proteins (and to a similar extent peripheral membrane proteins), 

integral membrane proteins feature surface hydrophobic residues which contact the 

surrounding lipid environment. These residues comprise ‘transmembrane’ domains or 

TMDs and possess either an α-helical or β-barrel type structure6. Soluble domains are 

often connected to these TMDs and can reside on the cytoplasmic or periplasmic sides 

of the lipid bilayers (if in bacteria) or out into extracellular space8. Depending on their 

biological function, membrane proteins adopt specific structures to carry out their roles 

which can either be described as: channels, receptors, enzymes, or transporters9 

(Figure 1.2).  

 

An example of membrane protein channels are those which mediate the passage of 

ions across cell membranes, which is essential for maintaining cellular homeostasis 

as well as cell signalling. They are classified accordingly as ligand-gated, voltage-

gated or mechanosensitive channels10 and their activity can be modulated by their 

lipid environment11-13. For example the mechanosensitive channel of large 

conductance (MscL) from Escherichia coli (which opens in response to membrane 

tension) was modulated by the direct interaction of the surrounding phospholipid 

environment as shown by fluorescent studies14.    

 

In terms of receptors, the most prevalent of which exist in eukaryotic cells are 

represented by G protein–coupled receptors (GPCRs). These membrane proteins 

have a distinct structure featuring seven trans-membrane helices and react to a 

diverse set of stimulants including: light, other proteins, small molecules, and peptides. 
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Furthermore, work on membrane protein crystallography and GPCRs lead to at least 

two Nobel Prizes in chemistry in 1988 and 201215.  

 

Intramembrane proteases are enzymes embedded within the membrane which 

facilitate hydrolysis of peptides and proteins in the cell membrane itself. Furthermore, 

they are also involved in responding to egregious protein aggregation as well cellular 

differentiation, peptide signalling and lipid metabolism16.  

 

Membrane protein transporters utilise either potential gradients, counter ions or ATP 

hydrolysis to drive the movement of molecules through the membrane. Substrates can 

vary widely from small molecules such as amino acids, carbohydrates and drugs17,18 

to large lipid species such as lipopolysaccharides19-21.  

 

Due to the vital roles membrane proteins play in microbial and human cells, more than 

60% of current therapeutics target them22,23. Regarding pathogenic bacteria and 

cancer cells, transporter membrane proteins called efflux pumps have evolved to 

expel drugs and therefore lie behind the prevalence of multidrug resistance 

development24-26. Furthermore, membrane proteins have been shown to be present in 

viral envelopes promoting infection27. Other viruses, such as SARS-CoV-2 (which 

causes coronavirus disease 2019 or COVID-19), bind to eukaryotic membrane 

proteins using their spike glycoproteins to gain entry into the cell28.  
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Figure 1.2 examples of membrane proteins. OmpT (PDB ID: 1I78), OmpF (PDB ID: 
3K1B) and the BAM (PDB ID: 5LJO) complex are examples of β-barrel outer 
membrane proteins. AcrABZ-TolC (PDB ID: 5O66) as well as and P-glycoprotein (PDB 
ID: 4KSC) is an multi drug efflux pump. LeuT (PDB ID: 3F3A) and SemiSWEET (PDB 
ID: 4X5M) are responsible for transporting leucine and sugars. MscL (PDB ID: 4Y7K) 
is a mechanosensitive channel and AqpZ (PDB ID: 2ABM) is a water channel. β2-AR 
is an a GPCR protein in complex with its G protein (PDB ID: 3SN6).  
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All membrane proteins share a relationship with their lipidic environment, a 

relationship which itself dramatically varies depending on location and function of the 

membrane protein as well as the types of lipids within the environment. I have briefly 

outlined above the significance of membrane protein function, due to their many and 

diverse roles in cells and therefore the importance of studying their structure and 

function. However, due to their hydrophobic and often amphipathic nature, 

experimental and structural work is challenging, which I will describe in more detail 

below.  

 

Over the last few decades, the primary tools for determining atomic resolution 

structures of membrane proteins have been NMR, X-Ray diffraction and advances in 

cryo-electron microscopy (cryo-EM) instrumentation and methodologies29. The first 

membrane protein structure was obtained in 1975 of bacteriorhodopsin, through 

pioneering electron microscopy studies30. In 1985, the first crystal structure of a 

membrane protein, the photosynthetic reaction centre from Rhodopseudomonas 

viridis was obtained by Michel and co-workers31. By 2000, there was 26 unique 

structures of integral membrane proteins in the PDB (most of them β-barrel 

structures). Here, studies were dependent on proteins found in natural high 

abundance and each representing years of effort by dedicated teams29. In the late 

2000s GPCR engineering work by Rosenbaum et al. constructed a β2-adrenergic 

receptor (β2AR) fusion protein in which T4 lysozyme (T4L, an abundant antimicrobial 

enzyme which crystallises very easily) replaces most of the third intracellular loop of 

the GPCR yielding a high-resolution structure of the receptor32.  Over the last few 

decades, improvements in methods in integral membrane protein expression, 

solubilization, and stabilization as well as advances in cryo-EM, has led to a large 
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increase in the number of solved integral membrane protein structures. As of 

November 2021, there are 5891 integral membrane proteins structures found in the 

PDB33.  

 

Membrane proteins are often expressed in low yields compared to their soluble 

counterparts. This is mainly due to the limited expression space in the membrane itself 

(i.e. where membrane proteins folding occurs) compared to the soluble compartments 

within the cell34. Low expression yields are a major limitation for membrane protein 

characterisation and structural work35,36, especially in the structural techniques like X-

ray crystallography which often requires several milligrams of protein material for the 

crystallisation process. As mentioned earlier, membrane proteins are inherently 

amphipathic which makes resolving certain structures via X-ray crystallography and 

cryogenic-electron microscopy (cryo-EM) techniques difficult37. As briefly remarked 

upon, membrane proteins require a hydrophobic environment and will often aggregate 

in solution, therefore, an amphipathic system for solubilisation is needed to preserve 

their native fold38-40. Traditionally (and generally), detergents have been the method 

of choice to solubilise membrane proteins41,42. Detergents have a hydrophobic chain 

and a hydrophilic headgroup and form micelles in solution due to their conical-like 

geometry, which are formed when the concentration of detergent reaches the critical 

micelle concentration (CMC) and is in equilibrium with individual detergent molecules. 

The tails of the detergent align with the hydrophobic domains of membrane proteins, 

thereby solubilising the protein by shielding it from solvent43. It does this is a similar 

manner to the monolayer arrangement of detergents between the air-water interface, 

where the detergent molecules form a monolayer at the hydrophobic protein surface. 

However, due to the irregularity of the transmembrane segment of the membrane 



 33 

protein coupled with the detergent’s energetic drive to avoid hydrophilic-hydrophobic 

contacts with water, detergent molecules will form a ‘wedge’ shape in a ring around 

the hydrophobic membrane sector44. Often, in this process endogenous lipids may be 

solubilised and captured (co-purify) with membrane proteins giving rise to the potential 

of probing lipid-membrane protein interactions40,45. However, this must be caveated, 

as the detergent environment does not fully replicate the native bilayer environment 

as much of the dynamic native lipid annulus is removed and isolated by the detergent 

mimetic. Furthermore, (as described above) detergents forming a non-native wedge 

ring around hydrophobic sections of the membrane protein, which are not reflective of 

the physiochemical properties of a bilayer environment. Therefore, alternative 

solubilising agents may be required to study these interactions in more detail such as 

nanodiscs or liposomes, which employ small patches of lipid bilayers to capture 

membrane proteins for study46,47. 

 

1.1.2 Lipopolysaccharide and Bacterial membranes  

Bacteria are traditionally classified according to the Gram staining technique as either 

Gram-negative or Gram-positive, which are differentiated by their cell wall features. 

Gram-negative bacteria possess two membranes, an inner membrane (IM) and an 

outer membrane (OM), with a thin peptidoglycan layer (seven to eight nanometres) 

between the two (Figure 1.3)48.  Gram-positive bacteria feature a cytoplasmic 

membrane with a much larger peptidoglycan wall of around 20 to 80 nanometres48-50.  
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Figure 1.3 Schematic of Gram-negative bacterial membrane, figure modified 
from Florentino et al51. (a) Cartoon schematic of Gram-negative bacteria membrane 
depicting the inner membrane shielded by the peptidoglycan layer. The outer 
membrane’s outer leaflet feature LPS exclusively. (b) A skeletal structure of LPS, 
organised in three parts: lipid A, lipid A glycosylated with two keto-deoxyoctulosonate 
moieties (lipid A-kdo2 or Re-LPS) including the rest of the core-oligosaccharide and 
the O-antigen repeat unit.  

 

The common model for microbiological investigation for Gram-negative species is 

Escherichia coli due to several factors including such as the diversity of its genome its 

metabolic flexibility, substrate breadth, growth rate in chemically defined media, and 

its ability to develop resistance against anti-biotics for the study of bacterial 

persistence52.  The membrane properties of E. coli have been extensively studied. 

Here, the predominant lipid species within the membrane are phospholipids (PLs), of 

which, three types have been reported: the zwitterionic phosphatidylethanolamine 

(PE, ~75% of membrane lipids), and the anionic lipids phosphatidylglycerol (PG, ~20% 
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of membrane lipids) and ~5% cardiolipin (CDL)53,54. It is important to note that these 

compositions are dynamic where lipids can be localised and sub compartmentalised 

depending on genetic or environmental factors such as cell wall curvature, lipid 

interactions with membrane proteins or the presence of antibodies interacting with the 

cell7,54.  Gram-negative bacteria have an additional and significant lipid type which is 

predominantly situated on the outer leaflet of the OM, a glycolipid known as 

lipopolysaccharide (LPS). In fact, ~75% of the cell surface is covered in LPS which is 

roughly 2 x 106 LPS molecules present in Gram-negative bacteria55. The OM is also 

populated with beta-barrel OMPs, which can cluster together in supramolecular 

assemblies, as shown by studies conducted with fluorescent labelling56. Furthermore, 

cells with OM defects or are exposed to harsh chemical environments accumulate PLs 

in the outer leaflet of the OM which break the OMP networks to form new domains in 

the outer leaflet. However, in healthy cells, the OM is a mosaic of phase-separated 

LPS-rich and OMP-rich regions57. The membrane protein complex which handles the 

transport of LPS within the cell is the subject matter of this thesis. Below, I describe 

the structure, function and transportation of this essential glycolipid to many species 

of pathogenic bacteria (Figure 1.3b).  

 

1.1.2.1. LPS structure  

LPS is a glycolipid structured in three parts: lipid A, core oligosaccharide (OS) and the 

O-antigen. Lipid A is the hydrophobic portion of the molecule lining the OM and is an 

acylated β-1‘-6-linked glucosamine disaccharide49. In E. coli the glucosamines of lipid 

A are acylated at the 2, 3, 2’ and 3’ positions and phosphorylated at the 1 and 4’ 

positions49 (Figure 1.3b). Two secondary acyl chains are also present on the more 

distal glucosamine so that lipid A has six acyl tails in total49. The core-oligosaccharide 



 36 

portion of LPS is formed of non-repeating saccharide units bonded to the lipid A 

glucosamines, which are typically 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) 

residues, heptoses, and various hexoses49,58. This core-oligosaccharide portion can 

be further modified with phosphates and phosphoethanolamines49,58-60. The O-antigen 

is by far the largest portion of LPS and is composed of a repeating oligosaccharide 

unit composed of two to eight sugars61-63.  

 

LPS has a generally well conserved structure, though there are many subtleties and 

variations across species and strains49,58-60,64,65. The lipid A section of LPS can 

undergo acyl chain chemical modifications under environmental conditions (such as 

temperature or the amount of cations and positively charged antimicrobials present) 

but is largely conserved at the species level whereas the core-oligosaccharide varies 

largely, even among strains themselves49,58-60,66-68. Here, modifications include the 

addition of various sugar groups such as PtEN which is mediated via the enzyme EptB 

to the first Kdo sugar, or the enzyme WaaP for the addition to the first heptose of the 

inner core69. depending on The O-antigen is by far the most diverse portion of LPS58,62, 

and in some cases not even synthesised by some Gram-negative bacteria58,70. 

Without the O-antigen, LPS is known as ‘rough’ whereas ‘smooth’ LPS contains the 

O-antigen51. 

 

1.1.2.2. LPS function  

The main function of LPS is to form a permeability barrier against toxic molecules such 

as antibiotics and bile salts to protect the cell71,72. As LPS is the primary point of contact 

with the host immune system it is also the main source of bacterial pathogenicity68,72.  
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In terms of the relative sizes of the hydrophobic and hydrophilic portions (compared to 

other lipids species, like phospholipids, in the IM and OM) LPS is a strongly 

amphipathic; where the lipid A portion (with six acyl tails) residing in the OM provides 

a barrier to hydrophilic molecules and the core-oligosaccharide with the O-antigen 

(often 1000s saccharide units in length) provides a huge hydrophilic barrier to any 

hydrophobic compounds71,72. Furthermore, LPS packs together very efficiently in a 

highly ordered manner, where X-ray diffractions studies of isolated LPS molecules 

reveal that the saturated tails are in a near crystalline arrangement (the diffraction of 

this packing show a sharp 4.25 Å reflection compared to more diffuse 4.5 Å reflection 

of liquid crystalline lipids)73.  The six acyl tails of lipid A hydrophobically associates 

with other LPS tails where extensive saturated interactions here cause low fluidity in 

the OM71. Packing of the negatively phosphorylated groups at the 1 and 4’ positions 

are mediated by divalent cations such as Mg2+ which intercalates between lipids 

enhancing the overall LPS interactions71,72.  

 

LPS features on the surface of many bacterial pathogens, and therefore, the host-

immune system has evolved to respond to its presence to such an extent that LPS is 

recognised as a pathogen associated molecular pattern (PAMP)68,72,74. Here the 

immune system response may be so drastic as to be fatal to the host. Hence, LPS has 

been termed an ‘endotoxin’ due to its observed cell associated (or endo) toxicity. The 

immune system has developed to target the most conserved element of the molecule, 

lipid A, which it does primarily though the TLR4 (toll-like receptor 4)68,72,74. As alluded 

to above, lipid A exhibits some level of diversity, whereas the O-antigen portion 

demonstrates a huge level of variety and therefore different LPS molecules have a 

varying ability to trigger an immune response68. In fact, evolution of less immunogenic 
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lipid A, helps pathogens to avoid an immune response, such as Yersinia pestis (which 

caused the bubonic plague), reduced lipid A tail acylation at mammalian physiological 

temperatures75. Alternatively, some bacteria use a highly variable O-antigen to evade 

the host-immune response of the more conserved lipid A motif by stimulating the 

production of antibodies for the O-antigen motif, where the length of the O-antigen 

chain extends to prevent the deposition of antibodies on the cell surface69. 

Furthermore, possession of an O-antigen unit itself helps pathogens to avoid 

phagocytosis by immune cells58,76. It is abundantly clear that understanding pathways 

involved in LPS biogenesis and system involved in LPS transport and translocations 

are of paramount importance for the development of novel antibacterials.  

 

1.1.2.3. LPS biogenesis 

The biosynthetic pathway for LPS is complex and is summarised here49,66,77. Synthesis 

occurs in three distinct cellular compartments: the cytoplasm, IM and periplasm and 

involves the convergence of separate pathways in an orchestrated fashion, much like 

a factory assembly line. For the synthesis of lipid A with its core-oligosaccharide at the 

inner leaflet of the IM, three convergent biosynthetic pathways are required the: (i) lipid 

A portion (known as the Raetz pathway), (ii) the Kdo sugars and (iii) the rest of the 

core-oligosaccharide (Figure 1.4). The first stage of the Raetz pathway is the LpxA 

enzyme acylating the sugar nucleotide UDP-N-acetyglucosamine (UDP-GlcNAc) on 

the carbon atom 3 of the sugar, which is then followed by LpxC (a zinc metalloenzyme) 

mediated deacylation of the amide attached to the carbon atom 2. This deacylation 

stage in particular has been a target of novel antibiotics78,79, such as the development 

of a substrate-analogue inhibitor TU-514 which potently complexes with its acyl tail 

with LpxC as revealed in NMR solution structure studies78. Following this, the 
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successive action of acetyltransferase LpxD, pyrophosphatase LpxH 

and disaccharide synthase LpxB results in the production of a lipid IVA moiety, which 

is the β-1-6 disaccharide portion connected to four acyl tails49,66,77.  

 

Figure 1.4 The Re-LPS biosynthesis pathway.  The modifications to the proceeding 
structure are made in red.  Modifications that are made by LpxL and LpxM are labelled 
in red and blue respectively. This figure is modified from Bertani et al.69.  

A second pathway generates the Kdo sugars, where the first reaction in the pathway 

is catalysed by KdsD, which has also been the target of novel antibacterials such as 
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the development of various 2-deoxy analogues of Kdo exhibiting inhibition of the 

pathway80. The addition of the Kdo moieties to lipid IVA is then mediated by the CMP-

Kdo transferase81 to produce lipid IVA-Kdo2. Subsequently the hexa-acylated lipid A-

Kdo2 moiety is produced by the activity of LpxL and LpxM49,66,77. The rest of the sugar 

units comprising the core-oligosaccharide are attached using glycosyl-transferases to 

produce the lipid A-core oligosaccharide portion of LPS51. This section is flipped 

across the IM from the cytoplasm to the periplasm by the ABC-transporter MsbA.  

 

The components of the O-antigen unit are synthesised in the cytoplasm and are 

similarly flipped across the IM and are attached there by the lipid carrier undecaprenyl 

diphosphate. Here, subsequent extension of the O-polysaccharide chain can occur via 

wzy- or synthase-dependent pathways81. Finally, the WaaL ligase attaches the O-

antigen unit to the lipid A-core oligosaccharide, resulting in a fully matured LPS 

molecule. From here, the Lpt system machinery transports LPS from the IM to the OM 

as detailed below. 
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Figure 1.5 Lpt system schematic. (a) Cartoon depicting the Lpt system spanning 
two bilayers. LPS is initially synthesised on the inner leaflet of the IM and is 
translocated by the ABC transporter MsbA to the periplasmic side. The transport of 
LPS from the IM to the OM is handled by the Lpt system, consisting of LptA-G. LPS is 
extracted from the IM by LptB2FG, handed to LptC which forms a periplasmic bridge 
with the soluble protein LptA and the N-terminal region of LptD. LPS moves through 
this bridge where it then reaches the OM and inserted by the translocon complex 
LptDE. (b) Crystal structure of the Lpt system comprising: EcLptB2FGC homology 
model from E. cloacae (PDB ID: 6MIT) as well as the EcLptDE homology model of 
KpLptDE (PDB ID: 5IV9).  LptA connects the two subcomplex (PDB ID: 2R19) (where 
four units are arbitrarily chosen here). The chute is represented as a cartoon and was 
generated via alignment of the bridge subunits in PyMOL. 

 
1.1.3 The Lpt System 

After final chemical modifications of LPS at the outer leaflet of the inner membrane, 

LPS requires transport across the periplasm to its final destination at the OM. On the 

face of it, this is an incredibly challenging prospect; physiologically this requires 
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selective extraction from the IM, encapsulation of the hydrophobic LPS tails, excursion 

through the periplasmic milieu and then final insertion into the OM. The system 

responsible for LPS transport is called the Lpt system and is also the subject of primary 

investigation in this thesis82.  

 

The complex itself is composed of seven essential proteins, which span three different 

environments of the cell: LptB in the cytoplasm, LptF and LptG in the IM, LptA bridging 

the periplasm and LptD with LptE in the OM82,83 (Figure 1.5).  

 

LptB, found in the cytoplasm, is the nucleotide binding domain (NBD) of the IM ABC-

transporter, LptB2FGC which hydrolyses ATP to power transport of LPS84,85 (Figure 

1.6). Recent structural studies suggest that the TM domains of LptF and LptG house 

LPS within the transporter, where LptC inserts it TM helix (TMc) between LptF/G86,87. 

Here, a mechanism is proposed whereby:  LPS (i) laterally enters the cavity 

(independent of ATP hydrolysis)87, is (ii) recognised through transient interactions with 

LptF/G. Upon this, (iii) TMc subsequently moves away from the TM helices of LptF/G 

to allow for association with LPS and (iv) ATP hydrolysis causes inward movement 

and orthogonal extrusion towards the periplasmic bridging units86. The ‘outward open’ 

conformation of the LptB2FGC transporter is similar to previous structures of many 

well studied and understood ABC-transporters18,88, as the LptB (NBD) domains are 

separate and ready to accept ATP. It should be noted that TMc is not required for 

transport, and in fact, functional studies suggest that the activity of the transporter 

increases when it is absent. Therefore, TMc is suggested to have a regulatory role 

within the transporter to moderate ATP activity for efficient coupling with LPS 

transport87, assuming one ATP molecule is used per cycle of LPS expulsion towards 
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the periplasmic chute86.  Though the precise role of TMc needs to be understood, it is 

clear that the transporter extrudes LPS into the periplasmic domain of LptC83,85. The 

IM transporter complex, LptB2FGC, of the Lpt system in the main subject of chapter 

3 in this thesis. In the chapter I begin to characterise a new conformation of the 

transporter to address the potentially larger role of LPS within the IM.  

 

Figure 1.6 LptB2FGC system schematic. (a) Cartoon depicting LptB2FGC which 
extracts and pushes LPS up through the system (b) Crystal structure of EcLptB2FGC 
homology model from E. cloacae (PDB ID: 6MIT). 
 

The LptC domain itself has a characteristic β-taco fold (the first reference of this type 

of fold is from TamB of the translocation and assembly module, TAM89), where the 

acyl tails of LPS nestle inside its hydrophobic groove with the saccharide units 

exposed to the periplasm90,91. Subunits LptF, LptA and the periplasmic domain of LptD 

share the same β-taco fold, and in fact, shown to complex in a ‘head-to-tail’ manner 

to form a bridge across the periplasmic space21,91,92 (Figure 1.7). This bridge extends 

the hydrophobic groove from LptF to LptD allowing the tails of LPS to slide through to 
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the OM translocon complex LptDE. In support of this ‘LptFCAD complex’, studies have 

shown the LPS has been crosslinked to each member of the bridge, furthermore, each 

of the periplasmic components are required for the successful in vitro reconstitution of 

the bridge47,85,93. The ‘main’ component of the bridge LptA, can associate with LptC 

and LptD, though it is also able to form ‘head-to-tail’ oligomeric complexes by itself91,94. 

Therefore, it is very likely that more than one copy of the LptA subunit exists within the 

bridging complex, though, this exact number is currently unknown. Under normal E. 

coli growth conditions, it has been shown that a LptA variant deficient in homo-

oligomerisation (alongside the deletion of the lptA gene from E. coli) is viable and 

therefore implies that only one LptA subunit within the complex is sufficient95. 

Regardless, a study in Salmonella has demonstrated that modulating the length of Lpp 

(an OM lipoprotein which links the OM to the peptidoglycan layer) can change the 

width of the periplasm (the distance between the IM and the OM)96. From these results, 

it seems very logical to suggest that the number of LptA units varies to span differently 

sized periplasmic compartments. Chapter 4 of this thesis investigates the 

thermodynamic landscape LPS experiences on transit across the periplasm, as well 

as the effect of multiple LptA bridging units upon this landscape.  
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Figure 1.7 LptCFAxD system schematic. (a) Left: cartoon structure of TamB (PDB 
ID: 5VTG) the first recognised example of a ‘β-taco’. Right: next to a cartoon 
representation (b) Cartoon depicting the Lpt bridging complex LptCFAxD, which 
shuttles LPS across the periplasm (c) Structures of the β-taco protein bridging 
subunits: KpLptF (PDB ID: 5L75), EcLptC (PDB ID: 3MY2), EcLptA (PDB ID: 2R19) 
and KpLptD (PDB ID: 5IV9).  

 

Once LPS reaches the OM, its installation is facilitated by LptD and LptE83. LptD has 

a large 26 stranded β-barrel domain which sits in the OM alongside a periplasmic β-

taco domain which associates with LptA (Figure 1.8). Between the β-strands 1 and 

26 of the LptD β-barrel exists a lateral putative gate, mediated by an array of hydrogen 

bonds21,83. LptE exists inside the lumen of the LptD β-barrel, to form an LptDE ‘plug-

and-barrel’ complex97. From structural and in silico modelling it has been suggested 
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that the LptD β-taco domain forms an intramembrane hydrophobic hole with the inner 

leaflet of the OM, allowing the LPS acyl tails a ‘track’ to be threaded into the 

membrane. Meanwhile, the LPS saccharide units are passed through the hydrophilic 

lumen of the β-barrel, which swings the lipid tails through the LptD putative exit gate 

to alight itself within the OM21. The role of the lipoprotein LptE is less clear, however, 

its strong affinity for LPS implies that its presence helps to facilitate the movement of 

LPS through the lumen of the β-barrel98,99. LptE is also critical for the viable assembly 

of LptDE in the OM97,100. The OM translocon complex is the subject of chapter 5, 

where I seek to use MD to supplement HDX experimental work to verify and validate 

the mechanism of LPS installation.  

 

Figure 1.8 LptDE schematic. (a) Cartoon depicting the translocon complex LptDE 
which inserts LPS into the OM with pore diameter compared to the size of LPS (b) 
Structure of the EcLptDE homology model of KpLptDE (PDB ID: 5IV9).   
 

This collection of studies has led to the currently proposed ‘PEZ model’ of LPS 

transport through the Lpt system83. This model which draws comparison to the LPS 

being transported as the Austrian PEZ candies and the Lpt system itself to the PEZ 
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candy dispenser. The dispenser is spring loaded with a base platform which pushes a 

stack of PEZ candies towards the top of the dispenser so that a candy can be removed 

from the top and consumed. The model, therefore, proposes that the system is stacked 

full of LPS molecules such that the ABC-transporter acts as a spring to push the lipids 

forward through the bridge where the terminal LPS gets inserted in the OM via the 

LptDE complex. Hence, the LptFCAD bridge, primarily acts as a rigid infrastructure 

with the passive role of funnelling the lipids though the periplasm. The in vitro 

reconstitution of the Lpt system supports this PEZ model47,83, where the transport 

occurs between separate liposomes containing LptB2FGC and LptDE with LptA in 

solvent in an ATP dependent manner.  

 

1.2 Molecular dynamics 

1.2.1 Molecular dynamics and membrane proteins 

As mentioned earlier, membrane proteins have diverse and essential roles9 and it will 

come as no surprise that membrane proteins interact with multiple lipid species. 

Generally, these protein-lipid interactions are vitally important for the structure and 

function for membrane proteins. Lipids can scaffold integral membrane proteins by 

oligomerising them in the bilayer like in the case of SemiSWEET (a bacterial sugar 

transporter) where its monomer-dimer equilibrium in tuned by the concentration of 

CDL, or by attaching peripheral proteins to the membrane such as with β-barrel 

assembly machinery (BAM) complex lipoproteins BamB,C,D,E101-103. Functionally, 

they can assist via allosteric means by slowing the transition between states in the 

case of cholesterol with β2 adrenergic receptor104,105 or can have a direct role as 

substrates with lipid scramblase proteins which help define the distribution of lipids 

within each leaflet of membranes106,107. Therefore, the characterisation of these 
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protein-lipid interactions are subject to experimental work (such as mass spectrometry 

techniques which I cover in section 1.3) as well as computational studies, such as 

molecular dynamics (MD) simulations.  

 

Experimental techniques used for structure elucidation such as X-ray crystallography 

and/or cryo-electron microscopy generally involve the use of detergents to solubilise 

membrane proteins which removes most of the surrounding native lipids (lipidome) 

from the protein itself. Some lipids may get caught up with the detergent during this 

process which affords their identification in the density maps produced by X-ray 

techniques108-110. In order to catch some of these lipid interactions, nanodiscs111 (a 

protein which encapsulates a small lipid bilayer patch) or an amphipathic polymer 

(SMALP) which also encloses a lipid bilayer112 may be used in these structural 

techniques.  The SMALP method uses this styrene maleic acid co-polymer (SMA) to 

extract membrane proteins directly from native membranes. In contrast to detergents, 

the SMA extracts the membrane protein with the surrounding lipids portion around it 

which preserves the native lipid environment112. Whereas nanodiscs are generally 

formed after a membrane protein has been solubilised by detergent before they are 

exposed to a solution of phospholipids and an encircling amphipathic helical protein 

belt called the membrane scaffold protein (MSP)111.  However, the use of these 

alternative solubilisation methods is frequently difficult, and if lipid species are bound 

assignment of their densities can often be ambiguous (though developments in cryo-

EM methodologies yielding better resolution structures may reduce this problem).  

Furthermore it is hard to extrapolate upon the prevalence of any of these interaction 

events as being representative of the protein’s native environment113. This is because 

nanodiscs generally require detergent solubilised membrane proteins before 
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assembly and so lose the majority of the surrounding lipidome. SMALPs, on the other 

hand, necessitate the assumption that the SMA-extraction process has no bias or 

preference for a particular lipid114.   

 

Computational methods115, and in particular, molecular dynamics (MD) simulations116 

offer an extremely useful tool for identifying and characterising protein-lipid 

interactions.  A helpful analogy of MD simulations is that they can be considered as a 

‘molecular microscope’117,118 allowing the user to ‘zoom in’ and observe membrane 

proteins at atomistic (AT) resolution interacting with water, ions or lipids. The user can 

also ‘zoom out’ and observe the system at lower resolutions known as ‘coarse grained’ 

(CG)119,120 representations if they wish to monitor the system over longer timescales 

(albeit with loss of atomic detail). This has successfully been used to model protein-

lipid systems at the nanoscale116,121. Further discussion of the theory and background 

of AT and CG simulations is covered in chapter 2.  

 

Simulation work has been used to predict lipid interaction sites for a large number of 

integral membrane proteins, helping to elucidate the surrounding liposome such as 

those within aquaporins122,123. Specific protein-lipid interactions such as with 

cardiolipin have been explored for a number of systems including not only the 

membrane-exposed surface of the cytochrome bc1124 and the cytochrome c 

oxidase125 but also with the rotor of metazoan ATP synthases126 as well as with SecY, 

assisting protein secretion127. In these studies, simulations were carried out (either CG 

or AT) to define the precise cardiolipin interaction sites for these systems. 

Furthermore, MD simulations have been successful in characterising PIP2 binding 

sites for ion channels including Kir2.2128 and Kv7.1129 potassium channels. More 



 50 

recently, a MD approach has been employed to study other PIP2 lipid binding to Class 

A GPCR receptors130 shown to help stabilise the active site of  the GPCR as well as 

being selectively bound by TRP channels131. Simulations, especially CG simulations, 

have the benefit of being high-throughput and online data bases such as MemProtMD 

take advantage of this by simulating new structures of membrane protein in a bilayer 

for accessible lipid protein characterisation33. Furthermore, MD simulations can give 

insight into the lipid annulus surrounding a given membrane protein. For instance, with 

the transient receptor potential (TRP) channel present in ciliary membranes of the 

kidney known as PC2, a phospholipid binding pocket was suggested in MD 

simulations, where free energy calculations implied that this site was selective for PIP2  

lipids. This suggestion helped identify low-resolution lipid-like density in a concurrent 

cyro-EM data131.  

 

1.2.2 Molecular dynamics and free energy calculations 

As illustrated above, MD simulations have been used to reliably predict membrane 

protein-lipid binding sites and interactions. Moreover, it is of importance to quantify the 

strength of these interactions especially due to the crowded and diverse nature of 

membranes132. This helps indicate the extent to which binding of a certain lipid is likely 

within its native environment rather than a detergent solubilised environment.  

 

Potential of mean force calculations (PMFs) is a commonly used targeted approach 

from estimating the free energy of protein-lipid interactions125,133,134. The free energy 

is calculated as a function of one-dimensional coordinate (or collective variable) which 

is usually the distance of the headgroup of the lipid away from the protein-lipid binding 

site. To measure the free energy along this coordinate a number of methods are 
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available such as ‘umbrella sampling’135 or ‘replica exchange umbrella sampling’136,137. 

In this thesis I employ the use of umbrella sampling to calculate the free energy of 

binding of Lipid A to the periplasmic bridging units in chapter 4. The theory and 

background of PMF calculations are covered in more detail in chapter 2.  

 

Other methods of estimating the free energy of protein-lipid interactions include free 

energy perturbation (FEP)138 or absolute binding free energy (ABFE)139 calculations 

as well as metadynamics. Briefly, for FEP or ABFE calculations the bound lipid 

molecule is ‘alchemically’ transformed from its original state (the target lipid) into a 

‘generic lipid’140. This process is then separately repeated with the lipid in the bilayer 

alone (without the protein) and the difference between these energy values 

corresponds the energy of binding of the target lipid to the protein. Metadynamics 

allows for more extensive sampling of any particular energy landscape over any well-

defined CV. The more commonly used variant of metadynamics, known as well-

tempered metadynamics (WTMetaD)141, samples the defined CV using a history 

dependent bias potential. This has the effect of reducing the time a system spends in 

a particular energy minimum which drastically improves the efficiency of sampling. 

WTMetaD can be used to sample a CV of a particular membrane patch around a 

protein to compute the free energies and binding poses of lipids to a membrane protein 

system. Recently it has been employed to replicate the PIP2 binding sites with Kir2.2 

as well as all three CDL sites on AAC142 in good agreement with PMF and FEP studies 

carried out on those same binding sites.  

  

Much of this thesis is collaborative in nature and promotes the power of uniting 

experimental work with in silico studies. In particular, the power and utility of combining 
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MS techniques with molecular dynamics which has shown on numerous occasions to 

yield congruous and supplementary results130,143. In order to best achieve this, it is 

important to briefly overview the theory and utility of these experimental techniques. I 

will only be reviewing the methodologies of the latest native mass spectrometry (MS) 

and hydrogen deuterium exchange (HDX) techniques used by my collaborators in 

chapter 3 and chapter 5.  

 

1.3 Mass spectrometry and structural biology  

1.3.1 Native MS 

The emergence of soft ionisation techniques as well as alterations and improvements 

to MS instrumentation has facilitated the study of non-covalent intact protein 

complexes in the gas-phase144,145, including mega-Dalton sized complexes146 such as 

intact viruses147 and ribosomes148. Further instrumental developments paved the way 

to observe the first membrane protein complex in the gas phase, BtuCD (an ABC-

transporter from E. coli – also discussed in chapter 3)149, where the protein was 

solubilised in detergent before it was stripped off in the instrument to allow for a well 

resolved spectrum. Modern instrumentation has taken advantage of state-of-the-art 

mass analysers allowing for the resolution of small molecules bound to protein 

complexes150,151.   

 

The most obvious use of native MS is the elucidation of subunit stoichiometry within a 

complex, which may be further interrogated by breaking apart the complex in the 

instrument and separately isolating the fragments for analysis152. Here, native MS has 

helped to determine ambiguous density with Cryo-EM or X-ray crystallography 

structures of complexes152-154. For instance, MS was able to identify RNAseK (a 
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hydrophobic ribonuclease protein) in the sample preparation suggesting its presence 

in the ambiguous Cryo-EM density of a rat brain vesicular-ATPase148.   

 

Furthermore, mass spectrometry assists in the assignment of ligand densities in 

structural methods155,156 (Figure 1.9). The importance of identifying lipid binding with 

membrane proteins cannot be understated, as studies have shown the lipids have 

roles in influencing oligomeric state101 as well as function157. Native MS 

instrumentation may be coupled with other techniques such as liquid chromatography 

(LC), which can separate out lipid species within a sample mixture before mass 

analysis allowing for the precise identification of lipid species with mass (700 – 5,000 

Da)158. Furthermore, native MS can be coupled with HDX techniques allowing for the 

elucidation of conformation or structural dynamics.  
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Figure 1.9 Native MS and structural biology. Native MS is a powerful analytical 
technique used to characterise complex stoichiometry and ligand or small molecule 
binding. It is often used to screen and optimise conditions for X-ray crystallography or 
Cyro-EM protocols. Figure obtained from Liko et al159. 

 

1.3.2 Native MS theory and background  

In the most simple terms, mass spectrometry ionises species in a sample and 

separates them according to their ‘mass over charge’ ratio, m/z.  The process can be 

best understood in three stages: (i) desolvation and ionisation of analytes from solution 

at the source, (ii) species are separated by their m/z values, and lastly, (iii) measured 

by the detector.  
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1.3.2.1. Electrospray ionisation  

With native MS work the first stage in the process utilises electrospray ionisation (ESI), 

which is known as a ‘soft’ ionisation method so to preserve the native fold and integrity 

of biomolecular complexes (Figure 1.10a). ESI was a technological breakthrough for 

the analysis of bio-macromolecules and was pioneered by Professor John Fenn who  

won the chemistry Nobel prize in 200215. In practise, nano-ESI which only uses 

microlitres of sample and typically expels droplets of less than 100 nm160 (compared 

to normal ESI which uses millilitres of sample and has a typical droplet size of 1-2 

micrometres161), is employed where more easily desolvated analyte solution is 

expelled into the instrument for analysis162. This technique requires a small gold 

coated capillary needle, which is filled with analyte solution with a voltage applied 

between the capillary and the cone (the entrance of the MS instrument)163,164. The 

application of a voltage on the sample in the capillary needle generates a field which 

permeates the solution and results in the release of charged droplets. On transfer to 

the cone in the gas phase, these droplets evaporate, shrink and break apart further 

via electrified droplet fission which eventually results into gaseous ionic species from 

the droplet165. The exact mechanism of ionisation is not precisely understood, however 

there are a number of proposed models to help account for the phenomenon, such as 

the ‘charge residue model’ or the ‘chain ejection model’166,167.  

 

1.3.2.2. Collisional activation 

The purpose of collisional activation is to use an inert gas (like argon) at various stages 

thought the MS instrument (namely the initial source and collision cell) to collide with 

the gaseous ions. This affords tuneable levels of energy activation (by altering the gas 

pressure as well as the potential difference across the cells to accelerate the ions 
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faster) which can be used to ‘clean’ the ionic biomolecular systems (from unwanted 

adducts), unfold them or dissociate them168.  

 

Collisional activation is very useful for ‘cleaning’ salt and solvent adhering to the 

protein sample168 which helps to clarify the mass spectrum and reduce peak width for 

clearer analysis. This is particularly essential for removing detergent bound membrane 

protein complexes in the gas phase to obtain clearly resolved membrane protein 

spectra169. At higher levels of activation, complexes can be unfolded or dissociated 

which can be probed by ion mobility (IM) techniques to comment on the stability of 

complex species170.  
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Figure 1.10 Figure 9: Electrospray and quadrupole mass analysers. (a) An 
overview of the electrospray process where the application of a voltage between the 
capillary and the entry of the instrument distorts the analyte to release droplets, which 
break up and result in the generation of gaseous ions for mass analysis. (b) These 
ions (green) enter a field produced by the quadrupole. Here, the yellow ions are 
unstable and crash with the electrodes however the blue ions can stably traverse the 
field and make it the next stage of the instrument.  

 

1.3.2.3. Mass analysers  

 

Mass analysers are used to determine the m/z values of the ionic species in the gas 

phase. The quadrupole mass analyser is ubiquitous in MS instruments and has been 

used since the first pioneering native MS experiments171, in modern instruments 
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however, they function mainly as mass filters, where they allow through only certain 

ions over a selected mass range (Figure 1.10b).  The quadrupole is made up of four 

cylindrical electrodes aligned in parallel where a potential difference is applied to 

opposite electrodes and opposing charge to adjacent rods. This produces two 

superimposed fields where on uniform (DC) field which has strength U and other is an 

oscillating radio frequency (RF) field of amplitude V and frequency f.  For every m/z 

value there exists an area of (𝑈, 𝑉) space which allows safe passage of the ion without 

colliding with electrodes of the quadruple172. Therefore, the quadrupole can be used 

as a mass filter, before the ions are measure by another analyser called an Orbitrap, 

in modern state of the art instruments. These experiments are known as ‘MS/MS’.  

 

Orbitrap mass analysers are the most powerful analysers on the market and have 

excellent resolution, even at high m/z values173. Orbitraps trap ions in a spindle like 

electrode within a chamber with two electric fields: a radial field which bends the ion 

path towards the spindle an axial which pushes the ion towards the widest part of the 

chamber. The ions in the field oscillate around the spindle at frequency determined by 

its m/z value. The outer electrode of the chamber can track the axial oscillations of 

the ions and detect their image current, which is recorded to produce a mass spectrum 

by a Fourier transform174. This orbitrap technology was the mass analyser used by 

collaborator’s experiments for native MS work151.   

 

1.3.3 Hydrogen deuterium exchange mass spectrometry  

Hydrogen deuterium exchange mass spectrometry (HDX-MS) is a labelling technique 

in solution which takes advantage of the ability of hydrogens in the backbone amides 

of proteins to exchange with deuterium in deuterated buffer. After the protein is 
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labelled, it is digested into peptide fragments corresponding to different regions of the 

protein, which are measured for their increase in mass using MS175. This technique 

measures the HàD exchange of back bone hydrogens however other hydrogens 

exchange with the solvent, such as those involved with side chain hydroxyl, sulfhydryl, 

amine, and amide groups of residues serine, cystine, lysine and glutamine etc… 

However, the exchange is so fast and dynamic that they back exchange on quenching 

and HPLC steps176. Additionally, C-H bond do not undergo exchange with deuterium 

in any experimentally relevant timescales177. Quenching is an extremely important part 

of the HDX-MS workflow as it prevents (or rather slows) the back exchange of back 

bone hydrogens from buffers used in subsequent steps in the HDX-MS procedure 

(detailed below). Typically, this involves lowering the temperature to 0°C and the pH 

of the sample to 2.5, which decreases the exchange rate by an order of 10,000 (where 

the average half-life of a deuterium label is about 1 h) in order to prevent back 

exchange of deuterium to hydrogen178.  

 

As hydrogens of the protein are involved in the formation of secondary structures, the 

HàD exchange rate is an indicator of the stability of such hydrogen bonds, and 

therefore representative of the conformational changes of the protein. This exchange 

can also provide rich information on the dynamic structure of protein-ligand 

complexes. Apart from proline and the first residue of the protein (or peptide) every 

residue has an amide N-H group amenable to exchange, and therefore HDX allows 

for the analysis of conformational dynamics for all protein domains.  

 

In these types of experiments, the HàD exchange events are enabled by local 

fluctuations of the protein from folded to partially unfolded or open conformation. This 
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occurs when hydrogen bonds are weakened in the secondary structure of the protein 

allowing for the transiently unfolded/open conformations. This is described by the 

equilibrium reaction179: 

 

𝑃 − 𝐻!"
#!"
⇌
##$
		𝑃 − 𝐻$% 	

#%&12𝑃 − 𝐷$%
##$⇌
#!"

𝑃 − 𝐷!" 	. 

 

Here, 𝑃 − 𝐻!"/$% defines the unlabelled protein in both its closed and open state, 

whereas 𝑃 − 𝐷!"/$% is the deuterated protein in its closed and open state. 𝑘$%, 𝑘!" and 

𝑘'( is the rate of opening, closing and HàD exchange respectively.  

 

Generally, the most common exchange dynamics proteins experience is the ‘EX2 

regime’, which is defined by the opening (𝑘$%) and closing (𝑘!") rates being much 

faster than the HàD exchange rate, 𝑘'(180-182. Hence, the likelihood of exchange 

events occurring over the course of an isolated opening event is very low and therefore 

the repeated opening and closing events need to occur to for an overall exchange 

reaction. Eventually, this can be understood as an isotopic distribution slowly shifting 

from a low m/z to a high m/z value over time (Figure 1.11). 

 

On the other hand, the ‘EX1 regime’ is defined by the opening (𝑘$%) and closing (𝑘!") 

rates being much slower than the HàD exchange rate, 𝑘'(. The result of this is that 

the isotopic distribution becomes bimodal where the low mass part of the distribution 

characterises those residues which have not yet exchanged, whereas the high mass 

distribution represent residues which have already been exchanged (Figure 1.11).  In 

this regime, the rate of opening is equal to the chemical exchange rate (𝑘$% =	𝑘'(), 
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and therefore means that the rate of conformational change as well as the half-life of 

a certain conformational states can be inferred. As alluded to earlier, most proteins 

followed EX2 behaviour however, an increasing number have been found to exhibit 

EX1 kinetics183-185. The regimes described above are two limiting situations, in fact the 

high- and low-mass populations can also overlap because of mixed EX2/EX1 

behaviour of a particular protein segment. This situation is referred to as EXX 

kinetics186.   

 

Figure 1.11 Different HDX kinetic regimes. The panel on the left depicts the 
difference between the EX1 and EX2 regimes. The most common regime, EX2, shows 
an isotopic population gradually increasing in 𝒎/𝒛 over time. For EX1, a bimodal 
distribution is present, with the intensity of the higher m/z population rising over time. 
The right side of the panel shows the EXX regime which is a mixture of both EX1 and 
EX2 isotopic mass distributions. Figure adapted from Wies et al.182.  

 

1.3.3.1. HDX experimental workflow 

The workflow for an HDX experiment begins with dilution of the protein in a deuterated 

buffer, followed by reaction quenching, proteolytic digestion, high-pressure liquid 
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chromatography (HPLC) separation and then finally, MS analysis (Figure 1.12). 

Collaborators performed continuous labelling experiments, whereby the reaction is 

quenched at different timepoints by lowering pH to 2.0 or to 2.3 - 2.5 and temperature 

to 0 °C187,188. This range of pH is important as the base catalysed mechanism of 

exchange is dominant at physiological pH (7.0 - 8.0), whereas the acid catalysed 

mechanism becomes dominant below pH 3.0. Between pH 2.0 and 3.0 the acid and 

base catalysed mechanisms contribute equally to exchange such that the water 

catalysed mechanism becomes dominant. This is where the exchange rate is at its 

minimum189. The most widely used protease for digestion is pepsin, as it is an acid 

protease and operates under quenched conditions. Every peptide has to be 

sequenced in order to identify the corresponding protein region, which is generally 

achieved by tandem MS techniques and using proteomic peptide ID software such as 

ProteinLynx Global SERVER (PLGS)175,176. After digestion, peptides are subsequently 

desalted and separated out using reverse phase HPLC. The peptides are injected into 

the mass spectrometer with online ESI-MS or MALDI-MS181,190.  
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Figure 1.12 Experimental HDX workflow. The protein is incubated in a deuterated 
buffer for an exchange reaction, which is subsequently quenched by acid after a 
specific time interval. This process is repeated with the protein in complex with a 
ligand. The complex is then digested, and the peptides are separated and analysed 
by LC-MS. The protection level of each peptide is monitored at specific time intervals 
for both the apo and ligand bound state.  

 

An important step of any HDX-MS experiment is to compare the deuterium uptake of 

a protein of interest in a different state i.e. a mutated state, ligand or lipid bound state, 

this is termed: differential HDX. This is critical as differences in deuterium uptake 

between states can be used to infer the effects of (for example) lipid binding on the 

conformation of the protein. 

 

However, HDX experiments can only (strictly speaking) inform on the hydrogen 

bonding within a protein and therefore it is important to supplement findings with 

techniques such as MD to uncover molecular details underpinning any observed 

conformational changes46,143,185.    
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1.4 Aims and objectives of this thesis  

I have detailed the importance of studying membrane proteins above and outlined the 

significance of the lipopolysaccharide transportation pathway, the Lpt system, for 

developing new antibiotics. Therefore, the focus of this thesis is the Lpt system, which 

I study in three distinct parts, the IM complex LptB2FGC (chapter 3), the periplasmic 

bridging protein complex LptFCAxD (chapter 4) and the OM translocon LptDE 

(chapter 5).  

 

Chapter 3 contextualises the role of LPS within the inner membrane and asks whether 

LPS is involved more widely with inner membrane proteins such as BtuCD and AmtB. 

The binding work here is related to the ABC-transporter complex LptB2FGC which 

extracts LPS from the IM. Here, I examine how the influx of LPS affects the 

conformation of the transporter and I characterise in detail the binding of LPS within 

the hydrophobic cavity of LptB2FGC as well as the effects on the periplasmic domains. 

I relate my in silico studies with native MS experimental analysis to shed light on how 

LPS functions within the IM, particularly with its transporter complex LptB2FGC.  

 

Next, I address the thermodynamics of lipid transport through the periplasmic units of 

the Lpt system, LptFCAxD, in chapter 4. I use computational methods to calculate the 

binding of lipid A with the bridging subunits in isolation as well as collectively with 

larger section of the bridging complex. My aim here is to understand the energetics 

lipid A experiences along periplasmic bridge.  

 

The final section of the Lpt system is examined in chapter 5, where my MD simulations 

help to demystify and rationalise experimental HDX data and Native MS work which 
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examines the effect of substrate and inhibitor binding to LptDE translocon complex. 

Here, I uncover in molecular detail the process of LPS insertion into the OM.  

 

Overall, the aim of this work is to study each component of the Lpt system using MD 

simulations. In doing so, I have demonstrated the power of such in silico techniques 

to describe such important drug targets in detail especially emphasising the 

indispensability of computational techniques in tandem with experimental analysis.  
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CHAPTER 2 Theory and 

Methods  
 

2.1 Molecular dynamics simulations  

2.1.1 An overview of the principles of molecular dynamics  

Molecular dynamics solves the equations of classical Newtonian mechanics 

iteratively, over time, to derive the motion of a system of interacting particles. However, 

for a precise and accurate account of the dynamics of a system, quantum mechanical 

considerations would need to be included which factor in orbitals and the electronic 

configuration of atoms and molecules. Models which support this are known as 

QM/MM (quantum mechanics/molecular mechanics) but can only be applied on small 

or restricted systems (such an enzyme active site) and within short timescales 

(picoseconds) due to their incredibly high computational expense, though recently QM 

calculations can now be performed for larger systems than these via linear scaling 

DFT calculations191-193. In order to address larger systems (i.e. relevant to 

biomolecular scales) such as protein complexes, lipid interactions, ions moving 

through channels194, as well as longer timescales (microseconds to milliseconds) a 

number of approximations will need to take place. To achieve this, ‘classical’ MD 

employs molecular mechanics (MM) force fields to estimate the quantum mechanical 

potential energy surface (PES)194.   
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MM forcefields are built on the integral Born-Oppenheimer (BO) approximation, which 

uses the fact that atomic nuclei are thousands of times greater than electrons by mass, 

to separately define the terms for nuclear and electron motion195. Therefore, this 

means that modelling electronic positions within the molecular systems would not be 

required. On top of the BO approximation, MM forcefields are composed of terms 

describing the potential for distinct physical properties such as bond strength, angle, 

electrostatics and dispersion forces between atoms and molecules194. Experimental 

data from infra-red196 and NMR spectroscopy197 and X-ray crystallography198 as well 

as QM calculations199 supply the values of parameters used in forcefields. 

 

2.1.2 Molecular mechanics force field  

Consider a system of N atoms, where the position of each atom is defined by a set of 

Cartesian coordinates such that: 

 

𝒓𝑵 	= 	 {𝒙𝟏, 𝒚𝟏, 𝒛𝟏, . . . , 𝒙𝑵, 𝒚𝑵, 𝒛𝑵} 2.1 

 

The total energy of this system (the Hamiltonian) is the sum of both the potential and 

kinetic energy K(pN) (as a function of momenta), where the potential energy 𝑈(𝑟+)	 is 

defined by:  

𝑈(𝑟+) 	= 	𝑈,$-.'. +	𝑈-$-/,$-.'. 2.2 

which is simply the sum of the potential of the bonded and non-bonded components 

of the system.  
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2.1.2.1. The potential energy of the bonded interactions 

The expression of the potential energy of the bonded component, i.e., covalent 

interactions (used generally, from simple organic compounds to large macromolecular 

proteins) is as follows: 

𝑈,$-.'. =	
1
2 E 𝑘.(𝑑	 −	𝑑0)1
,$-.2

+
1
2 E 𝑘3(𝜃	 −	𝜃0)1 	
4-5"'2

+	
1
2 E 𝑘6(1	 +	cos(𝑛𝜔	 − 	𝜙)) 	
.78'.94"2

+	
1
2 E 𝑘:(𝜓	 −	𝜓0)1
7;%9$%$%'9

	 

 

2.3 

and is composed of terms to describe bond stretching, bending, and rotating 

respectively with an additional (final) term in equation 2.3 which arises from 

stereochemical considerations such as improper torsions (Figure 2.1).  

The first term in the expression is a classical harmonic potential which expresses 

atomic bonds as balls on springs, here 𝑘. is the force constant of the bond and 𝑑 is 

the stretched or compressed length of the bond itself with 𝑑0 the equilibrium distance. 

𝑘. is often very high which represents the stiffness of the bond requiring a large 

amount energy to stretch or compress it. On small deviations from 𝑑0, the harmonic 

oscillator is a reasonable estimation of the potential194, however on much larger 

deviations from equilibrium the Morse potential is a better estimator as the function 

tends to a dissociation energy with converging vibrational energy levels200: 
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𝑈,$-.2 	= 	𝐷'{1	 − 	𝑒𝑥𝑝[−𝑎(𝑑	 − 	𝑑0)]}1 2.4 

with 𝐷' defining the depth of the energy well and the constant 𝑎 relating to the prior 

force constant 𝑘. – though within biomolecular systems such large bond length 

deviations would be rare. In comparison, the value of 𝑘3 is much smaller than 𝑘. which 

reflects the relative ease in which bonds may be bent from is reference state 𝜃0 versus 

the energy required to compress or stretch a bond. To improve the accuracy of the 

forcefield higher order terms may be added in as part of a Taylor expansion for 

particularly strained molecules (such as higher order derivatives of 𝑘3 with respect to 

angle deviation, 𝜃), though these are uncommon within standard forcefields194.  

 

Figure 2.1 The potential of bonded interactions. The four main types of potential 
through bonded interactions are represented as a schematic   

The third term in the expression for bonded potential describes the dihedral 

component which includes the dihedral angle 𝜔 which describes the interaction made 

between atoms separated by three bonds (i.e., the position 1-4 relative to each other). 

Similar to the physical description of the previous force constants with the expression; 

the magnitude of the torsional constant 𝑘6 defines the barrier to rotation. Here also, 𝑛 
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(termed multiplicity) refers to the number of minima in the energy function where 𝜙 

determines the position of these minima. In a molecule, there is often more than one 

term for each dihedral with ultimately results in a truncated cosine series194.  

The importance of the fourth term is to address ‘out of plane’ bending, to preserve the 

planarity of groups with flat geometry such as aromatics or those with chiral 

restrictions194,201.  

As mentioned before, the separation of these potential energy terms is not strictly 

justified by a QM theory, however it is certainly convenient and allows for a level of 

helpful physical interpretation of the results of the model194. Though, in certain cases, 

these approximations are not appropriate for addressing particular properties of a 

system, such as the accurate prediction of vibrational spectra. Cross terms can be 

introduced to remedy this, to factor in the interdependence of bond stretching, bending 

and rotating which can help to predict structural properties. One such example of a 

cross term is the Urey-Bradley potential where the distance between (1,3) atoms 

determine the variation of energy required for angle bending194. Due to the 

convenience of separating out potential energy terms as well as the non-existence of 

a unique solution to translate QM effect into classical MM, the potential energy will 

continue to be considered as a summation of the respective energy terms as detailed 

above. 

2.1.2.2. The potential energy of non-bonded interactions 

Non-bonded interactions are considered between all pairs of atoms,	i and j which are 

separated by three or more intramolecular bonds as well as atoms from other 

molecules. The interaction between these atoms is characterised by two types (i) the 
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van der Waals force and (ii) electrostatic components which can be written together 

as: 

𝑈-$-/,$-.'. =	E E W4𝜀7< Z[
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Here the van der Waals forces 𝑈A.B	are expressed as: 
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2.6 

which is known as the Lennard-Jones potential. 𝜎7< refers to the distance at which the 

energy is zero between the pair of atoms and 𝜀7< corresponds to the interaction 

strength. The potential described contains both an attractive term and a repulsive term, 

the former is derived physically from London dispersion forces arising from 

instantaneous dipoles between bonds and the latter comes from the Pauli exclusion 

principle194. This principle captures the strong repulsion between atoms at very short 

distances, typically 0.3 nm – a quantum mechanical phenomenon which states that 

no two fermions can occupy the same space. More correctly the repulsive term should 

be written as:  

𝑈b𝑟7<c 	= 	𝑒𝑥𝑝 [−
2𝑘𝑟7<
𝑎0

] 
2.7 

where 𝑎0 is the Bohr radius, however, calculating an exponential can be 

computationally expensive and so the form of the repulsive term to the power of twelve 

is a more efficient approximation194. With increasing 𝑟7< the Lennard jones potential 

rapidly approaches zero, which is truncated after a certain distance (Figure 2.2)194. 
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Figure 2.2 The potential of non-bonded interactions. The two main types of 
potential through non-bonded interactions between nuclei i and j are represented 
above, Left describes the Lennard Jones potential, Right: the coulombic potential.    

The second term in the expression for the potential of non-bonded interactions is: 
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2.8 

which factors in the electrostatics between atoms and is based on Coulomb’s law. This 

is simply a sum over the point charges of the system, with 𝑟7< being the distance 

between nuclei i and j with partial charge 𝑞7𝑞<, where 𝜀0 denotes vacuum permittivity. 

The decay of the electrostatic potential in the inverse distance between point charges 

𝑟7<, however a more considered treatment is required for long range interactions within 

MD202. 

2.1.3 The particle mesh Ewald method 

To calculate long range electrostatic interactions the particle mesh Ewald (PME) is 

typically used203,204. It assumes that the periodic cell is indefinitely replicated and uses 
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a Fourier based approach to solve for the Poisson equation in the repeating system. 

PME is an interpolation of the reciprocal-space Ewald sum205, which is method 

originally used for calculating electrostatics in crystal lattices. Within the periodic array, 

all interactions are summed where the electrostatic interactions here are separated 

into short-range and long-range interactions. Both these types of interactions 

converge rapidly in both real and Fourier space, where the rates of convergence are 

dependent on the width of the Gaussians which cancel when added to the nuclear 

point charges. Regarding the real space term, a cut-off distance is applied along with 

a limiting number of modes to the Fourier space term. By implementing the PME 

algorithm, the computational expense is reduced as the number of electrostatic 

interactions have been brought down from N2 to Nlog(N), with N being the number of 

atoms in the system203.   

2.2 Force fields within MD 

2.2.1 Atomistic (AT) Forcefields 

As detailed above, a forcefield is an expression factoring in the potential of the bonded 

and non-bonded interaction between all the particles within a system. In practise the 

most commonly used ones are the Chemistry at Harvard Macromolecular Mechanics 

(CHARMM)206,207, Groningen Molecular Simulation (GROMOS)208,209, Assisted Model 

Building with Energy Refinement (AMBER)210,211 and the Optimised Potentials for 

Liquid Simulations (OPLS)212 force fields. On the one hand AMBER, CHARMM and 

OPLS explicitly model every atom including the hydrogens and are called ‘all-atom’ 

forcefields, whereas GROMOS approximates an aliphatic carbon and hydrogen into 

one interaction site. The CHARMM force field213 derives its parameters from both 

OPLS and AMBER which have been able to reproduce experimental results for 

phospholipid bilayers. These force fields have been shown to reliably produce the 



 74 

experimental density of lipids (such as dipalmitoylphosphatidylcholine) by modifying 

the Lennard-Jones parameters of the hydrocarbon tails214.  

Table 2.1 Summary of AT forcefields. Overview of AT forcefields discussed in the 
main text with associated advantages and disadvantages. 

AT Forcefield Advantages  Disadvantages 

CHARMM Large number of compatible lipid 

models, with parameters for 

proteins, nucleic acids, some 

small molecules, glycans, and 

lipids215-217. Furthermore, the 

online CHARMM-GUI is a helpful 

resource for constructing 

simulations for a wide range of 

systems215. 

Despite deriving its 

parameters from OPLS and 

AMBER, significant 

differences were observed in 

the configurations of two 

peptides studied with 

CHARMM and AMBER218.   

AMBER Array of compatible lipid models, 

but the forcefield is more 

frequently used for protein, 

nucleic acid, and druglike 

molecules. 

Not as widely available lipid 

parameters compared to 

CHARMM.  

OPLS One of the first models used in 

which the parameters were 

extensively optimised to 

reproduce the liquid state 

thermodynamic properties for a 

variety of small organic 

Compared to other 

forcefields in this table it has 

be found to severely 

underestimate the magnitude 

of hydrogen bonding 

interactions219.  
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molecules. OPLS Can accurately 

describe coulombic and van der 

Waals interactions of molecular 

complexes compared to ab initio 

calculations219.  

GROMOS Many parameters for proteins and 

a good range of lipids, as well as 

other molecule types220,221. 

GROMOS approximates an 

aliphatic carbon and 

hydrogen into one interaction 

site and therefore has a 

lower resolution than the 

other forcefields in this table. 

 

2.2.2 Coarse Grain (CG) force fields 

In a coarse grained forcefield, heavy atoms are grouped into sets to produce single 

interaction sites which drastically decreases the computational expense of 

simulations222. This is a direct consequence of (i) reducing the number of interactions 

within a timestep of MD simulation and (ii) reducing the degrees of freedom, which 

increases the timescale of the trajectory to up to microseconds or milliseconds.  

The resolution of coarse-grained systems can vary by the number of atoms mapped 

to a single interaction site, which can be found in the range of 3-6 atoms per CG bead. 

However, there is a trade-off between the extent of coarse-graining (which decreases 

computational expense) and accurately reproducing the physical properties of the 

system. 
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2.2.2.1. Parameterisation of a CG-forcefield 

The first step in parameterisation of a CG force field is how to define the sets of atoms 

from the AT system which would make up the set of CG beads223. To do this, one 

needs to consider (i) system mapping, which involves the number, types and 

connectivity of the sites, and (ii) the coordinate mapping which specifies the beads 

with respect to the AT model224.  

Once this has been established the forcefield can be parametrised using a top-down 

or a bottom-up approach223,225. A top-down approach prioritises a replication of the 

physicochemical properties of the system such as heat of vaporisation or density.  

However, despite very good reproducibility of physical parameters, structural fidelity 

can be lost in the process. On the other hand, for a bottom-up approach, parameters 

are derived from structural data banks or atomistic molecular dynamic simulations in 

order to reproduce structural properties. Adopting this method produces accurate 

coarse-grain models, however, they are restricted to the reference state in which the 

parameters were based on which makes interpreting the results (from a physical 

chemistry perspective) challenging. Therefore, in practice, both approaches are 

employed. Though, with all CG methodologies, a compromise is always made in the 

accuracy of the system owing to the reduction of the degrees of freedom on coarse-

graining.  

2.2.2.2. CG forcefields used for systems with biomembranes 

The application of coarse-grained approaches to systems with biomembranes has 

been highly successful226-228. The most commonly adopted CG forcefield is known as 

the Martini forcefield, supported by a large community of users and includes 



 77 

parameters for proteins229,230, lipids231, glycolipids232, carbohydrates233 and nucleic 

acids234. Martini also benefits from being a modular and extensive forcefield, with a 

myriad number of tools for analysis235, system construction236 and transformation back 

to AT resolution237. It has been successfully used to describe membrane protein-lipid 

interactions238 as well as simulations of an entire virus where CG MD simulation of the 

AT dengue virial envelope was used describe properties such as area per lipid values, 

bilayer thickness, and lipid diffusion coefficients239. This Martini forcefield is used for 

all the CG work presented in this thesis (Figure 2.3).  

Other CG force-fields utilise a similar level of resolution to that of the Martini forcefield 

such as the Shinoda-DeVane-Klein (SDK) models which utilises a 3:1 mapping240. 

This model has successfully been used to investigate phase behaviour and the fusion 

of vesicles120, however, the number of parametrised lipids is small with no proteins 

having yet been parameterised either. The SPICA forcefield, which has been more 

recently developed, has the same level of 3:1 resolution with a larger range of 

parametrised biomolecules241. Similarly, ELBA forcefield uses a 3:1 mapping scheme 

but also features a water model which uses soft, dipole moments242. Furthermore, 

ELBA uses dipoles within lipids to improve the accuracy of the electrostatics, albeit 

only a few lipids have been modelled so far. The main work carried out using ELBA 

has been to model drug permeations through bilayers. 

An example of a top-down forcefield is SIRAH243,244, which uses a similar mapping 

resolution as Martini as well as explicit treatment of water and ions, with a range of 

parameterised biomolecules245. Within this cast of biomolecules there are differences 

in resolution depending on the molecule i.e., polar and aromatic groups use a higher 

level or resolution compared to hydrophobic groups. As parametrisation uses 
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structural data no levels of restraints are required to hold together the secondary 

structure which are required with Martini models.  

Table 2.2 Summary of CG forcefields. Overview of CG forcefields discussed in the 
main text with associated advantages and disadvantages.  

CG Forcefield Advantages Disadvantages  

SDK Has been used to accurately 

predict the behaviour or  

self-assembling 

macromolecular systems 

such as liposomes120. 

Small number of parameterised 

lipids and no parameterised 

proteins. 

SPICA Has a large range of 

parametrised biomolecules 

and can accurately predict 

domain formation within 

various lipids in 

membranes241. 

Has only recently been used to 

include parameterised proteins246. 

ELBA Includes a polarisable water 

model which uses soft, 

dipole moments242.  ELBA 

also uses dipoles within 

lipids to improve the 

accuracy of the 

electrostatics. 

Only a very few lipids have been 

parameterised so far. 

SIRAH Has a good range of 

parameterised biomolecules 

There are inconsistent levels of 

resolution depending on the 
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currently including 

parameters for lipids, 

proteins, nucleotides, and 

aqueous solvent245.  

molecule. There are higher 

resolutions with polar or aromatic 

groups compared with 

hydrophobic ones which will cost 

computational power.  

Martini Largest set of 

parameterised lipids and 

biomolecules and has as 

successfully been applied to 

detailed studies of individual 

membrane proteins and 

their interactions with lipids. 

The forefield has large 

support from the community 

with a huge range of 

analysis tools.  

Can overestimate the aggregation 

propensity of molecules such as 

glycans and proteins. 
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Figure 2.3 AT and CG representations. Top: Comparison of the LptC-skewed 
paLptB2FGC protein in both its atomistic representation (CHARMM forcefield) and its 
coarse-grained representation (Martini forcefield). Bottom: POPG lipid in the atomistic 
and CG versions of the structure with CHARMM and Martini forcefields respectively. 

 
2.2.2.3. The Martini Forcefield 

The forcefield was mainly developed with lipid interactions within a membrane in 

mind247. Initially, all particles were considered to have the same mass which was 

equivalent to the mass of four water molecules, set at 72 Da. These particles could 

then only interact through (i) harmonic bond stretching and (ii) harmonic angle bending 

for bonded interaction potentials and (i) coulombic and (ii) Lennard-Jones interactions 
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for non-bonded potentials. For the bonded interactions, only a single bond length was 

used for the harmonic bond stretching potential and two bond angles with the harmonic 

angle bending, where only one value for the force constant was used respectively. For 

every CG bead the value of 𝜎7< of the Lennard-Jones potential was always 4.7 Å, 

whereas for the coulombic term, the potential moves to zero from 0 Å to 12 Å. 

Furthermore, the non-bonded electrostatic potential has no long-range electrostatic 

potential and includes a value for 𝜀9 in the expression:   

𝑼𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒔𝒕𝒂𝒕𝒊𝒄 	= 	E E
𝒒𝒊𝒒𝒋

𝟒𝝅𝜺𝟎𝜺𝒓𝒓𝒊𝒋

𝑵

𝒋?𝒊@𝟏

𝑵/𝟏

𝒊?𝟏

 
2.9 

In the original iteration of the forcefield, only four bead types were used:  

(i) polar (P); for partial charges and hydrophilic atoms,  

(ii) non-polar (N); for neutral and hydrophilic atoms,  

(iii) apolar (C); for atoms with a mix of polar and apolar properties  

(iv) and charged (Q) for ions.  

The non-polar (N) and charged (Q) beads, were further classified into their respective 

hydrogen bonding abilities i.e. donor (d), acceptor (a), donor and acceptor (da), and 

no hydrogen bonding ability (0). Once these CG beads have been defined, distinct 

interaction strengths were set between them, which was factored into the Lennard-

Jones potential respectively. These Lennard-Jones force field parameter values 

originated from an alkane-water system to replicate the experimental densities, as well 

as the solubility and diffusion of the pure system247.  

From this initial base set of assumptions, the Martini forcefield has be refined further 

by new bead types and by improving bonding and non-bonded interactions229,231. This, 
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in addition to its modular build and simple interaction potentials has increased the 

Martini forcefield popularity in the community.  

2.2.2.4. Martini forcefield details  

As mentioned, the number of bead types have increased and the interactions between 

them have been refined since the original iteration of the forcefield. Bead types can 

now come in different sizes: normal (N), small (S) or tiny (T) which are used to justify 

differences in the 4:1 mapping scheme i.e. in cases where three heavy atoms 

constitute a bead, it may be replaced by a small bead (S) instead of a normal bead 

(N). Furthermore, they can also be employed to account for atoms in rings with 

reduced availability such that three heavy atoms could be described as tiny (T) instead 

of small (S). Bead size modifications in the system vary the 𝜎7< and the interaction 

strength 𝜀7< values of the Lennard-Jones non-bonded potential between them. 

A major limitation of the Martini model is the lack of directionality of intermolecular 

interactions which is especially acute when attempting to accurately reproduce 

hydrogen bonds interactions. Hydrogens are vital in maintaining secondary structure 

of proteins, hence, to account for this, an ‘elastic network’ is used to hold the protein 

structure together which itself originates from the input structure, which is derived from 

harmonic potentials between Cα beads within a defined cut-off233. The use of such a 

network, unfortunately, eliminates the accurate prediction of large-scale 

conformational changes altogether. Another limitation is that Martini beads may 

feature an overall charge which does not account for the partial charges from the 

heavy atoms. This misrepresents the electrostatics in certain cases such as for a 

deprotonated carboxylate for example. Also, it should be noted that for uncharged 
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beads, non-bonded interactions are simply determined by the Lennard-Jones 

potential. 

In the Martini 2 forcefield, nine different interactions levels are accounted for which 

only the sigma value of the van der Waals potential altered with bead size. With Martini 

3, there are twenty distinct interactions possible. Interactions are rated on a scale of 0 

(hyper attractive) to 19 (super repulsive), where every permutation of bead type and 

size has a particular interaction level reflective to the atomic forces in play. This 

increase in interaction levels from Martini 2 to Martini 3 allows for more fine-tuning in 

the reproduction of experimental solubilities. As with atomistic forcefields, the CG 

potentials are modelled with the usual expression of the harmonic oscillator including 

angle terms as well as the dihedral potential. Due to the non-existence of hydrogen 

bond directionality within a Martini CG system, proper dihedrals are present to help 

enforce the secondary structure of the protein, whereas the improper dihedrals help 

to impose planarity within certain molecules. The parametrisation of bonded 

interactions comes mainly from atomistic simulations, and the non-bonded interactions 

are based on experimental thermodynamic data.   

2.2.2.5. The Martini ‘stickiness’ phenomena 

For several forcefields (both CG and AT), there is noted a susceptibility for proteins 

and glycans to aggregate more than they ‘should’248-252. It is generally considered that 

this arises from inaccuracies of the water model utilised, which has effects on the 

solute-solute, water-solute, and water-water interactions249,251. It is also suggested 

that inaccuracies in the AT forcefield are compounded on translation to CG by 

parameterisation and therefore produces an overcompensation in protein-protein 

interactions252.  
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This particular issue of ‘stickiness’ has often been associated with the Martini 

forcefield, not just from a protein-protein perspective,253,254 but with glycan interactions 

as well252. This stickiness consideration does have an influence on protein-LPS 

interactions due to the associated saccharide units. On a practical note, this may 

manifest in an overestimation of the LPS-protein binding energy, this was one of the 

reasons why lipid A (LPS without the core saccharide and O-antigen units) was used 

for the thermodynamic binding studies in chapter 4.   One such solution has been to 

use a scaling factor to the non-bonded interactions, which has been applied to both 

glycans252 and proteins alike253,254. Though, this does not address the issue of 

stickiness in the Martini forcefield, it is more just a sophisticated ‘work around’.  

2.3 Energy minimisation 

In order to produce a stable system before performing an equilibration step for a MD 

production run, it is vitally important to reduce initial steric clashes within the system. 

Energy minimisation is the process of minimising these clashes, which is carried out 

by a choice of two methods: minimising potential energy by steepest descents or by 

conjugate gradient algorithm which both utilise a change in particle coordinates along 

a gradient to produce a lower energy conformation of the system.  

The steepest descents method uses an iterative line search along the negative 

gradient of the energy to find the energy minima at sequential positions. On the other 

hand, the conjugate gradient method uses previous vectors to derive future search 

directions and therefore reduces the need to repeat minimisation over those same 

vectors200.  
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2.4 Integrator algorithms in Molecular Dynamics 

Molecular dynamics is a ‘deterministic’ method, whereby, the future state of the system 

can be calculated by the current state. MD evaluates the evolution of the system over 

time using integrator algorithms.  

Within a system of interacting particles: the force 𝐹7 any particular atom, i, at position 

𝑟7  experiences is the negative derivative of the potential energy function:  

𝐹7 	= 	−
𝜕𝑈(𝑟7)
𝜕𝑟7

	, 
2.10 

which can also be written as: 

𝐹7 	= 	𝑚7𝑟Ö 2.11 

where 𝑚7 is the mass of atom i with 𝑟Ö denoting the acceleration (the second derivative 

of position 𝑟7). Therefore, within three dimensions, 3N set of second order differential 

equations need to be solved. However, the force on each atom is dependent on all the 

interaction partners within the system, and so an analytical solution to these differential 

equations cannot be obtained. Instead, these equations need to be solved numerically 

using a finite difference method. The integration is broken down into small time steps 

dt, where the prevailing force upon an atom, at time t, is calculated from the vector 

sum of the surrounding interacting atoms. The acceleration of each atom can be 

derived from the overall force upon that atom to calculate the new position and velocity 

at time (t	+	dt), assuming that the force remains constant during dt. At time (t	+	dt), 

with new coordinates for the atoms, the forces upon them are revaluated to produce 

the new positions and velocities at time (t	+	2dt). This process is continually reiterated 

to produce a ‘trajectory’ which describes how the dynamic variables of the system 
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evolve over time. At the start of the MD simulation, the initial velocities are randomised 

according to the Maxwell Boltzmann distribution. It is also common practice to re-run 

the simulation over a series of replicates in which the initial trajectories are re-set and 

randomised again200. Within MD, an algorithm is required to determine positions of 

particles from their velocities and accelerations. Within the GROMACS255,256 package, 

this algorithm is known as the ‘leap-frog algorithm’257 which is derived from the Verlet 

algorithm based on two Taylor expansions258 of 𝑟7(𝑡	 +	∆𝑡) and 𝑟7(𝑡	 −	∆𝑡)	 about time, 

𝑡: 

𝑟7(𝑡	 +	∆𝑡) 	= 	2𝑟7(𝑡) 	−	𝑟7(𝑡	 −	∆𝑡) 	+	
1
𝑚7

𝐹7(𝑡)(∆𝑡)1.		 
2.12 

In order to calculate a new position at time (𝑡	 +	∆𝑡), the Verlet algorithm uses the 

position at time (𝑡	 −	∆𝑡) as well as at time 𝑡. However, this requires knowledge of 

time (−	∆𝑡)	when 𝑡	 = 	0, which is solved by performing a Taylor expansion about 

𝑟7(𝑡	).  

Instead, the leapfrog algorithm uses the position and forces at time 𝑡 and s𝑡	 −	∆C
1
t  to 

update the position and velocities, using a half time step: 

𝑣7 v𝑡	 +	
∆𝑡
2 w 	= 	𝑣7 v𝑡	 −	

∆𝑡
2 w	+	

1
𝑚7

𝐹7(𝑡)∆𝑡	, 
2.13 

𝒓𝒊(𝒕	 +	∆𝒕) 	= 	 𝒓𝒊(𝒕) + 	𝒗𝒊 v𝒕	 +	
∆𝒕
𝟐 w ∆𝒕 

2.14 

It is termed the ‘leapfrog’ algorithm to reflect the fact that the velocity ‘jumps over’ the 

coordinate to give the next half-step value of the velocity.  
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2.5 Settings and parameters of MD simulations  

2.5.1 Temperature and pressure 

Integrating the Newton’s equations of motion directly yields an NVE ensemble where 

particle number, N, the volume of the system, V, and the energy, E is conserved. A 

separate methodology is often adopted for simulations of biomolecular systems known 

as the	NPT ensemble. This ensemble defines the system in more physically useful 

parameters (i.e. more relatable to experiment) such as pressure, P, and temperature,	

T. In this ensemble, both pressure and temperature are kept constant at the 

appropriate physiological values. To do this, requires barostat and thermostat 

algorithms which, in this present study, are known as the Parrinello-Rahman 

barostat259 and the velocity scaling thermostat respectively260.  

2.5.1.1. Velocity re-scaling thermostat 

The temperature of a molecular dynamics system is a statistical thermodynamic 

quantity defined by the position and momenta of all particles and can be determined 

from the kinetic energy as: 

𝐾𝐸+QR 	= 	E
1
2

+

	7?=

𝑚7𝑣71 	=
3
2𝑁𝑘T𝑇	 

2.15 

with 𝑘T as the Boltzmann constant.  The thermostat scales any particle velocities 

which fluctuate from a fixed specified temperature defined by an external heat bath, 

where these fluctuations decay exponentially with respect to time as: 

𝑑𝑇(𝑡)
𝑑𝑡 	= 	

𝑇0 	− 	𝑇(𝑡)	
𝜏R

,	 2.16 
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where 𝜏C is a time constant. This velocity re-scaling temperature coupling thermostat 

is similar to the weak coupling Berendsen algorithm261, where the kinetic energy of the 

system, 𝐾𝐸, is corrected by this modification:  

𝑑𝐾𝐸	 = 	 (𝐾𝐸0 − 	𝐾𝐸)
𝑑𝑡
𝜏R
	+ 	2�

𝐾𝐸 ∙ 𝐾𝐸0
𝑁U

𝑑𝑊
𝜏R
	. 

2.17 

 

Where 𝑁U is the number of degrees of freedom and 𝑑𝑊 is a Wiener process, which is 

defined as ‘Brownian motion’ where the change of the position of the particle occurs 

over iterative fixed timespans and its displacement within a particular timespan obeys 

a normal distribution function256. 

2.5.1.2. Parrinello-Rahman barostat 

For an ideal gas, pressure is inversely related to volume (according to Boyle’s law) 

which can be modified to maintain a constant pressure. Like the velocity re-scaling 

barostat, the system is coupled to an external pressure bath which is re-scaled 

accordingly to a reference,	𝑃0: 

𝑑𝑃(𝑡)
𝑑𝑡 	= 	

𝑃0 	− 	𝑃(𝑡)	
𝜏V

 2.18 

where, like before, 𝜏V is a pressure constant. Typically, for simulations containing a 

lipid bilayer pressure, coupling along x,	y and z (isotropic coupling) would squeeze the 

membrane, therefore, pressure along the membrane x,	y axes vary independently to 

the pressure along z (called semi-isotropic coupling).  
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2.6 Periodic boundary conditions  

Within an ‘open’ system, particles can move freely without any limitations, however 

this is problematic, as particle density is often required to be constant. On the other 

hand, a ‘closed’ system may give rise to surface effects which could influence the 

physical behaviour of the system192. To avoid these problems, ‘periodic boundary 

conditions’ (PBC) are frequently employed to replicate the image of the simulation box 

indefinitely along x,	y and z. Here, when a particle leaves the edges of the box it will 

enter through the opposite face of the adjacent image. Within this, only the forces 

within the original simulation box are considered192.  

For systems with bilayers and proteins embedded in them, PBCs allow for the 

extension of the membrane patch along the axes of the membrane, however this gives 

rise to a number of issues when defining the characteristics of the membrane. The 

main issues here are non-physiological undulation of the membrane due to lowered 

amplitudes at the edges of the PBC as a well as the reduction in thermal fluctuations 

of soft-condensed matter, when small cells are used202. Therefore, with simulations 

conducted in this project which include predominantly membrane embedded proteins, 

the minimum image convention is used to approximate short-ranged forces and the 

PME method used to account for long range electrostatic interactions.  

2.7 Water models 

The simplest way to simulate water within MD trajectories is to use rigid, non-

polarisable water molecules which are approximated as a set of point charges262-264. 

The two types of models which use these simplifications are known as the simple point 

charge (SPC)265 and transferable intermolecular potential (TIP)266 model. 
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Respectively, each model has been refined to include further physical features such 

as three-point charges which are known as the SPC/E266 and TIP3P267 models. These 

three-point charges are arranged to reflect the three atoms of an H2O molecule.  

Further to this, a fourth point charge to mimic the water quadrupole moment was 

added to the TIP3P model to produce the TIP4P267,268 water model (Figure 2.4). This 

fourth interaction site was added to the bisector plane of the molecule and improves 

the charge distribution modelled. A updated version of this four-point model has 

slightly modified the positions of point charges from the hydrogens and the oxygens 

of the molecule, which improves the accuracy of the electrostatics and is known as 

the OPC model269. Further to this, models with greater number of point charges have 

also been made including the TIP5P (with five point charges) which replaces the 

charge of the quadruple moment from the TIP4P model with two point charges which 

mimic the lone pair of electrons on the oxygen270.  
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Figure 2.4 AT and CG water models. Top: shows the schematic of a three-point and 
four-point AT water model, where the oxygen is coloured red, and the hydrogens 
coloured white. For a three-point model charges are located on the atoms respectively 
whereas the four-point model included a virtual site between the hydrogens. Bottom: 
CG model of martini water in both its standard model and polarizable model 

For the CG Martini forcefield, water is modelled as a P4 particle, where four water 

molecules are treated as a course-grained bead and the water is treated explicitly. 

Unfortunately, martini water freezes at a temperature in the range of 280-300 K, 

though this problem surfaces mainly when there are nucleation sites within the system, 

which irreversibly freezes the water within short timescales. To prevent this, antifreeze 

particles can be introduced, labelled BP4 (‘Big P4’) which are used to disturb the lattice 

packing of the molecules231. Within the Martini forcefield, this water model has been 

further adapted to include a polarisable version using a three-bead model to represent 
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four water molecules, where there are electrostatic interactions between their charged 

particles WP and WM, with associated angle parameters between the beads, 𝜃 and 

𝐾3 (Figure 2.4)271. 

Within this thesis, the two water models used are the martini water models for CG 

simulations and TIP3P for all-atom simulations.  

2.8 Potential of Mean Force (PMF) calculations 

The potential of mean force (PMF) is a very convenient method of measuring the force 

of pulling a particle (or substrate) of interest along a coordinate, especially a well-

defined one-dimensional coordinate such as the axis along the periplasmic chute as 

discussed in chapter 4. The PMF 𝑊(𝜉) along a determined coordinate 𝜉, is a 

fundamental concept in statistical mechanics and is defined from the average 

distribution function, as 〈𝜌(𝜉)〉:  

𝑊(𝜉) 	= 	𝑊(𝜉∗) 	−	𝑘T𝑇𝑙𝑛 �
〈𝜌(𝜉)〉
〈𝜌(𝜉∗)〉� 

2.19 

where 𝜉∗and 𝑊(𝜉∗)	are arbitrary constants, such that the reference state is set at zero 

free energy272,273. The average distribution function is derived from the Boltzmann 

weighted average which is expressed: 

〈𝜌(𝜉)〉 	= 	
∫ 𝑑𝑹𝛿(𝜉X[𝑹] − 	𝜉)𝑒/Y(𝑹) #'R⁄

∫𝑑𝑹𝑒/Y(𝑹) #'R⁄  
2.20 

where the total energy of the system is 𝑈(𝑹), which is a function of the coordinates. 𝑹 

and 𝜉X[𝑹] represents a function which depends on a particular collective variable of 

the system.273 Generally, it is impractical to calculate the PMF 𝑊(𝜉), or rather the 
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distribution function 〈𝜌(𝜉)〉 from a MD simulation directly as large energy barriers along 

𝜉 will prevent accurate sampling of the configurational space (especially within the 

small timescales of a MD simulation). Therefore, in order to circumvent this problem, 

biased sampling techniques like umbrella sampling can restrain the system to allow 

computation of high energy configurations for an accurate calculation of the PMF along 

𝜉. 

Umbrella sampling uses a harmonic potential 𝑤7(𝜉)	to bias sampling in certain regions 

along 𝜉 where a number of simulations, 𝑖, called ‘windows’ are run. Here: 

𝑤7(𝜉) 	= 	
1
2 𝑘^

(𝜉 − 𝜉7)1 
2.21 

defines the harmonic potential imposed on the coordinate 𝜉 in the particular region of 

𝜉7 with the force constant 𝑘^ to force sampling at 𝜉7. Imposing an umbrella potential in 

small discrete overlapping intervals over 𝜉 results in an accurate computation over the 

energy barriers along the collective variable.  

From these window simulations the individual probability distributions, 〈𝜌7(𝜉)〉, can be 

combined to produce the overall 〈𝜌(𝜉)〉 which must factor in the correction for the bias, 

𝑤7(𝜉). To do this, the weighted histogram analysis method (WHAM)274 is often 

employed as a function within GROMACS275 upon the set of window simulations. The 

overall probability distribution is calculated by iteratively solving a set of coupled non-

linear equations:   

〈𝜌(𝜉)〉 	= 	
∑ 𝑛7〈𝜌7(𝜉)〉7

∑ 𝑛<𝑒𝑥𝑝 v−
𝑤<(𝜉) − 𝐹<

𝑘T𝑇
w<

 
2.22 
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𝑒𝑥𝑝 v−
𝐹7
𝑘T𝑇

w 	= 	�𝑑𝜉 〈𝜌(𝜉)〉	𝑒𝑥𝑝 [−
𝑤7(𝜉)
𝑘T𝑇

] 
2.23 

where 𝐹7 defines the free energy introduced courtesy of the biasing potential and 𝑛7 is 

the number of independent points to construct 〈𝜌(𝜉)〉273.  
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CHAPTER 3 Characterising 
LPS binding with inner 
membrane proteins 

 

3.1 The role of LPS within the Inner Membrane 
 
The inner membranes (IM) of Gram-negative bacteria contain primarily phospholipids 

and proteins. In comparison, the outer membrane (OM) has an asymmetric 

composition where the outer leaflet is lipopolysaccharides (LPS) and the inner leaflet 

is predominantly phospholipids (PL)77.  

 

LPS is fundamental to the OM as its amphiphilic chemistry aids protection from both 

bactericidal hydrophobic and polar compounds like antibiotics and its presence 

maintains the structure of the membrane71,276.  

 

The glycolipid LPS is made up of three parts: lipid A, core oligosaccharide and O-

antigen polysaccharide. LPS, when fully mature, is laterally extracted from the IM to 

be shuttled across the periplasmic space to be inserted into the outer leaflet of the OM 

by seven essential proteins LptA-G, a complex known as the Lpt system83,277.  

 

Despite the fact that the IM contains a prevalence of PL, over the last few years an 

increasing number of IMPs have been shown to co-purify with LPS such as: MscL278, 

AcrB279 and BtuCD280.  
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At first, this observation was mainly dismissed as an artefact of MS purification as in 

the process of purification of membrane proteins, both the OM and IM are disrupted 

mechanically and subsequently solubilised in detergent. Therefore, the lipidome and 

proteins of both the OM/IM can homogenise during this procedure (which also raises 

the question as to whether the lipids identified experimentally on MS are 

representative of the native environment).   

 

However, it is also clear that in native-MS work carried out by collaborators (Leonhard 

H. Urner (LHU), Francesco Fiorentino (FF), Denis Shutin (DS), Mark Agasid (MA), 

Tarick J. El-Baba (THE), Jani Reddy Bolla (JRB), Carol V. Robinson (CVR)) that the 

protein-lipid interactions identified depend on the properties of both the detergents 

used to solubilise the protein as well as the purification protocol. Furthermore, 

membrane protein delipidation depends on the properties of detergent micelles in 

solution281  and can be tuned by the properties of the detergent micelles such as their 

overall hydrophobicity and packing density282.  

 

From Native MS observation, two distinct types of IMP binding lipids have been 

observed by collaborators (LHU, FF, DS, MA, TRE, JRB, CVR): ‘PL binding’ and ‘LPS 

binding’ which can easily be distinguished by their detergent chemistry283. For ‘PL 

binding’ IMPs have their binding to PL’s starkly attenuated against detergent 

hydrophobicity and packing density. However, for LPS binding IMPs delipidation is not 

significantly affected by changing the hydrophobicity and packing density of detergent 

micelles when using low detergent concentrations, at two times their critical 

aggregation concentration (2xcac, i.e. the concentration at which any detergent 

aggregate forms as opposed to critical micelle concentration (CMC) which is specific 
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to the formation of micelles). Instead, gradual delipidation of protein-LPS complexes 

occurs when applying different column volumes (CVs) of IMAC wash buffer containing 

a high concentration of detergent (50xcac). Here, protein-LPS interactions appear to 

be governed by far stronger hydrophobic and electrostatic interactions when 

compared to ‘PL binding’ IMPs. 

 

Due to clear observation of two different classes of IMPs emerging from an apparently 

homogenous mixture of IM/OM lipids (due to cell lysing on purification), it’s certainly 

plausible that LPS may have an important role when binding to other IMPs.  

 

Therefore, we need to understand whether LPS binding to IMPs is physiologically 

relevant or just an artefact of MS purification and whether we can comment upon LPS 

having a larger role to play within the IM than originally understood. If this is true, how 

then does LPS differ in its interactions with its specific inner membrane transporter 

protein LptB2FGC versus other IMPs? However, it is important to mention that there 

is no noteworthy data on IMP-LPS interactions (other than the IMP proteins which 

constitute the LPS biosynthetic pathway) outside native-MS experimental 

observations.   

 

In order to address the first question, I will consider two case studies, one with a PL-

binding protein AmtB and the other considering an LPS-binding protein BtuCD. Later 

I will compare these case studies with work carried out with the IM LPS transporter 

LptB2FGC to understand the behaviour of LPS 

 

3.1.1 Case study 1: PL-binding protein AmtB 
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The trimeric ammonia channel (AmtB) was chosen by collaborators (LHU, FF, DS, 

MA, TRE, JRB, CVR) as a model system to study lipid binding as it is an IMP of E. coli 

and its PL-binding properties have been established before in a previous native-MS 

study284. The binding properties of AmtB was compared with those of an LPS-binding, 

sensor histidine kinase, AcrB279.  

 

Collaborators (LHU, FF, DS, MA, TRE, JRB, CVR) fully delipidated AmtB and AcrB 

and titrated equimolar amounts of lipids PG, PE, Cardiolipin, lipid A and Re-LPS (a 

derivative of LPS with two ketodeoxyoctonic acids (Kdo) residues belonging to the 

core oligosaccharide bound to lipid A) and observed lipid binding intensities relative 

the apo-MS state using native-MS283. Despite the nature of the protein, whether it was 

‘PL-binding’ (AmtB) or ‘LPS-binding’ (AcrB), there was not apparent discrimination for 

lipid binding from either. Collaborators (LHU, FF, DS, MA, TRE, JRB, CVR) found, that 

for both proteins, higher relative intensities of protein-CDL, protein-lipid A and protein-

Re-LPS binding compared to lower relative intensities of protein-PE/PG binding  
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Figure 3.1 Observing AcrB and AmtB lipid interactions with native-MS. Figure 
modified from Urner et al283, all work here was conducted by collaborators (LHU, 
FF, DS, MA, TRE, JRB, CVR) Fully delipidated AcrB and AmtB were mixed with 
equimolar amounts of Re-LPS, lipid A, cardiolipin, POPE and POPG under the same 
conditions and their protein-lipid interactions were monitored using native-MS. Both 
AmtB and AcrB demonstrated higher relative protein-lipid intensities for Re-LPS, lipid 
A and cardiolipin compared to protein-PL intensities. This suggests that co-purified 
lipids for either AmtB or AcrB are indicative of their local lipid environments within the 
native membrane.  

 

To help verify these experimental results obtained by collaborators (LHU, FF, DS, MA, 

TRE, JRB, CVR), I can compare these results with in silico studies of AmtB, where I 

placed the protein in a membrane of 83 % POPE, 5 % cardiolipin, 10 % POPG and 2 

% of either Lipid A or Re-LPS. Clearly, both lipid A and Re-LPS can bind to AmtB if 

given the opportunity to do so (Figure 3.2) and demonstrate higher binding occupancy 

than with POPG. However, I was not able to observe greater amounts of occupancy 
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contacts with cardiolipin (compared to POPG), though this would most likely be due to 

competition between the lipids in mixed bilayer.  

 

Figure 3.2 % lipid occupancy plots for AmtB. Average % lipid contacts for Re-LPS, 
lipid A, cardiolipin and POPG were monitored for AmtB in a bilayer of composition 83 
% POPE, 5 % cardiolipin, 10 % POPG and 2 % of either lipid A or Re-LPS. As with 
the experimental results, contacts was observed for lipid A or Re-LPS despite AmtB 
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being described as having PL-binding binding properties. If given the opportunity LPS 
derivatives will bind to AmtB if these lipids are proximal within the environment. LPS 
is found within the IM before transport, but it is unknown whether they freely interact 
with IMPs in the cell itself.   

 

The standard purification procedure performed by collaborators (LHU, FF, DS, MA, 

TRE, JRB, CVR) consistently yield AmtB bound with PL’s and AcrB bound to LPS. 

However, after delipidation both AmtB and AcrB form complexes with LPS (as also 

revealed in the in silico binding studies), therefore this suggests that co-purified lipids 

are representative of the lipidome of the proteins in their native state. Despite the 

possibility that OM/IM lipids can mix during the purification process, it seems that the 

experimental and MD simulations suggest that LPS derivatives will bind to AmtB if 

these lipids are proximal within the environment. Therefore, this implies that OM/IM 

‘mixing’ during purification is far less homogenous than otherwise assumed and hence 

co-purified lipids with IMPs are representative of either their PL or LPS rich local lipid 

environments. Furthermore, this continues to suggest that LPS has a greater and more 

promiscuous role within the IM than originally appreciated. It will be useful now to 

consider an LPS-binding protein, BtuCD to shed light on the potential role LPS could 

play with other proteins in the inner membrane.  

 

3.1.2 Case study 2: LPS-binding protein BtuCD  
 

BtuCD is an ABC transporter, a class of important drug targets as they mediate the 

transport of vital molecules, such as vitamin B12 (in the case of BtuCD) as well as 

biosynthetic precursors and trace metals through membranes. As such, BtuCD forms 

a heterotetramer that consists of two transmembrane subunits (BtuC) that non-

covalently interact with two cytoplasmic ATPase domains (BtuD)285. 
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Generally, it has been shown by collaborators (LHU, FF, DS, MA, TRE, JRB, CVR) 

that LPS-binding IMPs require a number of different column washes of IMAC buffer at 

high detergent concentrations to delipidate the protein. BtuCD is an unusual example 

because this is not the case. It is important to mention that BtuCD was overexpressed 

in purification. A greater prevalence of any MP in the membrane will likely bias for the 

local lipid environment it would favour natively (much like a fingerprint105), therefore 

we could be studying an overcompensation of LPS.  Collaborators were not fully able 

to remove LPS when purifying BtuCD from C43(DE3) E. coli cells using conditions 

previously optimized for another LPS-binding protein AcrB (even after 40 column 

washes) (Figure 3.3a). Complete delipidation could only be achieved when purifying 

BtuCD from ClearColi® E. coli cells whose cell wall contains no LPS but lipid IVA - a 

LPS precursor with no additional glycan head (Figure 3.3c). ClearColi® E. coli cells 

have seven genetic deletions which remove two secondary acyl chains from LPS to 

produce lipid IVA where one additional compensating mutation enables cell viability 

with lipid IVA286. 

 

To understand what underpins these markedly strong BtuCD-LPS interactions shown 

by experiments performed by collaborators (LHU, FF, DS, MA, TRE, JRB, CVR) where 

LPS was not fully removed from BtuCD after 40 column washes in detergent, I 

performed coarse grained molecular dynamics (MD) simulations in an IM bilayer 

containing 2% of either core-LPS, Re-LPS or lipid A.  I observe contacts between LPS 

(considering all the atoms of the lipid, i.e. the core-saccharide headgroup and acyl 

tails) with the BtuCD monomer as well as contacts common across all the LPS 

derivatives important for LPS binding (Figure 3.3b and Figure 3.4). The amino acid 
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sequences corresponding to lipid A, Re-LPS and core-LPS involved in LPS-binding 

are repetitive in nature and can be regarded as ‘fingerprints’ (Figure 3.4). In silico work 

from studies conducted with outer membrane proteins reveal a similar pattern which 

therefore implies that protein-LPS interactions for both the IM and OM are driven by 

comparable intermolecular forces287.  

 

Figure 3.3 Functional and structural behaviour of BtuCD with LPS interaction. 
Figure modified from Urner et al283, all work here for (a),(c-d) was conducted by 
collaborators (LHU, FF, DS, MA, TRE, JRB, CVR) whereas (b) was work carried 
out by myself. (a) Normal delipidation methods failed to completely remove LPS from 
BtuCD derived from ‘core’ LPS-producing E. coli strains. (b) % Re-LPS occupancy 
contact sites for LPS binding with BtuCD for both the transmembrane domain BtuC 
(orange) and cytoplasmic domain BtuD (blue) respectively, where the Cα of the back 
backbone are represented as spheres and are scaled by % lipid contact. (c) BtuCD 
was expressed and purified from ClearColi®, a construct which features lipid IVA 
instead of LPS in its cell wall, in order to fully delipidate the protein. (d) BtuCD ATPase 
activity was quantified with LPS derivatives with increasing length of the glycan 
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headgroup: lipid A (n = 0) < Re-LPS (n = 2) < ‘core’ LPS (2 < n ≤ 10). The ATPase 
activity of BtuCD increases as the number of glycan groups increase.  

 

Figure 3.4 Lipid binding across BtuCD. (a) % Lipid occupancy highlighted by colour 
orange and blue for transmembrane and cytoplasmic domains respectively. Cα 
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spheres are scaled by lipid occupancy from 0 to 100%. (b) Residues highlighted show 
only residues which are both above 25% occupancy (arbitrary cut-off) and in common 
between each lipid species (lipid A, Re-LPS and core-LPS). Amino acid sequences 
involved in binding to ‘LPS can be described as ‘fingerprints’ as they follow a repetitive 
trend.  

 

Figure 3.5 Quantifying LPS contacts across the transmembrane domain of 
BtuCD (BtuC). Figure adapted from Urner et al283, all work here completed by 
myself.  % occupancy plots of lipid A (n = 0), Re-LPS (n = 2), ‘core’ LPS (2 < n ≤ 10) 
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contacts with BtuC. Error bars shown in grey represent the standard deviation between 
five replicates. Cardiolipin and POPG % occupancy plots shown here as a control. 

 
3.1.2.1. Soluble domains of the ABC-transporter with LPS  
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Figure 3.6 Quantifying LPS contacts across the soluble domain of BtuCD (BtuD). 
Figure adapted from Urner et al283, all work here completed by myself. % 
Occupancy of lipid contacts across BtuD and error bars shown in grey represent the 
standard deviation between five replicates. Contacts increase with the number of 
glycan units (n) attached to lipid A in the following order: lipid A (n = 0), Re-LPS (n =2), 
‘core’ LPS (2 < n ≤ 10). 

 

Unsurprisingly, we found that the relative abundance of lipid contacts at the 

cytoplasmic region BtuD increases with the saccharide units (n) attached to lipid A 

core of LPS: lipid A (n = 0) < Re-LPS (n = 2) < ‘core’ LPS (n = 10) (Figure 3.6)  

 

It is clear from the MD simulations that the glycan units in ‘core’ LPS increase the 

abundance of contacts with the cytoplasmic domain BtuD. This implies that the 

saccharide units contribute towards the strength of BtuCD binding and helps to explain 

why ‘core’-LPS cannot be delipidated by collaborators (LHU, FF, DS, MA, TRE, JRB, 

CVR) using their standard protocol.  

 

3.1.2.2. LPS interacts with ABC cassette of BtuCD near the binding site of ATP.  
 

From experimental work carried out by collaborators (LHU, FF, DS, MA, TRE, JRB, 

CVR), LPS has been shown to bind strongly to BtuCD, as it was not able to be 

delipidated at all from 40 column washes of excess detergent. Furthermore, my MD 

simulations reveal that the saccharide units of LPS contribute to the strength of LPS 

binding with the ABC-transporter. What has not been established, though, is whether 

LPS plays a functional role with the transporter and if it could modulate the ATPase 

activity of the protein. Collaborators (LHU, FF, DS, MA, TRE, JRB, CVR), measured 

the ATPase activity of apo-BtuCD in the presence of lipid A (n, number of saccharide 

units = 0), Re-LPS (n = 2), ‘core’ LPS (2 < n ≤ 10), and similar to the abundance of 
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cytoplasmic contacts made with the soluble domain revealed by MD simulations, 

ATPase activity was found to increase with increasing glycan units. Greater ATPase 

activity was observed on binding with (8% higher) Re-LPS and (20% higher) core-LPS 

(Figure 3.3d) significant to three repeat experiments. This suggests that the ATPase 

activity is stimulated in the presence of glycans.   

 

To compare to experimental observations, my MD simulations reveal that the 

additional saccharide units in Re-LPS (n = 2) can form contacts with the ATP-binding 

pocket of BtuD (Figure 3.7). Simulations with ‘core’ LPS (2 < n ≤ 10) also reveal that 

these glycan units increase the contacts with the ATP-binding pocket of the 

cytoplasmic domain (Figure 3.7). Therefore, the presence of these glycan units 

increases the interactions of the lipid with the ATP-binding pocket and therefore 

stimulate greater ATPase activity when bound to BtuCD.  

 

Figure 3.7 BtuCD cytoplasmic binding contacts between Re-LPS and core-LPS 
with the ATP-binding pocket. Figure adapted from Urner et al283, all work here 
completed by myself. The ATP-binding pocket in BtuD is highlighted in spheres and 
defined as those residues 4 Å away from the bound nucleotide which is drawn as 
sticks and coloured cyan. Residues which contact the saccharide units of LPS are 
coloured blue, where interactions with the ATP pocket increase as the number of 
glycan units (n) increase in the order: lipid A (n = 0) < Re-LPS (n = 2) < ‘core’ LPS (2 
< n ≤ 10). Residues Arg121 and Gln126 (of the ATP binding pocket) are shown to 
contact the saccharide units of LPS may be particularly relevant for the activity of the 
transporter.   
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3.1.3 LptB2FGC soluble binding contacts with LPS  
 

It is helpful, at this stage, to compare these observations, with an IMP definitively 

known to bind LPS within the IM – the LPS transporter protein itself, LptB2FGC. This 

is clearly seen in LPS bound cryo-EM structures of the complex (Figure 3.8)86.   

 

 

Figure 3.8 Interaction of liposaccharide with LptB2FGC. Figure adapted from Li 
et al. 86. Surface and cross-sectional view of the LptB2FG cryo-EM density with the 
LPS molecule inside the hydrophobic cavity of LptG (blue) and LptF (orange). Insert 
shows the atomic model of LPS superimposed with the cryo-EM density (grey). 

 
The complex which resides in the inner membrane which extract LPS, is known as the 

ATP-binding cassette (ABC) transporter LptB2FGC288,289. The transporter orthogonally 

extrudes LPS to the soluble portion of the complex, LptC which forms a bridge with 

several LptA units across the periplasm and ultimately interacts with the β-taco domain 

of LptD91,290,291, where the heterodimeric complex LptDE finally installs LPS within the 

OM (Figure 3.9).  
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The subcomplex LptB2FGC itself is composed of 5 subunits and is known as a type VI 

transporter292. It is an unusual ABC transporter in so far as it transports LPS directly 

from the bilayer compared to facilitating the passage of the substrate across the 

membrane like most ‘classical’ transporters292. The nucleotide-binding domains 

(NBDs) of the transporter, LptB, hydrolyse ATP for the energy to transport LPS through 

the system and sit on the cytoplasmic side of the IM. LPS laterally diffuses into the 

hydrophobic cavity made between the transmembrane domains (TMDs) of LptF and 

LptG which both feature b-taco domains, where the b-taco pertaining to LptF 

complexes with LptC to form the periplasmic bridge. Between the hydrophobic cavity 

of the TMDs is a transmembrane α-helix (TMC) which helps to regulate ATPase activity 

for more efficient LPS lateral extraction and subsequent transport86,87,293.   

 

Figure 3.9 Cartoon schematic describing the LPS transport pathway. Figure 
adapted from Fiorentino et al51, all work here completed by myself and FF. (a) A 
skeletal representation of LPS where its tripartite structure is described: lipid A, core 
oligosaccharide and the O-antigen repeating unit. The orange box highlights a 
derivative of LPS, called ‘Re-LPS’ which consists of the lipid A unit connected to two 
ketodeoxyoctonic acid (Kdo) moieties. The red box shows the lipid A unit and the 
purple box outlines the mono-phosphate lipid A (MPLA) (b) cartoon schematic of the 
Lpt system: LPS is extracted from the inner membrane (IM) by the ABC transporter 
complex LptB2FGC, where it is subsequently shuttled through the periplasm via a 
soluble bridge of LptA units to be finally installed in the outer membrane (OM) by 
LptDE. (c) Recently obtained Cryo-EM structure by collaborators (FF, JRB, CVR) of 
LptB2FGC from Pseudomonas aeruginosa. The soluble β-taco domain of LptC is 
known to interact with LptA to form the periplasmic bridge. The transmembrane 
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domains LptF, LptG and TMc (which I modelled in by using the resolved structure of 
E. cloacae as a template) form a hydrophobic cavity which laterally extracts LPS from 
the IM to be extruded through the periplasmic bridge. The transport of LPS is powered 
by ATP which is hydrolysed by the ABC transporter cassette protein LptB.   

 

As with BtuCD, it is interesting to report that collaborators (FF, JRB, CVR) could only 

remove LPS adducts from LptB2FGC only after expression in ClearColi® - which 

implies the strength of the glycan units binding to the transporter. I performed coarse 

grained molecular dynamics (MD) simulations of LptB2FGC in an IM bilayer containing 

2% of either Re-LPS, lipid A or MPLA.  In a similar manner to what was observed with 

BtuCD, increased contacts are apparent between lipids with glycans and the soluble 

domain of the ABC-transporter LptB2FGC. More contacts are clearly observed 

between Re-LPS (n = 2) and LptB when compared to lipid A (n = 0) and LptB (Figure 

3.10). Here also, shows the effect of removing one of the phosphate groups from lipid 

A (MPLA), which arguably and unsurprisingly decreases the contacts with the soluble 

domain.  
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Figure 3.10 Investigating lipid contacts across the cytoplasmic domain of 
LptB2FGC. % Occupancy of lipid contacts across LptB and error bars shown in grey 
represent the standard deviation between five replicates. Contacts increase with the 
number of glycan units (n) attached to lipid A in the following order: lipid A (n = 0) and 
Re-LPS (n = 2). Removing one of the phosphate groups also reduces the number of 
contacts of the lipid with the soluble domain.  
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Native MS experiments conducted by collaborators (FF,  JRB, CVR) have shown an 

increase in relative intensities between LPS derivatives and LptB2FGC in the order: 

monophosphate lipid A (MPLA), lipid A and Re-LPS. Therefore, glycan units contribute 

to the overall binding strength between LPS and LptB2FGC as with BtuCD.   

 

3.1.3.1. LPS interacts with the ABC cassette of LptB2FGC  

Important residues for the nucleotide and LPS binding has been characterised in 

recent cryo-EM and X-ray crystal structures which have also helped to describe the 

regulatory role of LptC within the complex itself86,87,293. Further to this, and again, in a 

similar manner to BtuC, MD simulations reveal that Re-LPS (n = 2) interacts with the 

ABC cassette of LptB2FGC near the binding site of ATP (Figure 3.11).  

 

Figure 3.11 Interactions between LPS and the ATP-binding pocket of LptB2FGC. 
The ATP-binding pocket in LptB is highlighted in spheres and defined as those 
residues 4 Å away from the bound ATP-PNP which is drawn as sticks and coloured 
cyan. Residues which contact the saccharide units of LPS are coloured blue, where 
interactions with the ATP pocket increase as the number of glycan units (n) increase 
in the order: MPLA (n = 0) < lipid A (n = 0) < Re-LPS (n = 2). Residue Tyr13 (of the 
ATP binding pocket) are shown to contact the saccharide units of LPS may be 
particularly relevant for the activity of the transporter.   

 

Taken together, the experimental data obtained by collaborators (LHU, FF, DS, MA, 

TRE, JRB, CVR) as well as my MD simulations show that the number of saccharide 
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units in ‘core’ LPS not only contribute to the strength of protein-LPS interactions but 

can also stimulate protein function to a significant degree. Comparing observations 

from IMPs such as LPS-binding BtuCD with LptB2FGC, which is known to transport 

LPS, and drawing similarities between their function implies that the role of core-LPS 

within the inner membrane is perhaps far larger than originally thought.  

 

3.2 Characterising LPS interactions with LptB2FGC 
 

Despite recent structures helping to the elucidate key interactions of LptB2FGC 

between LPS and ATP86,87,293, mechanistic details of transport remain elusive. It is still 

not yet clear how the transporter discriminates between lipids in the inner membrane 

to selectively extract LPS for transport. Due to the diversity of lipids within the IM, there 

also presents the possibility of other lipid species competing for or regulating the lateral 

recognition and diffusion of LPS. Similarly, is it still not clear how the LptC 

transmembrane helix works to regulate LPS transport and interacts with its substrate. 

These questions are essential to understanding the mechanism of transport but also 

are critical for the development of new antibacterials which target the biogenesis of 

LPS.  

 

Currently, there are two published structures which fully describes all units of the ABC-

transporter with the important LptC transmembrane helix and soluble domain from V. 

cholera (PDB: 6MJP) and E. cloacae (PDB: 6MIT)87. Here, the emergence and 

comparison of different conformations of the protein can help provide much clarity 

between the stages of the mechanism of LPS transport. To this end, collaborators (FF, 

JRB, CVR, Chih-Chia Su (CS) and Edward W Yu (EWY)) describe a Cryo-EM 

structure of LptB2FGC derived from Pseudomonas aeruginosa which features a 
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different conformation of the β-taco domain compared to previously described 

structures. As of February 2022, this structure has not been deposited in the PDB or 

published.  

 

Further to this, structural and functional understanding of the LPS biogenesis pathway 

from Pseudomonas aeruginosa, in particular, will assist in antibiotic development. The 

pathogen itself is known to cause serious infection in patients already diagnosed with 

immunodeficiency diseases such as AIDS294. Moreover, LPS from P. aeruginosa 

cooperates with the type III secretion system to facilitate toxin injection into eukaryotic 

cells295. 

 

In silico experiments can be employed here to help explain the functional and 

structural difference between these two structures and consequently shed light on the 

LPS mechanism of transport.  

 

3.2.1 Structural studies of LptB2FGC with its substrate 
 

In year 2021, the new Cryo-EM structure of LptB2FGC of P. aeruginosa reveals a 

skewed LptC β-taco domain compared with models of LptB2FGC from V. cholera and 

E. cloacae with an upright β-taco domain. The structure with a LptC-skewed β-taco 

domain however, does not resolve the LptC TM helix which sits between LptF and 

LptG. To rectify this, I modelled in the TMC (using MODELLER296) from P. aeruginosa 

using the resolved structure of E. cloacae as a template. In addition, I created a 

homology model of LptB2FGC from P. aeruginosa in the β-taco domain in the upright 

position using SWISS Homology modeller297), using again the structure derived from 

E. cloacae as a template (Figure 3.12).  
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Figure 3.12 Structures of the ‘LptC-skewed’ and ‘LptC-upright’ conformation of 
LptB2FGC transporter. (a) Cryo-EM structure of the ‘LptC-skewed’ conformation of 
LptB2FGC where the TMC helix has been modelled in using the resolved structure of 
E. cloacae as a template. (b) PaLptB2FGC homology model of ‘LptC-upright’ 
conformation (c) ‘LptC-skewed’ and ‘LptC-upright’ conformations aligned on top of 
each other.   

 

Alongside the new Cryo-EM structure, collaborators (FF, JRB, CVR, CS and EWY) 

performed native-MS binding experiments with the LptB2FGC complex and observed 

interesting competitive binding effects between Re-LPS and cardiolipin. They found 

that adding increasing concentrations of cardiolipin (0.5 to 10 μM) to a previously 

incubated solution of LptB2FGC (1.5 μM) and Re-LPS (1 μM) significantly reduced the 

total amount of Re-LPS bound to the protein in a concentration-dependent manner. 

Atomic force microscopy (AFM) studies show that that LPS enriched, OMP-depleted 

regions may facilitate insertion of new membrane components57, where fluorescence 

experiment suggests that new OMPs move out to the poles298. This could imply that 

the LPS complexes accumulate at the plane of division away from poles where 

cardiolipin localises such that the LptB2FGC can freely transport LPS to the OM in the 

creation of new membrane.  
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In both structures of the complex with distinct positions of the soluble LptC β-taco 

domain, ‘LptC-skewed’ or ‘LptC-upright’, I wanted to compare and contrast the binding 

of its substrate within the cavity of the transporter for both conformations. In doing so, 

I could directly quantify the binding interactions between the substrate and the 

hydrophobic cavity with TMC alongside the apparently competitive lipid cardiolipin.  I 

can also compare these direct interactions with previous LPS bound LptB2FG-TMc 

structures from Shigella flexneri293. These LPS bound structures also show the lipid 

having shifted from being bound to the LptG side with TMc present (SfLptB2FG-TMc) 

to the LptF side without TMc (SfLptB2FG). It was noted that the presence of TMc 

enlarges the cavity and therefore reduces LPS interactions inside the transporter, 

without TMc present the cavity reduces in size and forces LPS to shift position 293. Both 

the LptC-skewed and LptC-upright structures of P. aeruginosa feature TMc which 

affords direct observation of LPS behaviour between comparably sized cavities so that 

we can comment on the effect of LPS position within the transporter.  

 

3.2.2 Lipid interactions with LptB2FGC  
 
3.2.2.1. Characterising lipid interactions with LptC 
 
I performed three repeats of 200 ns atomistic simulation with Re-LPS, lipid A, MPLA 

and cardiolipin (as a control) bound within the cavity as well as the apo state of both 

the LptC-skewed and LptC-upright structures of P. aeruginosa. For each lipid the initial 

pose was templated and aligned from the bound LPS structure of SfLptB2FG-TMc 

(PDB ID: 6S8N)293. I subsequently calculated the lipid species occupancy for both 

conformations (Figure 3.13, 3.14) and mapped these contacts on the structures as B-

factors (Figure 3.15, 3.16). 
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Figure 3.13 Lipid contacts with the hydrophobic cavity of the skewed-LptC 
conformation. Average % Occupancy of residue contacts between the LptC-skewed 
conformation of LptB2FGC with Re-LPS, lipid A, MPLA and cardiolipin within the 
hydrophobic cavity. Average % occupancy contacts with lipids: Re-LPS, lipid A, MPLA 
and cardiolipin made between (a) LptF (b) LptG and (c) LptC. Error bars represent 
standard deviation over the three replicates. (d) TM helices in contact with lipids 
indicated on contact maps and labelled onto structure.  



 119 

 
Figure 3.14 Lipid contacts with the hydrophobic cavity of the upright-LptC 
conformation. Average % occupancy of residue contacts between the LptC-upright 
conformation of LptB2FGC with Re-LPS, lipid A, MPLA and cardiolipin within the 
hydrophobic cavity. Average % occupancy contacts with lipids: Re-LPS, lipid A, MPLA 
and cardiolipin made between (a) LptF (b) LptG and (c) LptC. Error bars represent 
standard deviation over the three replicates. (d) TM helices in contact with lipids 
indicated on contact maps and labelled onto structure. 
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Figure 3.15 Contact map of lipid interaction with the hydrophobic cavity of the 
skewed-LptC conformation. Lipid contacts mapped onto the LptC-skewed 
conformation of LptB2FGC for Top left: Re-LPS, Top right: lipid A, bottom left: MPLA 
and bottom right: cardiolipin where greater lipid contacts are highlighted in darker 
shades of red.  
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Figure 3.16 Contact map of lipid interaction with the hydrophobic cavity of the 
upright-LptC conformation. Lipid contacts mapped onto the LptC-upright 
conformation of LptB2FGC for Top left: Re-LPS, Top right: lipid A, bottom left: MPLA 
and bottom right: cardiolipin where greater lipid contacts are highlighted in darker 
shades of red. 
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Figure 3.17 TMc interactions with lipids in the cavity of the LptB2FGC 
transporter. % Occupancy contacts of the LptC transmembrane helix interactions 
with Re-LPS, lipid A, MPLA and cardiolipin within the cavity of the (a) LptC-skewed 
and (b) LptC-upright conformation of LptB2FGC. Error bars represent standard 
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deviation over the three replicates. (c) Difference plot of % lipid contacts moving from 
LptC-skewed and LptC-upright conformations. (d) TMc of the LptC-skewed and LptC-
upright conformations where residues 16, 19-20, 23-24, 26 common to both 
conformations and are highlighted.  

Lipid contacts with TMc helix are very similar for Re-LPS and cardiolipin for both the 

skewed and the upright conformation (Figure 3.17). However, the distribution of the 

lipid contacts shifts from residues 9, 13, 16-17 to 25-34 when moving from the LptC-

skewed to the LptC-upright conformation as Re-LPS is pushed further from the alpha 

helix towards the loops of LptC. In either case, residues 16, 19-20, 23-24, 26 are 

common to both conformations and are highlighted on Figure 3.17 as important 

binding contacts for Re-LPS recognition. For the LptC-skewed conformation we see 

agreement with previously identified TMc hydrophobic contacts Leu17 and Met24 of 

SfLptB2FG-TMc with LPS293.  
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Figure 3.18 Headgroup interactions of cardiolipin versus Re-LPS with TMc. (a) 
LptC TM helix % contacts of both the LptC-skewed and Lpt-upright conformation with 
phosphate head group of cardiolipin compared to (b) the Kdo sugars of Re-LPS, where 
error bars represent standard deviation over the three replicates. (c) Rendered images 
of residues which contact the TMc helix for both cardiolipin phosphate headgroup and 
the Kdo sugars of Re-LPS.  

Across the TMc, I also observe a very similar binding pattern of Re-LPS and cardiolipin 

contacting the same residues for both the LptC-skewed and LptC-upright 

conformation. Potentially then, as observed by the experimental collaborators (FF, 

JRB, CVR, CS and EWY), cardiolipin competes with LPS for the same recognition 

sites of the protein. 

 

LptC has significant contacts with the phosphate headgroups of cardiolipin in both 

LptC-skewed and LptC-upright conformations, though no phosphate group contacts 

were observed for lipid A, MPLA or Re-LPS (Figure 3.18). However, I observed up to 

30% occupancy contact with Re-LPS Kdo saccharide units with TMc in both 

conformations: residues 24 and 26 for the LptC-skewed conformation and residues 

23-29 for the LptC-upright conformation. Here these residues align with those that 

contact the cardiolipin phosphate headgroups, suggesting therefore, that the core 

saccharide units of LPS contribute to substrate recognition.  

 

3.2.2.2. Characterising lipid interactions with LptG  
 

Simply, by calculating % average occupancy difference plots between the LptC-

skewed and the LptC-upright conformation I can observe where within the lipids reside 

most within the cavity. For LptG, the difference plots reveal that Re-LPS, lipid A and 

cardiolipin appears to have a greater concentration of contacts on LptG in the LptC-

skewed conformation compared to the LptC-upright conformation (Figure 3.19).  



 125 

 
Figure 3.19 LptG interactions with lipids in the cavity of the LptB2FGC 
transporter. % Occupancy contacts of LptG interactions with Re-LPS, lipid A, MPLA 
and cardiolipin within the cavity of the (a) LptC-skewed and (b) LptC-upright 
conformation of LptB2FGC. Error bars represent standard deviation over the three 
replicates. (c) Difference plot of % lipid contacts moving from LptC-skewed and LptC-
upright conformations, where +ve % contacts represent more interaction with the 
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LptC-skewed conformation and -ve % contacts represent more interaction with the 
LptC-upright conformation. (d) TM helices in contact with lipids indicated on contact 
maps and labelled onto structure. 

Here, the % average occupancy difference contacts made between Re-LPS, lipid A 

and cardiolipin LptG seem relatively comparable between the conformational states of 

the transporter. All three lipids here (Re-LPS, lipid A and cardiolipin) have more explicit 

interactions with TM1, TM2, and TM5 of LptG in the LptC-skewed conformation. Again, 

it is important to note the similarity of the binding contacts of cardiolipin with Re-LPS 

which helps to corroborate experimental observation of competitive kinetics between 

the lipid species. MPLA, however, does not follow this trend and only forms more 

contacts with TM1 of LptG in the LptC-skewed conformation and forms greater 

contacts with TM5 in the LptC-upright conformation. This implies that the phosphate 

groups of the substrate form key interactions within the cavity which facilitate substrate 

recognition and mobility between the different conformations.  

 

3.2.2.3. Characterising lipid interactions with LptF 
 

I observe a similar (but less clear and one-sided) trend for the LptF occupancy 

difference plots, where there are slightly more contacts with TM1, TM2 and TM5 in the 

LptC-skewed conformation for each lipid respectively (apart from lipid A which appears 

to make only more contacts with just TM1 and TM2 (Figure 3.20)), Overall, greater 

interaction of the lipids occur within the LptC-skewed hydrophobic cavity where most 

contacts are seen with LptG which are most likely driven by phosphate headgroup 

contacts. The greater amount of lipid contacts observed on LptF and LptG with the 

LptC-skewed conformation implies a tighter hydrophobic cavity as TM1, 2 and 5 are 

closer to the centre than they are in the LptC-upright conformation.  
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Figure 3.20 LptF interactions with lipids in the cavity of the LptB2FGC 
transporter. % Occupancy contacts of LptF interactions with Re-LPS, lipid A, MPLA 
and cardiolipin within the cavity of the (a) LptC-skewed and (b) LptC-upright 
conformation of LptB2FGC. Error bars represent standard deviation over the three 
replicates. (c) Difference plot of % lipid contacts moving from LptC-skewed and LptC-
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upright conformations, where +ve % contacts represent more interaction with the 
LptC-skewed conformation and -ve % contacts represent more interaction with the 
LptC-upright conformation. (d) TM helices in contact with lipids. 

3.2.2.4. Characterising head group interactions with LptB2FGC 
 

 

Figure 3.21 Phosphate headgroup contacts with the LptB2FGC hydrophobic 
cavity. (a) % average occupancy phosphate headgroup contacts across LptF with Re-
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LPS, lipid A, MPLA and cardiolipin within cavity for the LptC-skewed (left) and LptC-
upright (right) conformations of LptB2FGC. Error bars represent standard deviation 
over the three replicates. (b) % average occupancy of phosphate headgroup contacts 
across LptG with Re-LPS, lipid A, MPLA and cardiolipin within cavity for the LptC-
skewed (left) and LptC-upright conformations of LptB2FGC (right).  

As noted above, when comparing the lipid contact profiles across the hydrophobic 

cavity for Re-LPS, lipid A, cardiolipin and MPLA, it was clear that MPLA (out of all it 

the lipids tested) behaved differently because of its singular phosphate head group. 

Therefore, I sought to quantify the phosphate group contacts between the 

conformations as it seemed to be a key interaction underpinning substrate recognition 

and movement within the cavity.   

 

Figure 3.22 Key binding contacts of the LptB2FGC hydrophobic cavity with the 
phosphate headgroup of Re-LPS. (a) Residues which contact phosphate groups of 
Re-LPS within cavity are depicted as sticks in both the LptC-skewed and (b) LptC-
upright conformations of LptB2FGC. 
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The phosphate headgroups of Re-LPS, lipid A, MPLA and cardiolipin consistently bind 

to LptF in the same place for both conformations for residue Arg33 and Lys33. Again, 

implicating cardiolipin’s competitive tendencies when comparing its binding profile 

against Re-LPS (Figure 3.21). There are more LptG phosphate group contacts with 

the LptC-skewed structure than the LptC-upright. These contacts appear to have been 

transferred from LptG (Arg58 and Arg59) to LptF (Arg55 and Arg153) on moving from 

the LptC-skewed to the LptC-upright structure. Curiously, Arg153 belongs to one of 

the loops of the LptF β-taco domain and helps the transition or the LPS substrate from 

LptF to LptG for transport (Figure 3.22). Therefore, phosphate headgroups 

interactions with the hydrophobic cavity are key to substrate recognition and 

movement between conformations of LptB2FGC.  

 

The trend observed for the phosphate group contacts within the cavity is further 

exemplified when I consider only the Kdo sugar contact of Re-LPS with the transporter. 

I quantified the sites of where Re-LPS Kdo sugars interact with (Figure 3.23) which 

are markedly different from the LptC-skewed compared to the LptC-upright 

conformation. For the LptC-skewed structure Kdo contacts appear to be concentrated 

on LptG whereas they are primarily concentrated on LptF for the LptC-upright 

structure.  
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Figure 3.23 Key binding contacts of the LptB2FGC hydrophobic cavity with the 
Kdo2 glycan units. (a) % average occupancy Kdo2 sugar contacts of Re-LPS within 
cavity for the LptC-skewed. Error bars represent standard deviation over the three 
replicates. (b) LptC-upright conformations of LptB2FGC. Kdo2 sugar contacts are 
depicted as sticks for both the LptC-skewed and LptC-upright conformations of 
LptB2FGC. 

Potentially then, this shift in conformation from the LptC-skewed state to the more 

dynamic LptC-upright structure triggers the inner core sugar and phosphate group to 

shift from LptG to LptF to prepare the substrate for transportation up the periplasmic 

chute.  
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Figure 3.24 The COM of lipids in the cavity for the LptC-skewed structure. 2D 
kernel density estimates plotting the centre of mass (COM) position of lipid species 
within the hydrophobic cavity of the LptC-skewed structure relative to the COM 
positions of LptF and LptG. Top left: Re-LPS, top right: lipid A, bottom left: MPLA, 
bottom right: cardiolipin.  
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Figure 3.25 The COM of lipids in the cavity for the LptC-upright structure. 2D 
kernel density estimates plotting the centre of mass (COM) position of lipid species 
within the hydrophobic cavity of the LptC-upright structure relative to the COM 
positions of LptF and LptG. Top left: Re-LPS, top right: lipid A, bottom left: MPLA, 
bottom right: cardiolipin.  

To verify such a shift in substrate position, I quantified the centre of mass (COM) of all 

the lipid species and plotted this relative to the COM of LptF and LptG units comprising 

the hydrophobic cavity. For the LptC-skewed conformation (Figure 3.24), the lipids 
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species Re-LPS, lipid A and cardiolipin are all centrally disposed, virtually equidistant 

between the COM of the LptF and LptG TM subunits. This accords nicely with 

observations made with the lipid contact analysis, where I note similar behaviour 

between cardiolipin and the LPS derivatives Re-LPS and lipid A. MPLA acts differently 

compared to the other lipids, which can again be accounted for by the singular 

phosphate headgroup which causes the lipid’s COM to move (~0.5 nm) closer to the 

LptF subunit.    

 

Strikingly, for the LptC-upright conformation (Figure 3.25), the lipid species which 

were equidistant between subunits in the LptC-skewed conformation, shift towards 

LptF. The COM of Re-LPS, lipid A and cardiolipin each move ~0.5 nm towards the 

LptF subunit. The COM of MPLA, however, appears to be consistent between the two 

conformations and does not shift its position unlike the other lipid species. Considering 

the lipid contacts in conjunction with the COM analysis of the lipids within the 

hydrophobic cavity the substrate shifts its position towards LptF which is driven by 

phosphate headgroup and sugar contacts. Cardiolipin shares similar contacts with the 

LPS derivatives and therefore can be considered a competitive lipid species to the 

transporter’s substrate. It also seems reasonable to conclude that the LptC-skewed 

state of LptB2FGC acts a resting state of the transporter, where the lipid substrate is 

housed centrally within the cavity. The conformational shift of the β-taco towards the 

upright position more easily facilitates contacts with the periplasmic bridge and triggers 

a shift of the LPS substrate driven by phosphate group and sugar contacts toward 

LptF. Here, LPS is closer to LptC and ready to be transported through the periplasm.  

 

3.2.3 The conformational dynamics of the LptB2FGC β-taco domains  
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In adding lipids to the central cavity, I was able to monitor their position and binding 

contacts which helped to describe differences between the LptC-skewed and LptC-

upright conformations. From lipid contact studies, the TMc plays a role in substrate 

recognition, but what is not known is how the substrate affects the position of the LptC 

β-taco domain which interfaces directly with the LptF β-taco domain. In order to 

understand this, I monitored the position of the vector running through the LptF β-taco 

as well as the LptG β-taco domain to comment upon conformational changes on 

binding to lipids within the hydrophobic cavity (Figure 3.26).  

 

Figure 3.26 The LptF and LptG β-taco domain vector. Schematic illustrating the 
vector across LptF and LptG β-taco domain and the principal x, y, z axis of the LptC-
skewed and LptC-upright conformation.  

 

I monitored the x, y, z angle between the vector running through LptF and LptG β-taco 

and the principal x, y, z axis of the LptC-skewed conformation when bound to the lipid 
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species: Re-LPS, lipid A, MPLA and cardiolipin and compared this to the apo state of 

the protein (Figure 3.27).  

 

Figure 3.27 LptF and LptG β-taco domains angle plot in the LptC-skewed 
conformation. (a) Average x, y, z angle plot over time for the β-taco domains of LptF 
(left) and LptG (right) with no lipid present or Re-LPS, lipid A, MPLA and cardiolipin 
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present in the cavity. Shaded grey area represents the standard deviation over three 
replicates (b) The same x, y, z angle data for the β-taco domains of LptF (left) and 
LptG (right) plotted as a kernel density estimate. 

 
Figure 3.28 Displacement of LptF β-taco domain in the LptC-skewed 
conformation. (a) 1D x, y displacement of the LptF β-taco domain in the LptC-skewed 
conformation plotted as a kernel density estimate (KDE) with no lipid present or Re-
LPS, lipid A, MPLA and cardiolipin present in the cavity. Where the positions x = 0 nm 
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and y = 0 nm are set as the initial position of the β-taco domain in each of the states 
respectively. (b) 2D KDE plot of x, y displacement across LptF β-taco with: Top left: 
no lipid present, Top right: Re-LPS, Middle left: lipid A, Middle right: MPLA and Bottom 
left: cardiolipin present in the cavity. 

 
Figure 3.29 Displacement of LptG β-taco domain in the LptC-skewed 
conformation. (a) 1D x, y displacement of the LptG β-taco domain in the LptC-skewed 
conformation plotted as a kernel density estimate (KDE) with no lipid present or Re-
LPS, lipid A, MPLA and cardiolipin present in the cavity. Where the position x = 0 nm 
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and y = 0 nm is set as the initial position of the β-taco domain in each of the states 
respectively. (b) 2D KDE plot of x, y displacement across LptG β-taco with: Top left: 
no lipid present, Top right: Re-LPS, Middle left: lipid A, Middle right: MPLA and Bottom 
left: cardiolipin present in the cavity. 

 

I can more simply visualise the positional movement of the LptF and LptG β-taco 

domains by plotting the x and y displacement of the vector aligned to the β-taco’s, 

which can be plotted as 1D and 2D KDE plots (Figure 3.28 and Figure 3.29). Over 

the course of the simulation time, the x, y, z angle stays relatively stable for all the lipid 

bound states of the transporter compared to the apo state of the LptC-skewed 

conformation. Here, each x, y, z angle tends to deviate by around 5 degrees, 

regardless of whether a lipid was present or the type of lipid present in cavity.   

 

As shown in Figure 3.28 and Figure 3.29, the x and y displacement of the LptF and 

LptG β-taco soluble domains are minimal for the LptC-skewed conformation. These 

domains appear to be unaffected by the inclusion of particular lipids inside the 

transporter’s cavity. This alludes to the possibility then that the LptC-skewed 

conformation pertains to a more ‘rested’ state of the transporter before the periplasmic 

bridge is assembled, where the β-taco domains remain conformationally inert.  In 

contrast to the LptC-skewed conformation, the x, y, z angle of the LptF and LptG β-

taco domain changes drastically for the LptC-upright conformation on binding to 

different lipids within the cavity Figure 3.30. Notably, with no lipids present within the 

cavity, the angle deviation is small and remains stable. However, during the course of 

the simulation, there are clear angle deviations observed when particular lipids reside 

within the cavity.  
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Figure 3.30 LptF and LptG β-taco domains angle plot in the LptC-upright 
conformation. (a) Average x, y, z angle plot over time for the β-taco domains of LptF 
(left) and LptG (right) with no lipid present or Re-LPS, lipid A, MPLA and cardiolipin 
present in the cavity. Shaded areas represent the standard deviation over three 



 141 

replicates (b) The same x, y, z angle data for the β-taco domains of LptF and LptG 
plotted as a kernel density estimate.  
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Figure 3.31 Displacement of LptF β-taco domain in the LptC-upright 
conformation. (a) 1D x, y displacement of the LptF β-taco domain in the LptC-upright 
conformation plotted as a kernel density estimate (KDE) with no lipid present or Re-
LPS, lipid A, MPLA and cardiolipin present in the cavity. Where the positions x = 0 nm 
and y = 0 nm are set as the initial position of the β-taco domain in each of the states 
respectively. (b) 2D KDE plot of x, y displacement across LptF β-taco with: Top left: 
no lipid present, Top right: Re-LPS, Middle left: lipid A, Middle right: MPLA and Bottom 
left: cardiolipin present in the cavity. 
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Figure 3.32 Displacement of LptG β-taco domain in the LptC-upright 
conformation. (a) 1D x, y displacement of the LptG β-taco domain in the LptC-skewed 
conformation plotted as a kernel density estimate (KDE) with no lipid present or Re-
LPS, lipid A, MPLA and cardiolipin present in the cavity. Where the position x = 0 nm 
and y = 0 nm are set as the initial position of the β-taco domain in each of the states 
respectively. (b) 2D KDE plot of x, y displacement across LptG β-taco with: Top left: 
no lipid present, Top right: Re-LPS, Middle left: lipid A, Middle right: MPLA and Bottom 
left: cardiolipin present in the cavity. 

For LptF, the general trend is a deviation of the x-angle by approximately -20 degrees 

and deviation of the z-angle by +15 degrees. The y-angle fluctuates deviates by 10-

15 degrees around the origin. The LptG β-taco angle deviation follows a similar trend 

for the x and y angles, however the z angle deviates markedly in the opposite direction 

to that of LptF β-taco domain. This is an interesting observation as it implies correlation 

between the movement between the β-taco domains of the transporter, especially 

when compared to the comparatively minimal deviation observed in the LptC-skewed 

conformation.  

 

Again, 1D and 2D KDE displacement plots are plotted for the LptF and LptG β-taco 

domains respectively (Figure 3.31 and Figure 3.32). In both cases, the soluble 

domains are positively displaced for both the x and y distances when lipids are bound 

inside the cavity The β-taco moves in roughly the same direction independent of the 

lipid type in a positive X, Y direction by approximately 1.3 nm. As alluded to above, 

because the same movement is observed LptG as for the LptF β-taco it suggests that 

the conformational adjustments of the β-taco domains of the LptB2FGC transporter is 

highly correlated and coordinated. Notably however, the displacement of the β-taco 

domains changes the least when Re-LPS is present within the binding site. Therefore, 

it seems likely that the LptF β-taco domain (which directly coordinates with LptC) is 

stable and recognised by its key phosphate headgroup and saccharide moieties, 
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which facilitates facile coordination with the periplasmic protein LptA for bridge 

formation and subsequent transport.  

 

3.3 PaLptC interaction with PaLptA  
 

Due to the unusual conformational position of LptC in the LptC-skewed conformation 

of LptB2FGC I wanted to understand how LptC of the skewed β-taco interacts with 

LptA, and whether this is in accordance with recent crosslinking studies performed by 

collaborators (FF, JRB, CVR, CS and EWY). They found that crosslinkers DSSO 

(disuccinimidyl sulfoxide, also Bis-(propionic acid NHS ester)-sulfoxide, Bis(2,5-

dioxopyrrolidin-1-yl) 3,3′-sulfinyldipropionate) and DSBU (disuccinimidyl dibutyric 

urea, also known as ureido-4,4´-dibutyric acid bis(hydroxysuccinimide) ester) with 

maximum distance between Cα’s being 2.35 nm and 2.69 nm respectively, suggest 

that Lys22 on LptA crosslinks with Lys131 and Lys176 of LptC (Figure 3.33). 

 

Figure 3.33 Chemical structures of crosslinkers. Illustration of disuccinimidyl 
sulfoxide (DSSO) and disuccinimidyl dibutyric urea (DSBU). 
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 This means that DSSO crosslinked lysines can have a maximum distance of 2.35 nm 

between them where DSSO has an amine-reactive N-hydroxysuccinimide (NHS) ester 

at each end of a 7-carbon spacer arm. DSBU crosslinked lysines can have a maximum 

distance of 2.69 nm between them where DSBU possess an NHS ester at each end 

of an 11-atom spacer arm. 

 

Figure 3.34 Lysine distance plot. (a) Average Cα-Cα distances measured between 
lysine 131 of LptC with lysine 22 of LptA as well as (b) the average distance between 
lysine 176 of LptC with lysine 22 of LptA. The shaded grey area represents the 
standard deviation over three replicates. (c) Structure of PaLptAC complex with the 
relevant lysines labelled.  
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Figure 3.35 PaLptAC hydrogen bond count. (a) Average total hydrogen bonds 
across the PaLptAC complex over the simulation and (b) average total hydrogen 
bonds across the LptAC interface over the simulation time. The shaded grey area 
represents the standard deviation over three replicates. (c) The key residues which 
feature in the hydrogen bond network between LptA and LptC are represented as 
sticks. Hydrogen bonds are drawn on with dashed lines.  

I generated the PaLptA homology model and docked this to PaLptC β-taco domain of 

LptC by aligning these domains. After obtaining this model I ran an AT simulation of 
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the complex for 200 ns over three replicates in a solvent box.  I then measured the 

distance between these pairs of residues which were calculated to be ~ 1.05 nm and 

~ 1.2 nm respectively which are within the experimental crosslinking range of 2.35 – 

2.69 nm (Figure 3.34).  

 

In order to verify the stability of the complex, I monitored the hydrogen bond count 

during the simulation time across the entire PaLptAC complex which was consistent 

between 210-220 (Figure 3.35a), thereby implying that the model has formed a stable 

heterodimer. Furthermore, between the interface of LptA and LptC, the hydrogen bond 

number becomes consistent between 8-10 after 10 ns, suggesting that established 

coordination between proteins has been rapidly achieved (Figure 3.35b). The model 

produced accords with data obtained by collaborators and reveals the key residue 

interactions are those which constitute hydrogen bonds between the monomers of 

LptC (Arg34, Val35, Ala37, Ser39, Ala40, Glu41, Leu42 and Asp45) and LptA (Ser178, 

Met180, Leu182, Val186, Arg187 and Glu188) (Figure 3.35c). 

 

3.4 Discussion 
 

Detergent chemistry determines two different classes of IMP: PL binding and LPS 

binding. I can compare lipid binding native-MS work carried out by collaborators (LHU, 

FF, DS, MA, TRE, JRB, CVR)283 with in silico lipid binding experiments. For both a PL-

binding IMP like AmtB and an LPS-binding IMP such as BtuCD, I demonstrate LPS 

binding to both protein classes as also observed in experiment (Figure 3.2, 3.3). This 

suggests that co-purified lipids for either AmtB or BtuCD are indicative of their local 

lipid environments within the native membrane and are not just an artefact of detergent 

purification. Therefore, this implies that core-LPS has a greater role within the IM which 
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needs to be fully explored by further MD and functional experiments. I quantified the 

LPS binding to the ATPase domains of BtuCD and found saccharide contacts near 

the ATP binding pocket.  This is further supported by experimental data which 

suggests that the ATPase activity of BtuCD increases with the number of saccharide 

units attached to lipid A (Figure 3.6, 3.7). Here also, I could observe similar saccharide 

contacts with the ATPase domains of LptB2FGC (Figure 3.10, 3.11), which specifically 

handles LPS as its substrate. My MD simulations help to explain that the glycan units 

contribute to the overall binding strength between LPS and BtuCD or LptB2FGC and 

could also play a role in stimulating transporter activity.  

 

The role of core-LPS within the IM is far larger than currently understood and may be 

involved in the native lipidome of IMPs such as BtuCD and AcrB283 (amongst others) 

which bind LPS. Therefore, this highlights the importance of targeting the LPS 

biogenesis pathway for the development of new antimicrobials.  

 

In the context of how LPS functions in the IM promiscuously, it is important to assess 

then the details of how LPS interacts specifically with its transporter protein LptB2FGC. 

By docking Re-LPS within the transporter in two distinct conformations of LptC (LptC-

upright and LptC-skewed), I can begin to infer the functional role of the different states 

and compare this to lipid binding studies carried out by collaborators (FF, JRB and 

CVR). The position of Re-LPS within the hydrophobic cavity of the transporter shifts 

dramatically from one conformation (LptC-skewed) to the other, LptC-upright (Figure 

3.19, 3.20). Initially, it is housed equidistant between LptF and LptG in the LptC-

skewed conformation before moving towards the LptF in the LptC-upright state of the 

transporter. By quantifying the lipid contacts, I can observe that this shift is driven by 
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phosphate group contacts on Re-LPS as well as Kdo2 interactions between the TM 

helices of LptF/G (Figure 3.21 - 3.23). Furthermore, cardiolipin within the cavity 

behaves in a very similar way to Re-LPS which helps justify the competitive kinetics 

between these lipids as observed by native-MS experiments as well as to highlight the 

key residues of interaction for substrate recognition. Perhaps then, the presence of 

cardiolipin within the local lipid environment of LptB2FGC could help regulate LPS 

being extracted in the cavity.  

 

The position of the LptF and LptG β-taco domains in the LptC-skewed conformation 

remain rigid and inflexible when different lipids (Re-LPS, lipid A, MPLA and cardiolipin) 

are accommodated within the hydrophobic cavity (Figure 3.27 - 3.29).  This contrasts 

with the LptC-upright state where LptF/G rigidity is only observed when Re-LPS is 

docked within the cavity (Figure 3.30 - 3.32). This implies that the transporter is 

conformationally selective to LPS and must contain both phosphate groups and Kdo2 

saccharide units for it to be recognised. I suggest that the LptC-skewed conformation 

of the transporter acts as a ‘resting state’ before LPS is docked inside and shifts 

position from LptG to LptF to be ready for transport. This, in turn, causes the LptC 

domain to remain upright for facile binding to LptA units before LPS can be transported 

through the periplasm to the OM. At this juncture, the most important binding contacts 

between LptA and LptC are those which form hydrogen bonds between the interface. 

The complex between these β-taco domains is stable within my simulations where 

distances between experimentally linked lysines are shown to be easily within 

crosslinking range (Figure 3.34, 3.35).  
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3.5 Methods 
 

3.5.1 Modification of Lpt structures used  

Here is a table referencing all the structures taken from the PDB used to model 

different sections of LptB2FGCA:   

Table 3.1 PDB IDs for Lpt complex structures. Protein structures used directly in 
simulations or used to generate the homology models of the different subcomplexes 
of the Lpt system. 

Protein  Organism PDB code Resolution (Å) 

LptB2FG299 P. aeruginosa 5X5Y 3.46 

LptB2FG300 K. pneumoniae 5L75 3.70 

LptB2FG293 S. flexneri 6S8H 3.70 

LptB2FG293 S. flexneri 6S8G 3.50 

LptB2FGC87 E. cloacae 6MIT 3.20 

LptA301 E. coli 2R19 2.16 

LptC302 E. coli 3MY2 2.20 

 
3.5.2 The IM sub complex LptB2FGC 

A number of crystal and cryo-EM structures exist for the LptB2FGC complex derived 

from different species (Shigella flexneri, Escherichia coli, Enterobacter cloacae, Vibrio 

cholerae), with nucleotide bound and lipopolysaccharide bound states293. This also 
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includes the more recently resolved structures containing the β-taco domain of LptC 

from E. cloacae and V. cholerae87 as well as from Pseudomonas aeruginosa with a 

skewed LptC β-taco domain which was used directly for AT/CG simulations.  

3.5.2.1. Modelling the TMC helix for PaLptB2FGC 

The PaLptB2FGC, structure does not possess a resolved LptC transmembrane alpha 

helix (TMc), and so this was modelled in with MODELLER296 using the first 45 residues 

from LptC resolved from E. cloacae as a template. MODELLER uses an ‘align2d’ 

algorithm when you supply the programme with a structure which constructs an 

alignment by a ‘gap penalty function’ which considers the structural information 

supplied by the template by placing gaps in proximally close positions in space, as 

well as solvent exposed and curved regions296. The PaTMc helix produced with the 

lowest DOPE (discrete optimised protein energy) score which is a statistical potential 

assessment based on the probability density function of the atomic cartesian 

coordinates, the lowest score is suggestive of the most favourable homology model 

produced by MODELLER303. The PaTMc helix was aligned using PyMOL onto the E. 

cloacae structure, which was itself aligned to PaLptB2FGC, where the loop was then 

connected to the β-taco domain of PaLptC. The PyMOL sculpt tool304 was used to 

move the loop away from any steric clashes near the TM helixes of PaLptFG.  

 

3.5.2.2. Building the homology model for the LptC-upright PaLptB2FGC structure 

The amino acid sequence from PaLptB2FGC was uploaded to the SWISS-MODEL297 

server where the LptB2FGC structure from E. cloacae was supplied as a template. I 

selected ‘alignment mode’ which generates a pair-wise alignment of the supplied 

sequence to the template to generate the homology model of LptC-upright 
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PaLptB2FGC. This mode was selected as a template was supplied, otherwise the 

SWISS-MODEL would search the PDB database for structures which may not 

produce the ‘upright’ conformation of LptC.   

3.5.2.3. Generating the lipid bound structures within the hydrophobic cavity  

To assess Re-LPS contacts within the hydrophobic cavity of the LptC-upright and 

LptC-skewed structure, I needed to dock the substrate within the transporter. The 

initial LPS binding pose was taken from the cryo-EM structure of SfLptB2FG in 

complex with LPS (PDB ID: 6S8H)293. Here, both structures of the LptC-upright and 

LptC-skewed states of the transporter were aligned to SfLptB2FG using PyMOL and 

then converted to a coarse-grain structure using Martinize python script229. These 

structures were then embedded in a lipid bilayer using INSANE composed of 

cardiolipin (5 %), POPG (20 %) and POPE (75 %) and solvated in a box of Martini 

water and 0.15 M NaCl. INSANE (INSert membrANE) is a CG building tool that 

generates membranes by distributing lipids over a grid305. I extracted the 

liposaccharide coordinates from the aligned LPS bound SfLptB2FG AT structure 

considering only those according to a 4:1 CG mapping to build a coarse grained Re-

LPS, lipid A and mono phosphate lipid A (MPLA) representation alongside a CG 

cardiolipin (aligning the phosphate head groups and four acyl tails with those of the 

most proximal LPS tails). I included these coordinates within the CG structures of the 

membrane embedded LptC-upright and LptC-skewed states and energy minimised 

them by steepest descents methodology to a target force of 1,000 kJ mol-1 nm-2. Each 

system was equilibrated with 100 ns of simulations time with a timestep of 20 fs in a 

Martini 2.2 forcefield229 in GROMACS 2019.1256 for 100 ns in three separate replicates.  

A  pressure of 1 bar with the Berendsen barostat261  was used. The coupling constant 
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(τP) here was set at 4 ps at a constant temperature of 310 K at a compressibility of 5.0 

x 10-6 bar-1 K for steady velocity scaling306.  Each of the three equilibrated structure for 

both the LptC-upright and LptC-skewed states of the transporter for each respective 

lipid species (Re-LPS, lipid A, MPLA and cardiolipin) were then converted back to AT 

using CG2AT python script237. For CG2AT the CHARMM36 July 2017 updated 

forcefield197 was selected alongside with TIP3P water267. This then generated all the 

equilibrated AT structures used for later production simulation and analysis.  

3.5.3 Constructing the PaLptAC complex 

LptB2FG as well as the loop and TMc helix of PaLptC was deleted from the LptC-

skewed PaLptB2FGC complex, leaving only the β-taco domain. PaLptA was 

constructed using SWISS homology modeller by uploading the UniProtKB307 

Pseudomonas aeruginosa sequences and using EcLptA as the target (PDB: 2R19). 

LptA and LptC were aligned using PyMOL to make the final the complex used for 

hydrogen bond analysis.  

3.6 Atomistic (AT) simulations 
 

3.6.1 PaLptB2FGC AT simulations 
 
The various lipid docked structures (Re-LPS, lipid A, MPLA, cardiolipin and apo) of 

the LptC-skewed and LptC-upright LptB2FGC conformations were prepared as 

outlined above. After conversion to AT, a further 1 ns of equilibration was required 

where position restraints were applied to the protein in the CHARMM36 forcefield.197 

Production simulations were then run for 200 ns with a 2 fs timestep without any 

restrains in explicit TIP3P water. The V-rescale thermostat was set at 310 K with semi-

isotropic Parrinello-Rahman pressure coupling at 1 atm.259,260 Three replicates were 
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run for lipid bound state of the LptB2FGC with the velocities reset for each replicate in 

GROMACS 2019.1256. 

 

3.6.2 PaLptAC AT simulations 
 
The PaLptAC complex is soluble and therefore will not be embedded in a membrane 

and so there is no need to convert to CG for equilibration. The PaLptAC structure was 

solvated in a cubic box with 0.15M NaCl and explicit TIP3P solvent.  The system was 

energy minimised by steepest descents to a target force of 1,000 kJ mol-1 nm-2 before 

NVT equilibration for 100 ps to reach a target value of 300 K. NPT equilibration 

followed, for 100 ps with a reference pressure of 100 bar. Three replicates of 

production simulations were run for 150 ns without restraints with a 2 fs timestep where 

the V-rescale thermostat was set at 310 K with isotropic Parrinello-Rahman pressure 

coupling at 1 atm259,260. For each replicate the velocities were reset and was run in 

GROMACS 2019.1256. 

3.7 CG-MD simulations  
 

3.7.1 IM proteins CG simulations 
 
I used the MemProtMD pipeline to generate CG representations for AmtB (PDB: 

1U7G)308, BtuCD (PDB: 4R9U)309 and the LptC-skewed LptB2FGC structures. Using 

a CG 4:1 mapping scheme a CG representation was made for MPLA, lipid A, lipid A 

bound to two ketodeoxyoctonic acid (Kdo) moieties (Re-LPS) and Lipid A-core 

oligosaccharide (core-LPS)305. For each simulation the membrane composition was 

83 % POPE, 5 % cardiolipin, 10 % POPG and 2 % of either MPLA, lipid A, Re-LPS, 

LPS or cardiolipin (as a control). In each case, the simulation boxes were solvated 

with Martini water and made electrostatically neutral with 0.15 M of NaCl. The 

simulations were run with the MARTINI 2.2 force field310 which each ran for 5 μs 
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applying a pressure of 1 bar with the Berendsen barostat with a coupling constant (τP) 

of 4 ps and a compressibility of 5.0 x 10-6 bar-1 where the temperature remained 

constant at 310 K for steady velocity scaling, with a coupling constant (τT) of 1 ps261. 

Five replicates were performed for each IM protein and for each lipid type for contact 

analysis.  

 

3.8 Lipid contact analysis  
 

CG Lipid contacts between IM proteins: AmtB, BtuCD and LptB2FGC with lipid A, Re-

LPS, and LPS were quantified with a local python script33 using MDanalysis311 tools. 

Here, each residue of the protein was scored between 0 and 1 which is defined by the 

percentage of frames in the simulation where the residue was 6 Å away from a lipid 

bead for the lipid type under analysis, derived from the van der Waal radii of two Martini 

beads.  Therefore 100% occupancy would mean that the residue in question was 6 Å 

away from a lipid bead for the entire duration of the simulation. These values can be 

extracted as beta-factors and may be represented on the structure in PyMOL when 

colouring the structure. In the case of LptDE AT simulations (Chapter 5), residues 4 

Å away from Re-LPS were considered a ‘contact’ to be scored. 

 

Contact values over the five separate simulations were averaged over repeating units 

in the ABC-transporters and plotted separately to increase sampling, i.e. BtuCD 

contacts were averaged over the dimer, AmtB over the trimer and LptB was averaged 

over the dimer. 

 

3.9 Author contributions 
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LHU, FF, DS, MA, TRE, JRB, CVR carried out the native MS work with AmtB, AcrB 

and BtuCD and made Figure 3.1, Figure 3.3a, c and d. CS and EWY obtained the 

structure of LptC-skewed LptB2FGC. FF, JRB, CVR carried out the native MS work 

with LptB2FGC and cardiolipin, MPLA, lipid A and Re-LPS as well as the 

experimental cross-linking data. All other work including MD studies and analysis 

was carried out by JBS.   
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CHAPTER 4 The 
thermodynamics of lipid A 
transport through the Lpt 
system 

 

4.1 Background to the periplasmic LPS chute  
 

LptA is found connecting the IM ABC transporter LptB2FGC and the OM heterodimer 

LptDE subcomplexes together, bridging the periplasm and forming the Lpt 

system92,312. To do this, the N-terminal domain of LptA interacts with LptC, whereas 

the C-terminal domain interacts with LptD92. Here also, the N-terminal of LptC itself 

makes contact with the periplasmic domain of LptF. Both of these subunits, LptC and 

LptA, alongside the soluble domains of LptF and LptD have a very similar and 

distinctive LptD ‘β-taco’ protein fold299,301,302,313 where the anti-parallel β-sheets form a 

‘V shape’ with a hydrophobic pocket within the fold. The homologous fold between 

these subunits obviously implies the interactivity between the units to form a 

continuous bridging complex across the periplasm, much like LptA or LptC units 

crystallising end-to-end with their hydrophobic grooves aligned301,302. Along the fold of 

each of the β-taco subunits there is a 90° twist, and when oligomerised together form 

a twisting groove along the periplasmic bridge, much like a ‘helter-skelter’.  LptC, LptA 

and LptD have been shown to bind LPS, however very little is known about how these 
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units interact with the peptidoglycan layer51,85,90,314,315. This bridge distinctively 

characterises the purported ‘PEZ’ system of transport whereby LPS is continuously 

streamed across (driven by ATPase activity) into the OM, assuming also that the 

bridge is completely stacked with lipid molecules (Figure 4.1).  

 

Figure 4.1 Cartoon schematic describing the LPS transport pathway. Figure 
adapted from Fiorentino et al,51 all work here completed by myself and FF. (a) 
cartoon schematic of the Lpt system: LPS is extracted from the inner membrane (IM) 
by the ABC transporter complex LptB2FGC, where it is subsequently shuttled through 
the periplasm via a soluble bridge of LptA units to be finally installed in the outer 
membrane (OM) by LptDE. (b) Structures of the ‘β-taco’ protein bridging subunits: 
LptF, LptC, LptA and LptD (c) A skeletal representation of LPS where its tripartite 
structure is described: lipid A, core oligosaccharide and the O-antigen repeating unit 
where the red box highlights the lipid A unit. 

 

As suggested by hydrogen deuterium exchange mass spectrometry (HDX-MS) data51 

(chapter 5) and in vivo photo-crosslinking experiments85, the tail of LPS are held within 

the hydrophobic pocket of the β-taco subunits where the hydrophilic saccharide unit is 

facing outward into solvent. NMR studies have shown interactions between LPS with 

the LptAC complex with as well as with the monomeric LptA and LptC subunit95. It was 

once suggested that the (ATP independent) driving force for LPS transport from LptC 

to LptA along the bridge was due to a stronger binding affinity of LPS with LptA, which 

was understood from a study in solution which revealed LptA displacing LptC-LPS 
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binding90. Though further studies have suggested that this may not be the case, with 

Kd values of LPS with LptA ranging from 7 to 35 µM with values of LptC ranging from 

11 to 28 µM315,316. 

 

LptA, itself, forms head to tail oligomers in the presence of LPS (and therefore required 

mutation in the NMR study95 to bind a singular unit) as well as concentration 

dependent oligomers in solvent (up to 22-mers)94,317. Though it is still not yet known 

the number of LptA units which make up the LPS bridge, whether this is indeed 

variable or fixed in anyway in the system. The interactions between subunits are well 

characterised (as well as the arrangement of these comprising the bridge) but it is not 

understood how the residues of the periplasmic chute contribute to the transport of 

LPS through the system. Furthermore, it is also unclear the extent to which LPS binds 

with each of the bridging subunits and what contributes to the strength of binding 

interactions with LPS along the hydrophobic groove of the periplasmic bridge.  

 

4.2 Opening up the β-taco subunits  
 

Each of the β-taco subunits is crystallised in a closed conformation, with the internal 

hydrophobic grove interacting with itself51,85,90,314,315. The subunits were opened by 

applying an alchembed236 methodology which grows in the lipids within the subunits 

to pry them open.   
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Figure 4.2 Distance plot of the sides of the KpLptD β-taco. (a) Average distance 
between backbone atoms of the two residues (Asn91, Asn135) on the either side of 
the LptD β-taco over five replicates. β-taco closure occurs within 1 ns of simulation 
time. (b) Residues depicted on schematic of KpLptD. 

 

All atom in silico studies with the kpLptD β-taco subunit demonstrate rapid (within 1 

ns) β-taco closure (~ 1.1 nm, as measure by the distance between Asn91 and Asn135) 

when the domain is fully open (1.9 nm), and the lipid is removed (Figure 4.2). This 

demonstrates the importance of hydrophobic contacts in the β-taco interacting with 
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itself when no lipid is bound and emphasises how solvent accessibility within the 

domain is highly unfavourable.  

4.3 The binding energy of lipid A within each of the isolated 
subunits of the periplasmic chute is variable  

 

With each β-taco having been opened (by growing lipid A from inside the domains), I 

wanted to calculate the binding energy of the lipid within each of the distinct units in 

isolation. This would give an indication of the strength of binding interactions which 

the lipid experiences through the chute.  I performed the simulations necessary to 

calculate the energetics in coarse grain to significantly decreases the computational 

cost. To understand the binding energy, lipid A was used as the substrate (in all 

calculations) to simplify and speed up the simulations. This is because the tails of the 

LPS interact predominantly with the hydrophobic groove of the periplasmic chute, 

whereas the sugar units are assumed to be pointed towards the solvent and therefore 

not strictly necessary to factor into the binding calculation. However, this is an 

oversimplification as sugars may have a role interacting with the soluble loops of the 

periplasmic subunits and will interact with the hydrophobic cavity of the LptB2FGC 

transporter (as shown in Chapter 3) as well as the lateral gate of LptDE (discussed in 

Chapter 5).   

 

To quantify the binding energy of lipid A from the β-taco units which comprise the 

periplasmic bridge I used potential of mean force calculations (PMFs). Here, I 

employed steered MD to pull lipid A across the subunits from within the β-taco out into 

solvent in a ‘card-swipe’ like fashion. This motion occurs in both the forward (in the 

physiological direction of transport towards the OM) and reverse direction (towards 

the IM) to sample the entire protein groove (Figure 4.3).  
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Figure 4.3 Schematic of steered MD.  Lipid A being pulled out from the LptC β-taco 
in both the forward (towards the OM) and reverse direction (towards the IM). 

 

The reason for using two PMF’s from two ‘forward’ and ‘reverse’ pull-codes like this is 

a practical one, as it simplifies the movement of lipid A being threaded accurately 

through the β-taco. Subsequently, I stitch both PMF profiles together to realise the 

strength of the lipid A binding pocket through each of the β-taco domains in turn.  

 

The binding profile obtained (Figure 4.4a), reveals the energy of lipid A from outside 

the β-taco in bulk solvent, where lipid A moves from experiencing unfavourable 

energetics to thermodynamic relaxation in the hydrophobic groove, before moving 

back out into solvent (which is set to zero). To ensure sampling is sufficient across the 

collective variable, specific positions which were undersampled, were detected and 

revisited (Figure 4.4b,c)142. There the lipid was constrained to achieve satisfactory 

overlap between histograms which totalled 385 for the entire PMF calculation (Figure 

4.4d). This number of separate windows, was required to sample the entire length of 
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the collective variable from solvent, into the hydrophobic groove of LptF, and back out 

into solvent again. 
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Figure 4.4 Binding energy of lipid A with the LptF β-taco. (a) PMF profile of lipid A 
moving through LptF, areas shaded in grey indicates the error and is obtained by 
bootstrapping the profile 200 times. Cartoon representation of the LptF subunit aligned 
with the energy profile in the background for reference. (b) Total counts summed 
across the collective variable of lipid A being pulled from the β-taco into solvent from 
the raw histograms, where the dataset is normalised to 1.  The red line is a ‘rule of 
thumb’ marker for acceptable sampling positioned at 0.2 of total counts. (c) The 
number of overlapping histograms from the umbrella sampling across the collective 
variable. A count is considered when the overlap is >10% of the total histogram height. 
The red line corresponds to a ‘rule of thumb’ for sufficient overlap set to 3. (d) The 
histograms from the WHAM analysis, where every histogram corresponds to a 
separate sampling position of lipid A. 
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Figure 4.5 LptF PMF convergence analysis. (a) PMF profiles of increasing blocks 
simulation time by 100 ns for up to one microsecond. Colour scale from blue to red 
illustrates how the profile evolves through time. The first 200 ns was removed from 
each window to ensure that the system had fully equilibrated first. (b) The binding 
values (the lowest energy value) of each PMF profile over the course of the simulation 
time for increasing blocks of 100 ns. Errors calculated by bootstrapping each PMF 
profile 10 times. For instance, 200 – 300 ns, 200 – 400 ns, …, 200 – 1000 ns. (c) The 
binding values (the lowest energy value) of each PMF profile over the course of the 
simulation time for consecutive blocks of 100 ns. For instance, 200 – 300 ns, 300 – 
400 ns, …, 900 – 1000 ns. 

 

At this stage, it is important to assess how the binding energy changes over the course 

of the sampling time to ensure that the energy value has converged. I calculated the 

binding energy between increasing blocks of simulation time (e.g., 200-300 ns, 200-

400 ns, 200-500 ns etc) and bootstrapped (n=10) each block to calculate the statistical 

error. I removed the first 200 ns from each window in the calculation to ensure the 

system had fully equilibrated first. The resulting PMF profiles are plotted on top of each 

other to illustrate how the landscape evolves through increasing sampling time (for up 

to one microsecond) (Figure 4.5a). The resulting binding values from 700 ns onwards 

are within error of each other, so I suggest the profile reaches a converged state after 
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700 ns (Figure 4.5b). The binding energy of the LptF β-taco is calculated to be -62 ± 

3 kJ mol-1 after one microsecond of simulation time. LptF is almost half the size of the 

other β-taco bridging units and consequently the binding energy for the other units 

would be assumed higher because of the larger hydrophobic pocket to accommodate 

lipid A.  

 

The binding energy for the LptC β-taco is calculated to be -130 ± 2 kJ mol-1, greater 

than twice the binding energy of LptF where 385 histograms were required for 

sufficient sampling here (Figure 4.6).  
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Figure 4.6 Binding energy of lipid A with the LptC β-taco. (a) PMF profile of lipid 
A moving through LptC, areas shaded in grey indicates the error and is obtained by 
bootstrapping the profile 200 times. Cartoon representation of the LptC subunit aligned 
with the energy profile in the background for reference. (b) Total counts summed 
across the collective variable of lipid A being pulled from the β-taco into solvent from 
the raw histograms, where the dataset is normalised to 1.  The red line is a ‘rule of 
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thumb’ marker for acceptable sampling positioned at 0.2 of total counts. (c) The 
number of overlapping histograms from the umbrella sampling across the collective 
variable. A count is considered when the overlap is >10% of the total histogram height. 
The red line corresponds to a ‘rule of thumb’ for sufficient overlap set to 3. (d) The 
histograms from the WHAM analysis, where every histogram corresponds to a 
separate sampling position of lipid A. 
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Figure 4.7 LptC PMF convergence analysis. (a) PMF profiles of increasing blocks 
simulation time by 100 ns for up to one microsecond. Colour scale from blue to red 
illustrates how the profile evolves through time. The first 200 ns was removed from 
each window to ensure that the system had fully equilibrated first. (b) The binding 
values (the lowest energy value) of each PMF profile over the course of the simulation 
time for increasing blocks of 100 ns. Errors calculated by bootstrapping each PMF 
profile 10 times. For instance, 200 – 300 ns, 200 – 400 ns, …, 200 – 1000 ns. (c) The 
binding values (the lowest energy value) of each PMF profile over the course of the 
simulation time for consecutive blocks of 100 ns. For instance, 200 – 300 ns, 300 – 
400 ns, …, 900 – 1000 ns. 

 

As before, I measure the convergence of the energy landscape in blocks of increasing 

simulation time (of 100 ns) and found the energy converged after 600 ns (Figure 4.7). 

The PMF profile follows the same trend as before, where lipid A experiences high 

energy in solvent and thermodynamic relaxation through the hydrophobic groove of 

LptC. However, it is curious that the lipid does not experience ‘immediate’ relaxation 

into the groove, but rather a gradual sink in binding energy until the midpoint of the 

LptC β-taco i.e. a ‘V-shaped’ profile rather than a ‘U-shaped’ energy profile. This 

suggest that the lipid must gradually de-solvate first before reaching the centre point 
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of the domain before then gradually re-solvating as it moves out of the β-taco (Figure 

4.8).  

 

Figure 4.8: Snapshots of lipid A along the reaction coordinate. Top: looking down 
on the LptC β-taco. Middle: side view of the LptC β-taco as lipid A is pulled through 
the subunit. In both perspectives the β-taco is made transparent for clarity. Bottom: 
PMF profile overlayed for reference   
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Figure 4.9 Binding energy of lipid A with the LptA β-taco. (a) PMF profile of lipid 
A moving through LptD, areas shaded in grey indicates the error and is obtained by 
bootstrapping the profile 200 times. Cartoon representation of the LptA subunit aligned 
with the energy profile in the background for reference. (b) Total counts summed 
across the collective variable of lipid A being pulled from the β-taco into solvent from 
the raw histograms, where the dataset is normalised to 1.  The red line is a ‘rule of 
thumb’ marker for acceptable sampling positioned at 0.2 of total counts. (c) The 
number of overlapping histograms from the umbrella sampling across the collective 
variable. A count is considered when the overlap is >10% of the total histogram height. 
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The red line corresponds to a ‘rule of thumb’ for sufficient overlap set to 3. (d) The 
histograms from the WHAM analysis, where every histogram corresponds to a 
separate sampling position of lipid A. 
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Figure 4.10 LptA PMF convergence analysis. (a) PMF profiles of increasing blocks 
simulation time by 100 ns for up to one microsecond. Colour scale from blue to red 
illustrates how the profile evolves through time. The first 200 ns was removed from 
each window to ensure that the system had fully equilibrated first. (b) The binding 
values (the lowest energy value) of each PMF profile over the course of the simulation 
time for increasing blocks of 100 ns. Errors calculated by bootstrapping each PMF 
profile 10 times. For instance, 200 – 300 ns, 200 – 400 ns, …, 200 – 1000 ns. (c) The 
binding values (the lowest energy value) of each PMF profile over the course of the 
simulation time for consecutive blocks of 100 ns. For instance, 200 – 300 ns, 300 – 
400 ns, …, 900 – 1000 ns. 

 

The main bridging unit of the periplasmic chute is LptA. In isolation, the calculated 

binding energy for LptA is -86 ± 2 kJ mol-1, where 318 histograms were required for 

sufficient sampling (Figure 4.9b, c, d), where a converged plot was comfortably 

reached after 600 ns (Figure 4.10). Compared to the previous two PMF profiles, (LptF 

and LptC) the most favourable energy state of lipid A within the domain is 1 nm away 

from the centre of LptA. Therefore, the binding energy sampled by the lipid cannot 

‘just’ be accounted for by slow de-solvation until the midpoint, followed by re-solvation.   
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Figure 4.11 Lipid A binding conformation within the LptA β-taco. (a) PMF profile 
of lipid A moving through LptA, areas shaded in grey indicates the error and is obtained 
by bootstrapping the profile 200 times. Cartoon representation of the LptA subunit 
aligned with the energy profile in the background for reference. (b) Lipid A binding 
pose at -1 nm and at 0 nm labelled onto the LptA PMF binding profile.  

 

The binding pose at -1 nm away from the centre of LptA reveals that all the lipid A tails 

are neatly aligned and tucked into the hydrophobic groove. At 0 nm, two of the lipid 

tails are slightly facing out of the β-taco which is clearly a more disfavourable lipid 

conformation within the domain (Figure 4.11).  In comparison, the binding profile of 

lipid A through LptD is markedly different from the other β-taco domains (Figure 4.12). 
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To achieve this profile, 282 separate windows were required for sufficient sampling 

across the collective variable where convergence was reached after 600 ns (Figure 

4.13).  When considering the energy landscape of LptD, the COM of lipid A is -2 nm 

away from the centre of the subunit, the lipid sinks into a low energy state (-87 ± 5 kJ 

mol-1) before rapidly approaching a highly unfavourable state as it moves across LptD, 

until it reaches another energy sink at +1 nm from the LptD centre. This high energy 

state of the lipid is caused by a salt bridge restriction (between residues Arg145 and 

Asp222) forcing the lipid tails out into solvent space (Figure 4.14).  

 



 176 

 

Figure 4.12 Binding energy of lipid A with the LptD β-taco. (a) PMF profile of lipid 
A moving through LptD, areas shaded in grey indicates the error and is obtained by 
bootstrapping the profile 200 times. Cartoon representation of the LptD subunit aligned 
with the energy profile in the background for reference. (b) Total counts summed 
across the collective variable of lipid A being pulled from the β-taco into solvent from 
the raw histograms, where the dataset is normalised to 1.  The red line is a ‘rule of 
thumb’ marker for acceptable sampling positioned at 0.2 of total counts. (c) The 
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number of overlapping histograms from the umbrella sampling across the collective 
variable. A count is considered when the overlap is >10% of the total histogram height. 
The red line corresponds to a ‘rule of thumb’ for sufficient overlap set to 3. (d) The 
histograms from the WHAM analysis, where every histogram corresponds to a 
separate sampling position of lipid A. 
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Figure 4.13 LptD PMF convergence analysis. (a) PMF profiles of increasing blocks 
simulation time by 100 ns for up to one microsecond. Colour scale from blue to red 
illustrates how the profile evolves through time. The first 200 ns was removed from 
each window to ensure that the system had fully equilibrated first. (b) The binding 
values (the lowest energy value) of each PMF profile over the course of the simulation 
time for increasing blocks of 100 ns. Errors calculated by bootstrapping each PMF 
profile 10 times. For instance, 200 – 300 ns, 200 – 400 ns, …, 200 – 1000 ns. (c) The 
binding values (the lowest energy value) of each PMF profile over the course of the 
simulation time for consecutive blocks of 100 ns. For instance, 200 – 300 ns, 300 – 
400 ns, …, 900 – 1000 ns. 
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Figure 4.14 Lipid A binding conformation within the LptD β-taco. (a) PMF profile 
of lipid A moving through LptD, areas shaded in grey indicates the error and is 
obtained by bootstrapping the profile 200 times. Cartoon representation of the LptA 
subunit aligned with the energy profile in the background for reference. (b) Lipid A 
binding pose at -1.5 nm, +1 nm and at +2.5 nm labelled onto the LptA PMF binding 
profile.  

 

Such a salt bridge may potentially act a gate or valve for OM LPS insertion, regardless, 

it is certainly clear that the chute must be open at least 2 nm between the β-strands of 

the β-taco for facile lipid transport (Figure 4.15). Therefore, the opening of the 

hydrophobic groove and the breaking of salt bridges is essential for LPS transport 

across the periplasm. 
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Figure 4.15 Width of LptD subunit during the umbrella sampling. Top: Distance 
over the β-taco measured between Arg96 and Arg142 over the 1 µs sampling time for 
the window sampling at +1 nm. Bottom: representative snapshots of lipid A sampling 
of the 0-100 ns, 200-700 ns and 900-1000 ns sections of the simulation.  

 

During the sampling window at +1 nm, I observe the salt bridge attempting to reform. 

This implies that more lipid A molecules must be present within the units to fully open 

the domains. LptD is ~5.1 nm in length which is large enough to accommodate a 

second lipid A molecule within its hydrophobic groove. If this was present, it would be 

likely that the salt bridge would not reform and therefore not push out the lipid A 

molecule observed in this instance.  
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Figure 4.16 PMF profiles for the bridging subunits. PMF calculations from the 
lateral ‘card swiping’ through each of the β-taco units (a) LptF, (b) LptC, (c) LptA and 
(d) LptD. Areas shaded in grey indicates the error and is obtained by bootstrapping 
each profile respectively.  

 

Between these lateral PMF pulls, I can begin to piece together what LPS may 

experience on transit through the periplasm (Figure 4.16).  These profiles reveal a 

variable energy series: whereby lipid A experiences the highest energy within LptF, 

followed by a large energy sink into LptC, before entering a similar energetic 

environment within LptA and LptD.  

 

However, there are several issues with this approach to understanding the binding 

energy of lipid A with each of the β-taco units. The most glaring of which is the variable 

amount of solvation lipid A experiences with each β-taco domain. For LptF, lipid A is 

barely housed inside the protein cleft and the lipid tails are free to contact the 
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surrounding solvent. However, for larger units like LptC, it is unclear whether the 

binding minimum across the β-taco is due to more favourable contact with the residues 

at that position or whether it is the point at which the lipid experiences the least 

solvation. For comparatively sized β-taco units such as LptC and LptA (length ~5.2 

nm with 8 number of β-strands) it makes sense to compare binding energies in 

isolation. What I notice here is that LptC has a stronger binding interaction than with 

LptA, which lends itself to enabling a large thermodynamic sink for LPS to be drawn 

towards.  

 

Another issue with this method, is the extent to which the β-taco domains are open, 

the LptD domain would require further opening for lipid A to be threaded through 

smoothly. Incidentally, however, this does demonstrate the importance of salt bridges 

across the β-taco and reveals, quite nicely, the minimum distance across the domain 

for lipid A transport, which is defined as 2 nm.  

 

4.4 Binding energy of lipid A across multiple LptA subunits  
 

To gain better insight into the thermodynamics of lipid A transport through the 

periplasm, I want to understand how the energy profile would change when the lipid 

has a chance to sample a larger section of the chute. The lipid here would experience 

less solvation effects when travelling through a bigger portion of the chute and should 

help reveal the extent to which solvation effects are influencing the PMF calculations. 

Additionally, I would also gain insight in how neighbouring β-taco units affect the 

binding energy of the lipid with the chute.  
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The number of LptA units which make up the bridge is not truly known317, however in 

measuring the distance across the periplasm (~25 nm)318 an educated guess of 3 or 

4 units would be required, where a single LptA unit spans 3.5 nm. Thus, for this section 

three bridging units of LptA were assembled to form an LptA trimer. The hydrophobic 

groove of the LptA trimer was opened in a similar fashion to the monomers where lipid 

A was grown inside the units to open the complex in a uniform manner. Like the 

previous lateral pulls, lipid A was pulled from the centre of the LptA3 out into solvent in 

both the forward (towards the OM) and reverse (towards the IM) direction.  
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Figure 4.17 Binding energy of lipid A with the LptA3 portion of the chute. (a) PMF 
profile of lipid A moving through LptA3, areas shaded in grey indicates the error and is 
obtained by bootstrapping the profile 200 times. Cartoon representation of the LptA3 
trimer aligned with the energy profile in the background for reference. (b) Total counts 
summed across the collective variable of lipid A being pulled from the β-taco into 
solvent from the raw histograms, where the dataset is normalised to 1.  The red line is 
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a ‘rule of thumb’ marker for acceptable sampling positioned at 0.2 of total counts. (c) 
The number of overlapping histograms from the umbrella sampling across the 
collective variable. A count is considered when the overlap is >10% of the total 
histogram height. The red line corresponds to a ‘rule of thumb’ for sufficient overlap 
set to 3. (d) The histograms from the WHAM analysis, where every histogram 
corresponds to a separate sampling position of lipid A from the lateral ‘card swiping’ 
through the LptA3 trimer. 
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Figure 4.18 LptA3 PMF convergence analysis. (a) PMF profiles of increasing blocks 
simulation time by 100 ns for up to one microsecond. Colour scale from blue to red 
illustrates how the profile evolves through time. The first 200 ns was removed from 
each window to ensure that the system had fully equilibrated first. (b) The binding 
values (the lowest energy value) of each PMF profile over the course of the simulation 
time for increasing blocks of 100 ns. Errors calculated by bootstrapping each PMF 
profile 10 times. For instance, 200 – 300 ns, 200 – 400 ns, …, 200 – 1000 ns. (c) The 
binding values (the lowest energy value) of each PMF profile over the course of the 
simulation time for consecutive blocks of 100 ns. For instance, 200 – 300 ns, 300 – 
400 ns, …, 900 – 1000 ns. 

I obtained this profile (Figure 4.17) by sampling across the collective variable 337 

times where convergence was reached after 600 ns (Figure 4.18). The result of the 

LptA3 PMF profile is surprising, despite three of the same LptA units being coordinated 

together, the landscape is asymmetrical. Curiously, the landscape features an energy 

sink at -1.8 nm, before encountering an energy barrier at +2.7 nm before another 

energy sink at +4.7 nm. At the points where lipid A experiences a particularly 

favourable energy minima (at -1.8 nm and at +4.7 nm) both phosphate headgroups 

directly coordinates with soluble residues from the loops of the β-strands 

(Asn24/Ser141 and Thr3/Thr6 respectively) (Figure 4.19). At +2.7 nm, only one 

phosphate group is involved in a favourable interaction with the LptA soluble loops 

and is therefore higher in energy. Lipid A binds to the same monomer unit in different 
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binding poses, which is dependent on whether the phosphate headgroups have found 

favourable interactions with the soluble loops of the bridging units and whether the 

lipid tails are comfortably inside the hydrophobic groove (and not squeezed out). As 

before, each end of the chute increases in energy (as seen in the monomer lateral 

PMF calculations) due to the lipid experiencing more unfavourable solvation 

interactions.  
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Figure 4.19 Lipid A binding conformation within the LptA3 trimer. (a) PMF profile 
of lipid A moving through LptA3, areas shaded in grey indicates the error and is 
obtained by bootstrapping the profile 200 times. Cartoon representation of the LptA 
subunit aligned with the energy profile in the background for reference. (b) Lipid A 
binding pose at -1.8 nm, +2.7 nm and at +4.7 nm are labelled onto the LptA3 PMF 
binding profile, where in each instance, the binding pose has been highlighted. The 
residues which interact with the phosphate groups are highlighted on the structure.  

 

The binding energy of lipid A though LptA3 is more favourable than the binding energy 

with just one LptA unit: -120 ± 5 kJ mol-1 verses -86 ± 2 kJ mol-1. To account for this, I 

observe that the hydrophobic groove of the central LptA unit of the trimer fits more 

tightly with lipid A (approximately 25 kJ mol-1 more favourably) due to the structural 

rigidity provided by the presence of the flanking LptA units. Furthermore, the complex 

formed by lipid A and one LptA β-taco is more highly solvated than when the lipid is 

bound in the centre of the LptA3 trimer.  

 

4.5 Binding energy of lipid A across the periplasmic chute 
LptA3CDF 

 

So far, laterally pulling lipid A through sections of the periplasmic chute has allowed 

me to understand how open the hydrophobic groove is required to be to allow lipid 

transport (at least 2 nm). Between comparably sized β-taco units, LptC has 

demonstrated far greater binding energy than LptA (-131 ± 2 kJ mol-1 verses -86 ± 2 

kJ mol-1), where the binding strength between LptA and the lipid is enhanced in the 

presence of neighbouring β-taco units which provide structural rigidity. The strength 

of the binding interaction also depends on whether the lipid tails sit comfortably (where 

the tails align in a row) within the hydrophobic groove and whether the phosphate 

headgroups are interacting with the soluble loops of the bridging units.  
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At this stage, it is important to demonstrate how all these factors work together by 

deriving the thermodynamic landscape across the entire periplasmic chute itself. As 

with the preceding lateral pulls, lipid A was pulled from the centre of the LptA3CDF out 

into solvent in both the forward (towards the OM) and reverse (towards the IM)  

direction.  
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Figure 4.20 Binding energy of lipid A with the LptA3CDF periplasmic chute. (a) 
PMF profile of lipid A moving through LptA3CDF, areas shaded in grey indicates the 
error and is obtained by bootstrapping the profile 200 times. Cartoon representation 
of the LptA3CDF complex it aligned with the energy profile in the background for 
reference.  (b) Total counts summed across the collective variable of lipid A being 
pulled from the β-taco into solvent from the raw histograms, where the dataset is 
normalised to 1.  The red line is a ‘rule of thumb’ marker for acceptable sampling 
positioned at 0.2 of total counts. (c) The number of overlapping histograms from the 
umbrella sampling across the collective variable. A count is considered when the 
overlap is >10% of the total histogram height. The red line corresponds to a ‘rule of 
thumb’ for sufficient overlap set to 3. (d) The histograms from the WHAM analysis, 
where every histogram corresponds to a separate sampling position of lipid A. 

 

Figure 4.21 LptA3CDF PMF convergence analysis. (a) PMF profiles of increasing 
blocks simulation time by 100 ns for up to one microsecond. Colour scale from blue to 
red illustrates how the profile evolves through time. The first 200 ns was removed from 
each window to ensure that the system had fully equilibrated first. (b) The binding 
values (the lowest energy value) of each PMF profile over the course of the simulation 
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time for increasing blocks of 100 ns. Errors calculated by bootstrapping each PMF 
profile 10 times. For instance, 200 – 300 ns, 200 – 400 ns, …, 200 – 1000 ns. (c) The 
binding values (the lowest energy value) of each PMF profile over the course of the 
simulation time for consecutive blocks of 100 ns. For instance, 200 – 300 ns, 300 – 
400 ns, …, 900 – 1000 ns.  

 

Here, LptA3CDF PMF profile (Figure 4.20) was obtained by 573 separate windows to 

sample along the chute where convergence appears to have been reached after 800 

ns of simulation time (Figure 4.21). Lipid A experiences a huge energy sink (-165 ± 6 

kJ mol-1) inside LptC when moving towards the LptA trimer, which certainly helps to 

solidify my observations of the more favourable binding energy between lipid A with 

LptC than with LptA in isolation.  Here also, the landscape is not ‘V-shaped’ where the 

position at 0 nm is the most favourable (due to being most distal from the solvated end 

of the chute) but instead shows a very sharp relaxation into the centre of the LptC 

subunit, which again, further emphasises this point.  Notably, the landscape inside the 

LptA section is different from the previously shown LptA trimer (from -5 nm to +7 nm). 

It appears, then, that the additions of the subunits LptD and LptC (on either side of 

LptA3) has affected the conformation of the LptA trimer and accordingly, the 

thermodynamics of what lipid A experiences. It is also important to note the 

simplification that this LptA3CDF model is constructed in isolation, without the IM, OM 

or peptidoglycan layer. However, if the peptidoglycan layer was present (and 

assuming that it was situated the middle of the periplasm, 7-8 nm thick48) it would span 

from -4 nm to +4 nm on the scale in Figure 4.22.   
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Figure 4.22 Lipid A binding conformation within the LptA3CDF complex. (a) PMF 
profile of lipid A moving through LptA3CDF, areas shaded in grey indicates the error 
and is obtained by bootstrapping the profile 10 times. Cartoon representation of the 
LptA subunit aligned with the energy profile in the background for reference. (b) Lipid 
A binding pose at -6.0 nm, -2.5 nm, +0.5 nm, +2.5 nm, +6.0 nm, +8.0 nm, +10.0 nm 
and at +11.2 nm labelled onto the LptA3CDF PMF binding profile, where for positions 
-6.0 nm, 0.5 nm and +8 nm the binding pose has been highlighted. The residues which 
interact with the phosphate groups are labelled onto the structure.  

 

After lipid A moves from solvent to the chute itself, the lipid instantly relaxes into the 

hydrophobic groove of LptF and LptC. At -6 nm both phosphate head groups of lipid 

A interact favourably with the beta-strand loops of the domain (Pro34, Arg110), which 

emphasise the driving force the lipid experiences to move into the periplasmic bridge 

for transport (Figure 4.22). The energy barrier at -2.5 nm is caused by the lipid tails 

being squeezed out into solvent due to a slight constriction in the chute, however 

phosphate groove interactions relax the energy the lipid experiences once more at 

+0.5 nm (interacting with residue Ala1). The energy sharply rises again at +2.5 nm to 

+6 nm (to -50 kJ mol-1) due to the disruption of the phosphate group interaction and 

because of another chute constriction causing the tails of the lipid to rise out of a 

comfortable interaction within the hydrophobic groove.  

 

Lipid A experiences another energy sink at +8 nm when it moves into the final subunit 

of the periplasmic bridge, LptD because of phosphate group coordination with residue 

Asn81. The landscape of the LptD portion of the chute is very similar to the lateral card 

swipe of LptD in isolation. This again, can be accounted for by a restriction in the chute 

which forces the lipid tails out to sample more solvent than otherwise would 

physiologically. However, the energies of the minima are more favourable than in the 

individual card swipe which is owing to the addition of LptA coordinated with LptD and 

opening the domain. Adding subunits to the monomers changes the conformation of 
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the chute allowing for more favourable interactions with lipid A, which is especially 

acute when comparing the profile for the LptA3 energy landscape against the PMF 

calculation for LptA3CDF.  

 

To understand the nature of these changes, I wanted to see how the landscape of lipid 

A transport would change by complexing a larger group of LptA units together. To 

study this, the LptA4 complex, obtained from the unit cell of the crystal structure (PDB: 

2R19)301 was opened as before, by growing lipid A inside the hydrophobic groove.   

 

4.6 The binding energy of lipid A through LptA4  
 

Lipid A was laterally pushed through the LptA tetramer using steered MD to better 

understand how the landscape may change with another neighbouring subunit.  
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Figure 4.23 binding energy of lipid A with the LptA4 portion of the chute. (a) PMF 
profile of lipid A moving through LptA4, areas shaded in grey indicates the error and is 
obtained by bootstrapping the profile 200 times. Cartoon representation of the LptA4 
tetramer complex it aligned with the energy profile in the background for reference.  
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(b) Total counts summed across the collective variable of lipid A being pulled from the 
β-taco into solvent from the raw histograms, where the dataset is normalised to 1.  The 
red line is a ‘rule of thumb’ marker for acceptable sampling positioned at 0.2 of total 
counts. (c) The number of overlapping histograms from the umbrella sampling across 
the collective variable. A count is considered when the overlap is >10% of the total 
histogram height. The red line corresponds to a ‘rule of thumb’ for sufficient overlap 
set to 3. (d) The histograms from the WHAM analysis, where every histogram 
corresponds to a separate sampling position of lipid A. 
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Figure 4.24 LptA4 PMF convergence analysis. (a) PMF profiles of increasing blocks 
simulation time by 100 ns for up to one microsecond. Colour scale from blue to red 
illustrates how the profile evolves through time. The first 200 ns was removed from 
each window to ensure that the system had fully equilibrated first. (b) The binding 
values (the lowest energy value) of each PMF profile over the course of the simulation 
time for increasing blocks of 100 ns. Errors calculated by bootstrapping each PMF 
profile 10 times. For instance, 200 – 300 ns, 200 – 400 ns, …, 200 – 1000 ns. (c) The 
binding values (the lowest energy value) of each PMF profile over the course of the 
simulation time for consecutive blocks of 100 ns. For instance, 200 – 300 ns, 300 – 
400 ns, …, 900 – 1000 ns.  

 

I obtained the PMF profile (Figure 4.23) by using 332 windows across the hydrophobic 

groove into solvent and assessed convergence had been reached after 800 ns (Figure 

4.24). The minimum of the LptA4 (-155 ± 5 kJ mol-1) landscape is greater than that of 

LptA3 (-120 ± 5 kJ mol-1) which is again greater than the LptA monomer by itself (-86 

± 2 kJ mol-1). However, the resultant PMF landscape is unexpectedly curved and 

asymmetric, if lipid A is traversing across the same hydrophobic track four times, then 

the landscape should be flatter as well as revealing a consistent motif. Again, this is 

most likely caused by solvation effects where lipid A is more exposed to solvent within 

one of the LptA monomers, but less exposed inside the LptA3 trimer and even less 
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exposed with the LptA4 tetramer. The LptA4 thermodynamic landscape is also different 

(and more symmetrical) to the one I obtained for LptA3, which is due to the extra 

conformational rigidity afforded by the additional LptA subunit. However, I cannot 

comment upon whether my data supports LptA4, rather than LptA3 being present in 

the cell as this may vary according to periplasm size, though the thermodynamics of 

lipid A transport are more favourable when the other periplasmic units of the chute are 

present. To obtain a better understanding of lipid A thermodynamics within the chute, 

it is important to eliminate solvation effect which is artificially biasing the edges of the 

chute to be higher in energy than it ‘should be’. It is also critical to enforce artificial 

rigidity of subunit neighbours to prevent higher conformational sampling towards either 

end of the chute under analysis.  

 

4.7 Building the model for a continuous chute of LptA units  
 

Within the LptA crystal structure itself (PDB: 2R19)301, the LptA units repeat themselves 

exactly after every four monomers (the unit cell). To mimic this, I made the boundary 

condition of the simulation box interface between the end of the LptA tetramer and 

allowed the rubber band contacts between units to extend over the periodic boundary.  

This created a continuous chute of LptA units together and allows for a PMF of lipid A 

to be laterally pushed through the chute itself in the direction which lipid A moves 

through the system. This is unlike the other PMF calculations where lipid A is made to 

move counter to what it would be doing physiologically when moving through the 

periplasm. Doing this also imposes conformational rigidity between the subunits which 

prevents the outside of the chute from splaying out towards solvent like what is 

observed in the isolated portions of the chute itself. 
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4.7.1 Thermodynamic landscape of lipid A through the continuous LptA 
chute  

 

This time a flat, albeit asymmetrical, PMF landscape was observed (Figure 4.25) with 

a deviation of ~15 kJ mol-1. 289 separate windows were required to sample along the 

four LptA units, where convergence was assessed to have been reached after 600 ns 

(Figure 4.26).  
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Figure 4.25 Binding energy of lipid A with continuous LptA chute. (a) PMF profile 
of lipid A moving through LptA4, areas shaded in grey indicates the error and is 
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obtained by bootstrapping the profile 200 times. (b) Total counts summed across the 
collective variable of lipid A being pulled from the β-taco into solvent from the raw 
histograms, where the dataset is normalised to 1.  The red line is a ‘rule of thumb’ 
marker for acceptable sampling positioned at 0.2 of total counts. (c) The number of 
overlapping histograms from the umbrella sampling across the collective variable. A 
count is considered when the overlap is >10% of the total histogram height. The red 
line corresponds to a ‘rule of thumb’ for sufficient overlap set to 3. (d) The histograms 
from the WHAM analysis, where every histogram corresponds to a separate sampling 
position of lipid A. 
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Figure 4.26 Continuous LptA chute PMF convergence analysis. (a) PMF profiles 
of increasing blocks simulation time by 100 ns for up to one microsecond. Colour scale 
from blue to red illustrates how the profile evolves through time. The first 200 ns was 
removed from each window to ensure that the system had fully equilibrated first. (b) 
The binding values (the lowest energy value) of each PMF profile over the course of 
the simulation time for increasing blocks of 100 ns. Errors calculated by bootstrapping 
each PMF profile 10 times. For instance, 200 – 300 ns, 200 – 400 ns, …, 200 – 1000 
ns. (c) The binding values (the lowest energy value) of each PMF profile over the 
course of the simulation time for consecutive blocks of 100 ns. For instance, 200 – 
300 ns, 300 – 400 ns, …, 900 – 1000 ns. 

Between -7 nm and +1 nm the energy landscape is relatively flat where lipid A 

experiences a minimally fluctuating thermodynamics of binding (~ -10 kJ mol-1) for the 

first two LptA units. However, the sharp dip (at +2 nm), rise, then dip (at +4.8 nm) in 

the PMF profile is caused by a specific constriction in the chute, which generates two 

favourable lipid binding pockets between two restrictions (Figure 4.27).  
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Figure 4.27 Lipid A binding conformation within the LptA continuous chute. (a) 
PMF profile of lipid A moving through LptA continuous chute areas shaded in grey 
indicates the error and is obtained by bootstrapping the profile 200 times. Cartoon 
representation of the LptA4 tetramer aligned with the energy profile in the background 
for reference. (b) Lipid A binding pose at -6.0 nm, -2.5 nm, +11.2 nm labelled onto the 
LptA continuous chute PMF binding profile. 

 

Successfully, then, solvation effects were removed from the PMF calculation of 

binding energy with the periplasmic chute. Furthermore, far greater conformational 

rigidity across these units granted much more consistent lipid A binding energy when 

translocated. In this model, however, the chute ‘is empty’ of other lipids as I have only 
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calculated the energy of one lipid A molecule through the periplasmic bridging 

proteins. As mentioned earlier, the ‘PEZ model’ proposes that the entire chute itself is 

loaded with lipids as they are transported through the system83. To correct for this, I 

kept the lipid A molecules within the chute when laterally pulling on one of the lipids 

using steered MD. 

 

4.7.2 Thermodynamic landscape of lipid A through the continuous LptA 
chute with lipid neighbours 

 

The PMF was repeated with the continuous LptA chute. However, this time, I moved 

lipid A through with its lipid neighbours. I linked the lipid A molecules together with 

position restraints so they would be move uniformly when I laterally pulled one of the 

lipids.  Simply, from a steric perspective, two lipid A molecules could ‘comfortably’ fit 

in any LptA subunit and so eight lipid A molecules were placed within the repeating 

LptA4 tetramer unit. I obtained the landscape (Figure 4.28) by sampling along the 

collective variable with 292 separate windows, where convergence was reached after 

800 ns (Figure 4.29). 
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Figure 4.28 binding energy of lipid A with continuous, fully lipidated LptA chute. 
(a) PMF profile of lipid A moving through a fully lipidated LptA4, areas shaded in grey 
indicates the error and is obtained by bootstrapping the profile 10 times. (b) Total 
counts summed across the collective variable of lipid A being pulled from the β-taco 
into solvent from the raw histograms, where the dataset is normalised to 1.  The red 
line is a ‘rule of thumb’ marker for acceptable sampling positioned at 0.2 of total counts. 
(c) The number of overlapping histograms from the umbrella sampling across the 
collective variable. A count is considered when the overlap is >10% of the total 
histogram height. The red line corresponds to a ‘rule of thumb’ for sufficient overlap 
set to 3. (d) The histograms from the WHAM analysis, where every histogram 
corresponds to a separate sampling position of lipid A. 
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Figure 4.29 Continuous, fully lipidated LptA chute PMF convergence analysis. 
(a) PMF profiles of increasing blocks simulation time by 100 ns for up to one 
microsecond. Colour scale from blue to red illustrates how the profile evolves through 
time. The first 200 ns was removed from each window to ensure that the system had 
fully equilibrated first. (b) The binding values (the lowest energy value) of each PMF 
profile over the course of the simulation time for increasing blocks of 100 ns. Errors 
calculated by bootstrapping each PMF profile 10 times. For instance, 200 – 300 ns, 
200 – 400 ns, …, 200 – 1000 ns. (c) The binding values (the lowest energy value) of 
each PMF profile over the course of the simulation time for consecutive blocks of 100 
ns. For instance, 200 – 300 ns, 300 – 400 ns, …, 900 – 1000 ns. 

 

Similar to the previous landscape, the energy profile is relatively flat with a deviation 

of 15 kJ mol-1 (Figure 4.28). The energy hump from -2 nm to +2 nm is caused by a 

non-uniform distribution of lipids within the hydrophobic groove.  
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Figure 4.30 Lipid A binding conformation within the fully lipidated LptA 
continuous chute. (a) PMF profile of lipid A moving through LptA continuous chute 
areas shaded in grey indicates the error and is obtained by bootstrapping the profile 
200 times. Cartoon representation of the LptA4 tetramer aligned with the energy profile 
in the background for reference. (b) Lipid A binding pose at -4.0 nm and +0.8 nm 
labelled onto the fully lipidated LptA continuous chute PMF binding profile. 

 

At +0.8 nm lipid A has separated away from its lipid neighbours and therefore does 

not benefit from those favourable hydrophobic interactions which it enjoys at -4 nm 

(for instance) (Figure 4.30).  



 209 

 

 

Figure 4.31 LptA continuous chute. Rendered images of the chute taken every 90° 
rotation through the chute’s principal axis.  Restrictions along the chute are noted by 
arrows and binding pockets are highlighted in circles. 

 

The non-uniform distribution of lipids was caused by the restriction in the chute as 

depicted in Figure 4.31.  Therefore, it is important for lipid transport that the chute is 

open evenly so (i) that any singular lipid with all six tails can easily fit within the 

hydrophobic groove (not squeezed out) and so (ii) lipids do not bundle up and 

overcrowd the chute, leaving some lipids isolated without adjacent hydrophobic 

interactions.  
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4.8 Discussion 
 

For the hydrophobic groove of the β-taco subunits to open, LPS must be 

accommodated inside otherwise the subunit will immediately close (Figure 4.2). I 

propose that this subunit closure is driven by (i) hydrophobic residues of the fold 

interacting with themselves and (ii) electrostatic salt bridges on the edges of the β-

taco effectively ‘zipping’ the unit shut. I have shown that the lipid must open the sides 

of the subunit to at least 2 nm for the subunit to remain open and not close again 

(Figure 4.15), lest salt bridges reform and squeeze the lipid tails out from the groove.  

 

I have found that the binding energy of lipid A with the β-taco units is variable. For 

now, I shall discount the binding profile of LptF (Figure 4.5) when comparing it with 

LptC/A/D due to its smaller size which exposes lipid A to solvent. Comparatively sized 

β-taco units LptC and LptA have different binding energies with lipid A, at -131 ± 2 kJ 

mol-1 (Figure 4.6) and -86 ± 2 kJ mol-1 (Figure 4.9) respectively which helps to clarify 

the confusion between which subunit has a greater affinity to LPS90,315,316. This is 

further emphasised in the LptA3CDF complex where lipid A experience a huge energy 

sink (-165 ± 6 kJ mol-1, Figure 4.20) when translated into LptC. The binding energy of 

lipid A with LptD (87 ± 5 kJ mol-1, Figure 4.12) is very similar to that of LptA (86 ± 2 kJ 

mol-1), however it is very likely that the binding energy of lipid A with LptD would be 

more favourable than the PMF profile I obtained for the subunit. This is because the 

LptD β-taco had not been opened up enough to allow facile passage of lipid A through 

the subunit. Therefore, it would be important to redo this PMF, ensuring at least 2 nm 

distance between the sides of the groove, to obtain a ‘true’ value of lipid A binding to 
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LptD. Regardless, this PMF approach has certainly shed light on the binding values of 

lipid A with each of the bridging subunits, where it is clear that there is a strong driving 

force drawing lipid A into LptC, requiring ATP activity to push the lipid into LptA subunit.  

 

I have observed that larger complexes of the bridging units have stronger binding 

interactions with lipid A compared to singular β-taco units. An obvious example of this 

is the increasingly favourable binding interactions of lipid A with LptA (-86 ± 2 kJ mol-

1, Figure 4.9), LptA3 (-120 ± 5 kJ mol-1, Figure 4.17) and LptA4 (-155 ± 5 kJ mol-1, 

Figure 4.24). Furthermore, the shape of the PMF profile for LptA3 is different to that 

of LptA4 where there is no (expected) repeating motif which implies that additional 

subunits change the conformational rigidity of the chute which in turn changes what 

the lipid experiences as it moves through the bridge. Certain tightness with the chute 

squeezes the lipid tails out of the hydrophobic groove which causes higher energy in 

certain PMF profiles such as that of LptA3 (Figure 4.17) and LptA3CDF (Figure 4.20). 

Accordingly, site specific EPR spectroscopy which examined LptA binding with LPS 

indicates that conformational movements may play a part in how well LPS binds within 

the subunit itself315. 

 

For favourable interactions with the chute the lipid requires (i) all hydrophobic tails to 

be firmly inside the fold of the β-taco subunits and (ii) for the phosphate head groups 

to interact with the soluble, electrostatic/polar residues pertaining to the edges and 

loops of the fold. These observations are apparent across the variable energy profiles 

of LptA3 and LptA3CDF, where the instances of most favourable energy are those with 

all lipid tails in the hydrophobic groove and where there are phosphate headgroup 

interactions. Experimental work could be done to validate the binding energy of lipid A 
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with the periplasmic subunits. Native-MS can be used to calculate the dissociation 

constant with LptC, LptA and LptD and therefore establish the free energy of binding 

between these units. Additionally, mutating residues found to interact with the 

phosphate groups of lipid A (such as Pro34 and Arg110 of LptC or Asn24 and Ser141 

of LptA) may reduce the free energy of binding and corroborate the findings of these 

PMF studies.  

 

Regardless of whether lipid A was sampling a singular subunit in isolation or a complex 

in isolation, every PMF profile compared the energy of binding the chute with that of 

solvent. In each of these cases, solvation effects were observed, which was 

responsible for causing ‘V’-shaped looking profiles where the lipid gradually de-

solvated and re-solvated through the passage of the units in isolation. To circumvent 

this, I constructed a continuous version of the LptA4 chute, whereby the edges of one 

LptA4 unit interacted with the mirror image of itself through the periodic boundary 

conditions of the simulation box. Subsequently, I sampled along the continuous chute, 

where the binding energy of lipid A within LptA was calculated relative to the 

environment within the hydrophobic groove itself. The energy profile of the LptA 

‘continuous chute’ eliminated the ‘V’-shaped topology of the previous PMF 

landscapes. The profile itself, deviated by approximately 15 kJ mol-1 across the 

complex, but can be considered ‘flat’ when factoring in the statistical error obtained by 

bootstrapping the profile. Larger deviations were, again, due to restrictions within the 

chute which caused larger hydrophobic pockets for lipid A to nestle inside more 

favourably comparted the other sections of the chute. Here, future work should include 

redoing this PMF calculation by opening up the restricted section of the chute and 

thereby proving that the energy landscape is affected by ‘local’ conformational effects.  
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The currently, proposed functional model of the Lpt system is known as the ‘PEZ’ 

model whereby the entire chute is filled with lipids and is pushed up into the OM by 

the LptB2FGC ABC transporter. To attempt to replicate this, I filled the LptA4 

continuous chute with eight lipid A molecules, i.e., two lipids per LptA unit. This is in 

contrast to EPR binding data which suggests that singular units (non-oligomerised) of 

LptA binds lipid A in a 1:1 ratio315 (though oligomerisation of these unit would certainly 

allow for more space to accommodate another lipid molecule within the subunit). 

Interestingly, the PMF profile revealed that energy differences across the chute were 

due to reduced lipid A-lipid A interactions, which was itself caused by a restriction in 

the chute and ‘bunching up’ of the lipid molecule inside the groove. This itself implies 

that lipid A neighbours are required (energetically) to be transported together, which 

accords with the importance of the periplasmic chute needing to be open ‘enough’ for 

lipid transport. Neighbouring lipids would assist opening the chute and keeping the 

groove open for its counterparts to frictionlessly reach the OM. My observations here, 

support the PEZ model of transport. To lend credence to the PEZ model, further 

thermodynamic studies would be required, this would have to include repeating the 

PMF calculations with different numbers of lipid A neighbouring units to understand 

how more or less lipid neighbours would affect the landscape. From observing the 

trajectories of these simulations, it’s quite possible that more lipids could easily fit in 

within the LptA4 repeating unit. This could help shed light on the correct physiological 

lipid A: LptA stoichiometry.  Furthermore, a PMF which stretches from the bulk lipid 

membrane in the IM, though the system and out into the OM, would capture a full 

picture of the thermodynamics of the Lpt system and contextualise lipid A binding 

within the system compared to the native ‘bulk’ membrane. 
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4.9 Methods 
 

4.9.1 Modification of Lpt structures used  

Here is a table referencing all the structures taken from the PDB used to model 

different sections of the Lpt periplasmic chute:   

Table 4.1 PDB IDs for Lpt complex structures. Protein structures used directly in 
simulations or used to generate the homology models of the different subcomplexes 
of the Lpt system. 

Protein  Organism PDB code Resolution (Å) 

LptB2FG299 P. aeruginosa 5X5Y 3.46 

LptB2FG300 K. pneumoniae 5L75 3.70 

LptB2FG293 S. flexneri 6S8H 3.70 

LptB2FG293 S. flexneri 6S8G 3.50 

LptA301 E. coli 2R19 2.16 

LptC302 E. coli 3MY2 2.20 

LptDE313 S. flexneri 4Q35 2.39 

LptDE319 K. pneumoniae 5IV9 4.37 
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4.9.2 The periplasmic bridging proteins LptA3CDF 

For individual bridging subunits of the periplasmic bridge, modifications to the crystal 

structure were required to enable easy passage of lipid A across the domains. For this 

to occur, these units needed (i) to have any transmembrane domain’s removed and 

(ii) to be opened enough to accommodate their substrate within the hydrophobic 

groove.  

For LptF and LptD, the β-taco domains were excised in PyMOL304 at residues 147, 

234 and 50, 218 respectively. To open each of the β-taco domains (LptF, LptC, LptA 

and LptD) the alchembed methodology was inverted which is process where the van 

der Waal potential is gradually switched on between the Lipid A and the β-taco236. 

Typically, alchembed ‘expands’ a protein within a membrane (often to fix steric clashes 

in AT simulation setup), so by inverting this the lipid could expand within the domain 

itself gradually opening up the β-taco in the process.  
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Figure 4.32 Opening LptA with alchembed: A before (left) and after (right) β-taco 
opening of the LptA monomer 

The domains were allowed to open (around 2 nm) with the secondary structure 

maintained, to fit a lipid A molecule within the hydrophobic groove without any steric 

clashes (Figure 4.31). The initial docking of lipid A to the domains was performed by 

AutoDock Vina320. In opening LptD in particular, side chains Arg191, Arg145 and 

Gln116 were rotated to prevent steric clashed with lipid A321.  In a similar manner, 

subcomplex LptA3, LptA4 and LptA3CDF were all aligned together by their constituent 

subunits in PyMOL and opened uniformly at the same time. I generated CG 

representations of each of the subunits and subcomplexes by using a Martinize python 

script229 for the PMF studies. 

4.9.3 Constructing the LptA4 continuous chute  

It was noted that the LptA4 was a repeating unit within the unit cell of the crystal 

structure (PDB: 2R19). Therefore, I assembled the structure by taking four monomers 
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together and opened the hydrophobic groove in the same manner as described above 

(Figure 4.31)301. After converting the structure to coarse grain using a Martinize 

python script,229 the periodic boundary conditions of the box were placed along the 

edges of the tetramer where the elastic network was allowed to run over these 

boundary conditions. This model could then be used to study the interaction of lipid A 

across the hydrophobic groove of the chute as outlined in this chapter. 

4.9.4 Lpt periplasmic subunits CG-MD simulations 
 

Every window in the PMF calculation along the collective variable (CV) for each of the 

individual subunits and subcomplexes was simulated in the MARTINI 2.2 force field305 

which was run on GROMACS 5322, where the windows each ran for 1 μs to reach a 

converged state. The conditions and settings used were identical to the simulations 

ran for the IM proteins.  

However, for the PMFs conducted with the continuous LptA tetramer model, windows 

were run with NVT conditions to ensure that the periodic boundary conditions 

remained completely fixed.  

4.10 Steered MD pulling experiments  
 
I performed PMF calculations with lipid A and the subunits of the periplasmic chute as 

outlined previously137,142. To set up these calculations, steered MD is employed on 

lipid A to move the lipid from inside the hydrophobic groove out into solvent. This 

trajectory defines the CV for the PMF calculations.  Here, the steered MD pulling a 

distant dependent force acting on the centre-of-mass (COM) of lipid A and the protein. 

Snapshots along the CV are taken 0.05 nm apart between lipid A centres-of-mass to 

achieve optimal histogram overlap, where each snapshot itself is a seed for an 
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independent simulation. For every snapshot (or window) along the CV a harmonic (or 

umbrella) potential is imposed on the COM of lipid A constraining the lipid to sample 

that position along the reaction coordinate. A force of 1000 kJ mol–1 nm−2 was used 

for the umbrella potential, which was increased to 1500 kJ mol–1 nm−2 for particular 

positions along the CV which lipid A needed additional force to sample sufficiently. I 

placed (xyz) position restraints of 1000 kJ mol–1 nm–2 on the along the backbone beads 

which make up the base of the hydrophobic groove to allow the sides of the chute to 

flex accordingly around lipid A.  

 

In order to pull lipid A through the continuous LptA chute along with its neighbours I 

used plumed UPPER/LOWERWALLS for the steered MD323. These restraints were 

set such that (i) the tails for the lipids within the chute would not move a distance 

greater than 0.5 nm away from the track of the hydrophobic groove (to ensure no tails 

left the chute on pulling) and (ii) that lipid A molecules would not move further than a 

distance of 1.5 nm from its adjacent neighbours.  

 

Each window was run for 1 μs in order for a converged energy landscape, where the 

first 200 ns of each window was discarded as equilibration. I combined the final 800 

ns of every window to form the PMF profile by applying the weighted histogram 

analysis method (WHAM). In the analysis I used 200 rounds for Baysian bootstrapping 

to highlight the error in the energy profiles135,275. For each energy profile the solvent is 

considered to have a free energy of 0 kJ mol–1. 

4.11 Author contributions 
 
FF and JBS made the Figure 4.1a and c together. All other work including MD studies 

and analysis was carried out by JBS.  
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CHAPTER 5 Defining the 
conformational changes of 
LptDE with LPS and an 
inhibitor 

 

Work carried out in chapter has been published in the paper:  

Dynamics of an LPS translocon induced by substrate and an antimicrobial 

peptide51  

 

Published: 16 November 2020 

Francesco Fiorentino, Joshua B. Sauer, Xingyu Qiu, Robin A. Corey, C. Keith Cassidy, 

Benjamin Mynors-Wallis, Shahid Mehmood, Jani R. Bolla, Phillip J. Stansfeld & Carol 

V. Robinson  

 

Nature Chemical Biology volume 17, pages 187–195 (2021) 

 

5.1 Background to the LptDE translocon complex   
 

The outer membrane (OM) of Gram-negative bacteria, is an asymmetric bilayer which 

features lipopolysaccharide (LPS) molecules on the outer leaflet and phospholipids in 

the inner leaflet77. Here, LPS is instrumental in protecting the cell from toxic 

hydrophobic compounds71,276 due to its amphipathic nature. LPS has a tripartite 
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structure comprising lipid A, core oligosaccharide and an O-antigen glycan of up to 

200 sugars (Figure 5.1)83.   

 

Once the full LPS molecule has been formed, the Lpt system facilitates its transport 

through the periplasm to the OM83.  The essential OM heterodimer277, formed by the 

integral β-barrel LptD and the lipoprotein LptE, is concerned with finally installing LPS 

from the periplasm into the outer leaflet of the OM (Figure 5.1)97,99.  

 

The LptD structure consist of a 26-stranded β-barrel with a lateral LPS exit gate formed 

between the strands β1 and β26 which sits in the OM bilayer, whereas the periplasmic 

region is characterised by a β-taco domain. This particular protein fold, known as the 

β-taco fold, is common to both LptA and LptC, of which, LptD forms a periplasmic 

complex with the former.  

 

Crystal structures of the outer membrane LptDE translocon complex reveal a plug and 

barrel heterodimer between LptD with lipoprotein LptE, where LptE is situated inside 

the β-barrel of LptD (Figure 5.1)21,324. In order to accommodate LPS for transport to 

the OM, a number of studies involving crosslinking325 as well as structural319 and 

genetic work93 reveal that the lipid tails of LPS interact within the hydrophobic groove 

of the β-taco.  



 222 

 

Figure 5.1 Cartoon schematic describing the LPS transport pathway. Figure 
adapted from Fiorentino et al51, all work here completed by myself and FF. (a) A 
skeletal representation of LPS where its tripartite structure is described: lipid A, core 
oligosaccharide and the O-antigen repeating unit. The orange box highlights a 
derivative of LPS, called ‘Re-LPS’ which consists of the lipid A unit connected to two 
ketodeoxyoctonic acid (Kdo) moieties. (b) cartoon schematic of the Lpt system: LPS 
is extracted from the inner membrane (IM) by the ABC transporter complex LptB2FGC, 
where it is subsequently shuttled through the periplasm via a soluble bridge of LptA 
units to be finally installed in the OM by LptDE. (c) The LptDE X-ray crystal structure 
(PDB ID: 5IV9)319 from Klebsiella pneumoniae. The soluble β-taco domain of LptD is 
known to interact with LptA to form the periplasmic bridge and the β-barrel 
accommodates LptE inside to form the plug-and-barrel complex. Inset: cartoon 
structure of the antimicrobial molecule thanatin (PDB ID: 5XO4). 

 

The LptDE heterodimer plays a vital role in the outer membrane, however it is still 

unclear how precisely the complex handles its substrate as well as the conformational 

changes induced on LPS binding. Mutagenesis, molecular dynamic studies as well as 

functional assays suggest that the β-barrel lateral gate is critical for the transport of 

LPS to the OM325. These studies also highlight the importance of the β-taco domain 

forming an intramembrane hole with the inner leaflet of the OM. The proposed 

mechanism here is that the LPS hydrophobic tails are threaded through the 

intramembrane hole at the same time as the hydrophilic headgroup is being tracked 

through the lumen of the β-barrel. To allow for this, the lateral gate is proposed to 

unzip to allow for lateral transport into the OM (Figure 5.2)325. 
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Figure 5.2 Schematic describing proposed mechanism of LPS installation into 
the OM. Figure adapted from Fiorentino et al51, all work here completed by 
myself and FF. The open β-taco forms an intramembrane hole in the inner leaflet of 
the outer membrane to allow the LPS tails to be threaded through as the headgroup 
moves through the lumen of the β-barrel. The lateral gate is proposed to be open to 
accommodate the lipid’s lateral extraction into the OM.   

 

As alluded to above, LPS transport is a crucial pathway for the viability of Gram-

negative bacteria and so understanding the molecular mechanism will be critical for 

the development of novel antibiotics which can target this pathway. So far, two known 

antimicrobial peptides have shown to interact with LptD: murepavadin and thanatin. 

Murepavadin is peptidomimetic and specifically binds LptD derived from P. 

aeruginosa326,327, and has also demonstrated antibacterial properties in a mouse 

septicaemia infection model328. Thanatin itself is an insect-derived cyclic peptide and 

has shown to bind LptA and LptD, which consequently disrupts protein-protein 

complex formation of the periplasmic bridge and therefore inhibits LPS transport329. 

The LptA residues which interact with thanatin are known and are described by the 

NMR solution structure329, less clear however, is how thanatin interacts with LptD and 

potentially what conformational changes the inhibitor may incite on the LptDE 

complex. Thanatin is particularly interesting because of the range of pathogens it 

exhibits high levels of antibacterial activity in, such as S. typhimurium, E. cloacae and 

K. pneumoniae where, in each instance, the minimal inhibitory concentrations (MICs) 

are less than 1.5 μM330. Here, thanatin could offer an important lead antibiotic because 
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of its promiscuity with the pathogens it targets and therefore further emphasises the 

importance of understanding how it interacts with LptDE.   

 

Here, I integrate molecular dynamic (MD) simulations with native mass spectrometry 

(MS) hydrogen-deuterium exchange mass spectrometry (HDX-MS) work carried out 

by collaborators: Francesco Fiorentino (FF), Xingyu Qiu (XQ), Shahid Mehmood (SM), 

Jani Reddy Bolla (JRB), Carol V. Robinson (CVR) to understand how the 

conformational dynamics of LptDE is affected by substrate and inhibitor binding51. The 

MD simulations performed here study the solvent accessibility and hydrogen bond 

position of LptDE in different conformations to inform on HDX-MS experimental 

results.  

 

The OM complex of the Lpt system, LptDE, is known to translocate LPS to its final 

destination in the OM, however the precise mechanism of how the complex achieves 

this is not clear. Furthermore, the conformational changes of the transporter on binding 

to LPS is not known. 

 

5.2 LptDE conformational change with Re-LPS 
 

5.2.1 HDX observations of LptDE substrate binding effects  
 

An experimental tool which can help differentiate conformational changes within a 

protein system is HDX. Collaborators: FF, XQ, SM, JRB, CRV51 used HDX to probe 

the binding of the substrate LPS as well as an inhibitor thanatin with the translocon 

LptDE, in order to understand conformational changes made upon binding. The 

observed results obtained by collaborators (FF, XQ, SM, JRB, CVR)51 from these 

experiments was surprising and counterintuitive on first inspection (Figure 5.3).  
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Figure 5.3 Conformational dynamics of LptDE with Re-LPS. Figure modified 
from Fiorentino et al51, all work here completed by collaborators (FF, XQ, SM, 
JRB, CVR. (a) Left: Peptides illustrating increased deuterium uptake (105–115, β-
taco) and decreased deuterium uptake (232–247, β-barrel) and their corresponding 
labelling time (0.167–420 min) plotted for apo-LptDE (purple circles) and LPS-bound 
LptDE (orange squares). Here the error bars specify standard deviation. 
(nbiological = 2; ntechnical = 3). These peptides are mapped upon the LptDE structure 
according to the difference in deuterium uptake at the 16.67-min labelling time, where 
only peptides which demonstrate a significant difference in deuteration are shown. 
Respectively, red peptides emphasise an increase in HDX and blue peptides 
represent a decrease. (b) Mass spectra for peptides 105–115 are illustrated here for 
the ‘apo’ LptDE and ‘LPS-bound’ states. The best fit for the spectra is two binomial 
isotopic envelopes, producing low-mass (green) and high-mass (light blue) 
populations.  

 

Collaborators (FF, XQ, SM, JRB, CVR) found that on binding LptDE (in equilibration 

buffer: 200 mM NaCl, 25 mM Tris-HCl (pH 7.5), 10% (vol/vol) glycerol and 0.03% 

(wt/vol) DDM) to LPS (15-fold excess), the β-strands next to the putative lateral gate 

(located between β1 and β26) of the β-barrel reveal a HDX decrease, ‘protection’ on 

strands β1–β2 (peptides 195–211, 195–218 and 207–218) and β3–β4 (peptides 232–

247 and 232–251) (Figure 5.3).  

 

It is surprising to observe protection in these regions, as previous modelling data325 

suggests that the β-barrel lateral gate ‘opens up’ to insert LPS into the OM. One would 
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surmise that an opening of the lateral gate (if that really were to occur) would 

demonstrate ‘deprotection’ – where these peptides would be more exposed to solvent. 

Furthermore, these regions displayed a classical shift in their isotopic distributions, 

characteristic of EX2 kinetics, which may be indicative of a binding event.  

 

Another observation is peptides pertaining to the β-taco show an overall increase is 

deuterium uptake on binding to LPS. This is strange because the β-taco is assumed 

to be the domain which accommodates LPS to facilitate transport, therefore, one 

would expect peptides in the region 46-204 to be ‘protected’ to signal the presence of 

LPS interactions. This region also showcases bimodal isotopic distributions which 

alludes to EX1 or mixed EX1/EX2 (EXX) kinetics, suggesting concerted 

conformational motion slower than the HDX reaction. An open β-taco with LPS inside 

‘should’ demonstrate EX2 kinetics, but this is not what is primarily observed (Figure 

5.3). The domain is clearly influenced by an EX1 kinetic regime which also needs to 

be explained in order to understand the conformational changes within the complex.  

 

5.2.2 MD approach for interpreting HDX results  
 
As alluded to previously, HDX is a powerful method for observing the positions of 

ligand binding as well as conformational changes brought about by such binding. 

Additionally, MD affords the observation of and characterisation of structural detail 

which may shed light upon these experimental observations. Therefore, here presents 

a unique opportunity to employ MD in silico experiments to establish, in further 

structural detail, how LPS specifically affects LptDE dynamics to produce the observed 

HDX-MS results. To do this I developed an in silico method for comparing predicted 

LptDE conformational states with HDX experiment. Simply, this involves comparing 
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the solvent accessibility differences between two states of the protein (apo and bound) 

to help understand and interpret observed HDX data. These two ‘before-and-after’ 

states of the protein were my ‘best guess’ of the conformation of LptDE without LPS 

present (the apo state) and with LPS present (the bound state). I assessed the solvent 

accessibility of both states by considering only the interactions between the oxygen of 

the solvent and nitrogen of the backbone to model likelihood of ‘exchange’. It is 

important to understand that this method is limited to understanding EX2 kinetics of 

the system and the direct effects of substrate binding to the complex. (Later within this 

chapter, I employ hydrogen bond studies to understand the EX1 behaviour of the 

system).  

 

Figure 5.4 Overview of protocol to produce differential solvent maps. Figure 
adapted from Fiorentino et al51, all work here completed by myself. (a) A residue-
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by-residue differential solvent uptake map is generated by subtracting occupancy 
values for the bound state away from the apo state, including all <95% significant 
values. (b) Experimentally determined peptide coverage of β-taco. Each peptide is 
coloured and numbered (1-9) for clarity. Averaging the values of the differential solvent 
contacts across these peptides (1-9) produces (c) which is termed the ‘peptide 
differential solvent uptake map’ and includes all <95% significant values. The peptides 
which have found to be at least 95% statistically significant are coloured in red, those 
that do not are shown in pink or light blue). (d) The resultant differential solvent uptake 
map after filtering out peptides which do not pass the 95% confidence interval test 

 

Briefly, I average the resultant solvent accessibility difference for each residue over 

the same peptide coverage obtained in experiment by collaborators (FF, XQ, SM, JRB, 

CVR)51 (Figure 5.4), where a positive difference is used represent ‘deprotected’ 

peptides and a negative difference used to model ‘protected’ peptides accordingly. In 

a similar approach to the experimental work, I use Woodplots to extract peptides of 

95% significance, which I subsequently map to the structure (for further details on the 

pipeline and statistical analysis, please see methods). I refer to the simulated HDX 

data produced in this pipeline as ‘differential solvent contact plots’.  

 

To attempt to replicate or imitate the HDX results obtained by my collaborators (FF, 

XQ, SM, JRB, CVR)51, I needed to generate a model for the apo-state LptDE structure 

and the LPS bound structure. For the apo state, trivially, this is ‘just’ the crystal 

structure of KpLptDE (PDB ID: 5IV9)319  as this structure was obtained without 

inclusion of any LPS substrate where the LptD β-barrel and β-taco domain are closed. 

Henceforth, I refer to this apo state structure as the ‘closed state’ of the LptDE 

complex.  

 

Naturally, for the LPS bound state, obtaining a model was less straightforward and I 

made a number of assumptions in order to do so, which would either corroborate the 
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experimental data or would contrast the observations and therefore would require 

revision. To reiterate, deuterium uptake was noted to increase in the peptides 

pertaining to the β-taco itself and therefore, seems ‘counterintuitive’ to be caused by 

LPS binding within. Nevertheless, the β-taco is a likely site to specifically incorporate 

LPS to accommodate translocation into the OM as proposed by current mechanisms 

of transport325. Accordingly, then, I used alchemical methods331 to grow Re-LPS inside 

the β-taco, opening the binding site up in the process.  

 

The current model (also mentioned earlier)325 proposes that the putative lateral gate 

(located between β1 and β26) of the LptD barrel opens to allow passage of LPS for 

insertion. To model this, I templated the closed KpLptDE structure onto one which had 

previously been modelled open (a Salmonella typhimurium LptDE structure)325 

 

Figure 5.5 Predicted conformational change on binding to Re-LPS. Figure 
adapted from Fiorentino et al51, all work here completed by myself. Predicted 
conformational change on binding to Re-LPS. Left: apo ‘closed’ state and Right: lipid 
bound ‘open’ state. Cysteine bonds between Cys7–Cys696 and Cys149–Cys697 are 
represented as yellow spheres. Re-LPS coloured orange and shown as sticks.  

 

I found that the movement of the beta strands coordinates in a concerted fashion with 

the opening of the β-taco by two disulphide bonds between cysteine residues at 

positions Cys7–Cys696 and (almost entirely conserved) Cys149–Cys697 (see Figure 

5.5) for the structure of the apo ‘closed’ state and the lipid-bound ‘open’ state). I predict 



 230 

therefore, that LptDE adopts this conformational change when binding LPS (and 

derivatives thereof, including Re-LPS) inside the soluble β-taco domain. I term the Re-

LPS bound conformation of the protein the ‘open’ state of the LptDE complex.  

 

Together, I ran five repeats of apo ‘closed’ state and the lipid bound ‘open’ state for 

300ns, with the latter half (150 – 300ns) assessed to be converged using global protein 

solvation as a test parameter for convergence i.e. the average solvent contact over all 

backbone LptDE protein residues (Figure 5.6a).  

 

Figure 5.6 Block convergence analysis. Figure adapted from Fiorentino et al51, 
all work here completed by myself. (a) Convergence block analysis of the open Re-
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LPS bound state without PLUMED restraints where convergence has considered to 
be reached at 150 ns. LptDE average solvent contact is calculated by averaging the 
total solvent contacts over all the residues of the protein. Here, the error bars represent 
the standard deviation over the five repeats (b) Convergence block analysis of the 
open state incorporating PLUMED upper and lower wall restraints upon the lateral 
gate, where a convergence is considered after 50 ns.  

 

However, I found the lateral gate of the open β-barrel was ‘unstable’ for the duration 

of the simulation over three of the five repeats by closing back together over the course 

of the simulation period. However, in one of the replicates it remained open in a stable 

open state at an average lateral gate distance of ~2.25 nm (between four adjacent Cα 

atoms on β1 and β26). So, the simulations were extended with PLUMED323 upper and 

lower wall restraints to ensure it remained in its stable open state (Figure 5.6b). I 

added these restraints added to an already converged simulation, and therefore only 

required only a further 50 ns equilibration for convergence (Figure 5.6b). 
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Figure 5.7 β-barrel lateral gate distance analysis. Figure adapted from Fiorentino 
et al51, all work here completed by myself.  (a) The distance of the lateral LptDE β-
barrel exit gate LptDE was measured over five replicates without Re-LPS bound to the 
β-taco. Over the simulation period replicate 1 lateral gate distance was consistent over 
after sampling a distance above 2.25 nm. (b) The lateral gate distance of the β-barrel 
without (left) and with (right) PLUMED restraints323.  

 

 

5.3 Differential contact plot of LptDE bound with Re-LPS  
 
The differential contact plot produced from the difference of the ‘open’ and ‘closed’ 

state (Figure 5.8) has a number of similar features to that of its experimental 
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counterpart, namely deprotected peptides in the jellyroll (peptides 46–58, 130–141 

and 171–179) as well as protected peptide at the exit gate (peptide 232–251). 

 

Figure 5.8 Differential solvent plot of LptDE on binding to Re-LPS. Figure 
adapted from Fiorentino et al51, all work here completed by myself. (a) Cartoon 
schematic representing the open and closed states of the structure depicted with their 
respective protein structures with resultant differential contact map. (b) Here the 
differential contact plot is mapped upon the LptDE structure generated from the 
difference between the ‘open’ and ‘closed’ state of the complex. Similar to the 
experimental HDX plots, regions which are more exposed to solvent are coloured red 
where regions which are shielded and less exposed are coloured blue.  The lateral 
gate of the plot is highlighted here to draw attention to the particularly significant 
residues which contribute most the peptide being deprotected. Simulation snapshot of 
the lateral gate interacting with Re-LPS(1-3) (represented in sticks) which contributes 
to solvent shielding is shown. (c) Likewise, for the β-taco, residues highlighted as 
sticks are particularly involved in increasing solvent contact for the domain. A 
representative rendering of Re-LPS bound within the β-taco is also depicted here to 
illustrate how the lipid opens up the domain.  

 

In a similar way to the peptides, each of the residues can be evaluated for its solvent 

contact difference, where only those residues of 95% significance are mapped onto 

the structure (Figure 5.9). 
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Figure 5.9 Residue-by-residue differential contact map for LptD produced by the 
difference between ‘open’ and ‘closed’ state. Figure adapted from Fiorentino et 
al51, all work here completed by myself. Different angles of the residue-by-residue 
solvent contact map. Residues highlighted in sticks have passed a greater than 95% 
confidence interval.  

 

One difference of note between the differential solvent plot and the experimental HDX 

profile is that the extracellular β-barrel loops pointing towards the extracellular milieu 
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are solvated highly in my simulations. These regions will be probably more solvent 

exposed in the simulated bilayer than in detergent which the experiments were 

conducted in. Therefore, this would result in some peptides, when averaged over the 

residues across the peptide, (e.g. 394-425 and 462-497) to be overly deprotected 

(Figure 5.9).  

 

Furthermore, from the residue-by-residue differential contact map, I highlight those 

residues, which are responsible for causing particular peptides to become statistically 

significant, in a stick representation (Figure 5.8). This model suggests that on binding 

to Re-LPS, the β-taco opens up and allows enough solvent access, particularly for 

inward facing residues on the sides of the β-taco (shown as sticks). This specific 

binding event causes a significant amount of deprotection in the β-taco by virtue of an 

open conformation. However, I observe only partial deprotection in our differential 

contact plot on peptides 46–58, 130–141 and 171–179 when compared to experiment.   

 

The differences in the β-taco differential maps between experiment and MD can be 

accounted for by restricted sampling of Re-LPS along the β-taco, an inherent limitation 

of MD simulations. In solution there is a statistical distribution of different binding poses 

in the periplasmic domain which would be far too computationally costly to sample with 

MD. Therefore, this does indicate that the Re-LPS bound open state simulated does 

not fully reproduce the real conformation, however I argue that it is representative and 

helps to explain the experimental result 
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Figure 5.10 Re-LPS contacts and position within the β-taco. Figure adapted from 
Fiorentino et al51, all work here completed by myself. (a) The average % 
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occupancy of Re-LPS (heavy atoms) contacts made between the lipid and β-taco 
within 4 Å. Contacts made by the detergent in the 4Q35 structure are marked on with 
an asterisk. 90% of these contacts correlate with those made by Re-LPS. This shows 
good agreement between Re-LPS docked into the β-taco in my model and the position 
of the detergent from the structural data. (b) Top: The centre of mass (COM) position 
plotted as a kernal density estimate over the five repeats reveal minimal movement of 
Re-LPS during the simulations. Middle: Similarly, partial density of Re-LPS across the 
length of the β-taco reveals that the lipid position is consistent and non-diffuse across 
the five replicates. This accounts for the poor sampling of Re-LPS within the β-taco 
where the lipid does not sample different poses within the domain and consequently 
does not reproduce fully the deprotection observed in experiment (Figure 5.11). 
Bottom: cartoon representation of the β-taco for reference  

 

I modelled Re-LPS into the β-taco using both C8E4 and LDAO detergents as a guide 

(without the presence of bound detergent the β-taco will rapidly close, it will not remain 

partially open – see Figure 4.2 from Chapter 4). I envisaged that the LPS molecule 

would bind with all six tails in a row to permit the most subtle structural changes to the 

β-taco, and therefore an idealised conformation of Re-LPS to be then equilibrated in 

the MD simulations.  

 

As mentioned above, I have quantified the residues of the β-taco in contact with Re-

LPS, which we have plotted by percentage occupancy over the course of the 

simulation (Figure 5.10a). We have compared these contacts to those made by the 

detergent in the 4Q35 structure (marked by an asterisk) and found that 90% of 

residues which interact with detergent are also in contact with Re-LPS, demonstrating 

reasonable agreement between the detergent and Re-LPS binding sites. Furthermore, 

after analysing the centre of mass (COM) position of Re-LPS as well as the partial 

density of the lipid across the β-taco I can confirm that the diffusion is minimal over 

the course of Re-LPS bound simulations (Figure 5.10b). As suggested previously, 

this implies that the Re-LPS bound within the β-taco does not have enough simulation 

time to sample the entire soluble domain in different binding poses, which would 
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account for the discrepancy in deprotected coverage across this domain when 

compared to experiment.  

 

However, to better clarify the comparison to the experimental data, I quantified the 

contacts made between Re-LPS within the β-taco and found that most of these 

contacts are associated with greater solvent accessibility (highlighted as sticks) when 

compared to the closed state (Figure 5.11).  

 

Figure 5.11 Comparison with the Re-LPS contacts on the β-taco with the 
differential solvent plot. Figure adapted from Fiorentino et al51, all work here 
completed by myself. (a) Structure of the β-taco indicating the contacts made with 
Re-LPS. Those residues highlighted in sticks correspond to residues which have also 
increased in their exposure to solvent and therefore contribute to the deprotection of 
these peptides. (b) As before, to compare to the contact map in (a) the residue 
differential contact is plotted here where all residues with less than 95% significance 
are visualised. (c) The experimental peptide coverage of the β-taco. Each peptide is 
coloured and number 1-9 to distinguish between areas which have been averaged 
over to produce (d). The peptides which pass a 95% confidence interval test are finally 
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plotted on the resultant differential contact map (e). Here, I can observe that Peptide 
4 reveals no overall increase in average solvent contact which can be rationalised by 
comparing with the comparatively low Re-LPS contacts in this area, which has been 
shown to increase solvent accessibility. Slight increase in solvent contacts in the 
region mostly likely is ‘averaged out’ over 29 residues and therefore shows not overall 
increase across the peptide. Low contacts in this region are associated with poor 
sampling of Re-LPS within the β-taco which has shown to be rigid over the short 
timescales of the simulation (see Figure 5.10). Also, I observe that peptide 9 reveals 
a small overall protection which is attributed to transient interactions with the inner 
leaflet of the OM (Figure 5.13). 

 

Therefore, there is a direct correlation between specific residues contacting Re-LPS 

and solvent access. After averaging these differential residue values over the peptide 

coverage (Figure 5.11c), and without applying statistical significance test on the 

peptides, I observe that the majority of the β-taco has on average greater solvent 

exposure (Figure 5.11d) (peptides which pass the 95% confidence interval are shown 

in red, those that do not are shown in pink). Peptide 4 (Figure 5.11c) shows no 

average increase in solvent uptake at all which is due to very few Re-LPS contacts 

corelated with an increase in solvent access, especially being averaged over 

comparatively large residue coverage (29 residues). This implies that this area would 

become more solvent exposed given more Re-LPS sampling in that region, however, 

this is not possible due to the short timescales of the simulation as well as the rigidity 

of Re-LPS in the β-taco (see above). Thus, after I apply the 95% confidence interval 

test on the peptides pertaining to the β-taco, it results in the final coverage observed 

in (Figure 5.11e).  

 

It is also worthwhile to note that peptide 9 shows a slight overall protection owing to 

infrequent interactions with the inner leaflet of the outer membrane. As explained later 

(Figure 5.13), this is caused by Re-LPS being trapped by the open lateral gate of the 

β-barrel causing the lipid to laterally penetrate the inner leaflet. 
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In conclusion, therefore, my model indicates that in order to facilitate binding of Re-

LPS the β-taco opens up which in turn increases solvent accessibility of inward facing 

residues Ile51, Lys58, Thr139 and Ala172). Furthermore, this observation helps to 

account for the role of EX2 kinetic component of the mixed EXX kinetics observed in 

the experimental data obtained by the collaborators (FF, XQ, SM, JRB, CRV)51.  

 

Regarding the lateral gate, another counterintuitive observation suggests that an open 

barrel causes less exposure to solvent and therefore results in protection of the 

peptide 232–251. Using the solvent contact difference map on an individual residue 

resolution, we found that the two significant residues on the outside of the barrel 

(Asn241, Gly245) particularly interact with Re-LPS (labelled Re-LPS(1–3)). Two of the 

Lipids labelled Re-LPS(1) and Re-LPS(2) (which itself is caught within the open barrel) 

protect Asn241, where lipids Re-LPS(1) and Re-LPS(3) protect Gly245 as shown in 

(Figure 5.8).  
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Figure 5.12 Re-LPS contacts made with LptD.  Figure adapted from Fiorentino 
et al51, all work here completed by myself. Average % occupancy of contacts made 
with Re-LPS and LptD over five repeats. Here, those contacts made with Re-LPS(1-
3) referenced in (Figure 8b, 13d) are marked with an asterisk.  
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Figure 5.13 Contact map of Re-LPS plotted on LptDE structure.  Figure adapted 
from Fiorentino et al51, all work here completed by myself. (a) Re-LPS % 
occupancy contacts averaged over five repeats and mapped onto LptDE (b) Residues 
which contact with three Re-LPS lipids referenced in Figure 5.8 (Re-LPS(1-3)) are 
represented as sticks and mapped onto both the closed and open states of the β-
barrel for comparison. (c) Side profile view of LptDE where the C-terminal strand of 
the β-taco interacts with the inner leaflet of the outer membrane (Figure 5.11). (d) Re-
LPS lipids contact residues 186 and 187 associated with the lateral gate of the β-
barrel. The lateral gate appears to pull Re-LPS lipids (coloured yellow and pink) into 
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the β-barrel which causes them to sink lower into the inner leaflet and facilitates a 
transient interaction with the terminal strand of the β-taco. 

 

For completeness and to characterise the contacts made by Re-LPS(1-3) in the 

context of Re-LPS binding with LptD, I have included the average Re-LPS contacts 

on LptD by percentage occupancy over the course of the simulation (Figure 5.12). I 

have also highlighted (with asterixis) on the contact plot the contacts made by the 

three Re-LPS lipids reference in Figure 5.8b. For clarity, I have mapped these total 

Re-LPS contacts onto cartoon representations of LptDE (Figure 5.13a). Additionally, 

I have shown (in a stick representation) the residues which interact with the three Re-

LPS lipids referenced in Figure 5.8b.  

 

As noted earlier, these lipids Re-LPS(1-2) are responsible for transiently interacting 

with the C-terminal strand of the β-taco. The open gate causes Re-LPS lipids (shown 

in yellow and pink) to be laterally pulled into the β-barrel sinking them into the inner 

leaflet of the membrane and allowing the tails to interact with the C-terminal strand of 

the β-taco. This may suggest how Re-LPS gets laterally extruded into the OM during 

the translocation process. Furthermore, this observation seems to imply the role of the 

β-taco facilitating a ‘hydrophobic hole’ in the inner leaflet of the outer membrane to 

assist installation of LPS in the OM325.  

  

Later, I observe that, within the course of the simulation (150-300 ns), Re-LPS(1-3) 

moves from the lateral gate and out towards bulk membrane. This diffusion away from 

the putative gate means that the peptide 232-251 is not shielded from solvent as it 

was before and does not show ‘protection’ in the differential contact map (Figure 

5.14). 
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Figure 5.14 Distance of Re-LPS away from lateral gate. Figure adapted from 
Fiorentino et al51, all work here completed by myself. Top: Rendered image of 
simulation capturing the interaction of Re-LPS(1-3) with the lateral gate peptide (232-
251). Bottom: Distance from the geometric centre of the peptide (232-251) to the 
geometric centre of the lipids plotted over the five repeats for Re-LPS (1, 2 and 3). 
The standard deviation is shaded grey between the replicates. 



 245 

 

 

 

Figure 5.15 Vol-map density of Re-LPS. Density of Re-LPS plotted as a vol-map 
over the first half of the simulation (0 - 150 ns) coloured in purple compared to the 
density in the second half of the simulation (150 - 300 ns) coloured in yellow. The circle 
highlights the density of the Re-LPS lipids engaging with the lateral gate.  

 

Additionally, this can also be appreciated from vol-map density of the simulation 

(shown in yellow) withdrawing from the exit gate in the latter half of the simulation (150 

– 300 ns) compared to the purple density corresponding to the first half of the 

simulation (0 - 150 ns) (Figure 5.15). Moreover, this may suggest how Re-LPS gets 

laterally extruded into the OM during the translocation process as these lipids do not 
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just ‘get stuck’ in this position but, rather, can slowly diffuse away and get installed 

within the OM. 

 

 

Figure 5.16 Residue-Residue distance plots. Figure adapted from Fiorentino et 
al,51 all work here completed by myself.  (a) Left: schematic representation of the 
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apo closed state (green) and the Re-LPS bound state (purple). Right: plots measuring 
the distance between residues Met240 and Met247 from the β1/β2 loop of the β-barrel. 
(b) Left: residue distance plots between Met240 and Asn215 (from the β1/β2 loop), 
Met247 and Asn215 as well as between Met240 and Met247 where they are being 
drawn closer together. Right: structures of the open and closed state conformation of 
LptD. Here Met240 and Met247 are coloured in orange and Asn215 and the β1/β2 
loop are coloured yellow. 

 

When the barrel gate opens, I can observe that the loop between beta strands β1 and 

β2 (in particular, residue Asn215 of the loop) bending towards Met240 inside the barrel 

which further increases contact with to Met247 sterically shielding these residues 

(Figure 5.16). Therefore, I can conclude that local Re-LPS interactions with the exit 

gate are not wholly responsible for solvent shielding but also include contributions from 

small internal conformational changes. Again, as highlighted with the observations 

made regarding the β-taco, the differential contact map helps to rationalise the HDX 

EX2 kinetics observed by peptide 232–251, which can primarily be accounted for by 

steric effects.  

 

It is also important to note that the differential HDX plot for a lateral gate distance of 

less than 2 nm did not reveal protection of the peptide 232–251. This implies that the 

opening of the gate to at least 2.25 nm is required to insert LPS into the OM.   

 

5.4 LptE solvent differential HDX plots 
 

Differential HDX plots were generated comparing the open and closed states of LptDE 

with the additional alpha-helix modelled in and found no statistically significant 

peptides on LptE to compare with experiment. In particular, the alpha helix was found 

to be highly flexible in both the closed and open states of the protein. It is likely that 
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the timescale of the simulation is not long enough to realise significant solvation 

differences in such a dynamic region of the protein.   

 

5.5 LptDE and thanatin differential HDX plot 
 

To further understand the conformational behaviour of the LptDE complex, it is 

important not only to characterise the structural mechanics of substrate binding but 

also changes induced on inhibitor binding. The cyclical peptide thanatin has shown 

antimicrobial activity against Escherichia coli and Klebsiella pneumoniae330. 

Furthermore, studies have also demonstrated strong binding of thanatin with β-taco 

domains LptA and LptD from E. coli330.   

 

Subsequently, collaborators (FF, XQ, JRB, CRV) probed inhibitor binding effect using 

HDX-MS (Figure 5.17). They noted that peptides from the centre of the β-taco towards 

the C-terminal (near the exit gate of the β-barrel) display a different set of kinetics, 

EX1/EXX, compared to the N-terminal region (peptides 27–42 and 27–45) which 

demonstrated EX2 kinetics. 
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Figure 5.17 HDX plot of LptDE binding to the inhibitor thanatin. Figure modified 
from Fiorentino et al51, all work here completed by collaborators (FF, XQ, SM, 
JRB, CVR. As before, representative peptides (27–45, β-taco N terminus; 105–115, 
β-taco central region) deuteration uptake plotted as a function of labelling time for apo 
and thanatin-bound LptDE (purple circles and green squares respectively). The error 
bars represent standard deviation (nbiological = 2; ntechnical = 3). These peptides are 
mapped upon the LptDE structure according to the difference in deuterium uptake at 
the 16.67 min labelling time, where only peptides which demonstrate a significant 
difference in deuteration are shown. Respectively, red peptides emphasise an 
increase in HDX and blue peptides represent a decrease. 

 

Alignment of thanatin to the β-taco formed the basis of further in silico studies to 

determine the most likely binding site on the β-taco. Due to such marked protection 

across the β-taco, it is not clear ‘where’ thanatin binds, whether it is to the N- or C-

terminal of the domain.  
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Therefore, to investigate the likelihood of thanatin binding to both the top and bottom 

of the β-taco, I docked thanatin to the N- and C-terminal of the β-taco and assessed 

the stability of the docking to either position respectively. Thanatin was positioned at 

either end of the LptD β-taco by aligning EcLptA (which has been shown to bind 

thanatin)329 with the domain.  

 

Figure 5.18 Stability of thanatin bound to the closed state of LptDE. Figure 
adapted from Fiorentino et al51, all work here completed by myself. (a) RMSD 
plot of thanatin position at N-terminal (i) of the β-jellyroll without Re-LPS bound (closed 
conformation) compared to being positioned at the C-terminal (ii). Here, standard 
deviation is coloured grey calculated over the five replicates. (b) Left: β-taco vector 
drawn through the Ca of residues Asp33 and Pro190, where x, y displacement is 
depicted as red arrows. Right: 2D kernel density plot of the x and y displacement of 
the β-taco vector mapped relative to the origin 0.0 nm, 0.0 nm (which is defined as the 
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‘resting’ position of β-taco in the crystal structure). The plot maps the conformational 
space sampled by β-taco in different states, where the apo closed state is coloured 
purple and the (i) bottom and (ii) top thanatin docked states are coloured green and 
yellow respectively.  

 

The root mean square deviation (RMSD) plot (Figure 5.18a) shows that thanatin 

bound to the C-terminus of the β-taco (the membrane-facing end; 

RMSD = 0.34 ± 0.1 nm) was found to have a higher RMSD and a greater standard 

deviation compared to when it was docked to the N-terminal end of the β-taco 

(RMSD = 0.22 ± 0.05 nm). 

 

I also studied the conformation space sampled by the β-taco (Figure 5.18b) and found 

that a large deviation in the position of the β-taco from the crystal structure 

(distance = 1.13 ± 0.5 nm) is caused when thanatin is docked at the C-terminal of the 

β-taco. Conversely, when docked to the N-terminal, the β-taco seems to explore less 

conformational space only deviating (distance = 0.65 ± 0.2 nm) from its original 

position when thanatin is not bound. 
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Figure 5.19 Stability of thanatin bound to the open state of LptDE. Figure 
adapted from Fiorentino et al51, all work here completed by myself. (a) RMSD 
plot of thanatin position at N-terminal (i) of the β-jellyroll with Re-LPS bound (open 
conformation) compared to being positioned at the C-terminal (ii). Here, standard 
deviation is coloured grey calculated over the five replicates. (b) Left: β-taco vector 
drawn through the Ca of residues Asp33 and Pro190, where x, y displacement is 
depicted as red arrows. Right: 2D kernel density plot of the x and y displacement of 
the β-taco vector mapped relative to the origin 0.0 nm, 0.0 nm (which is defined as the 
‘starting’ position of β-taco in the open state structure). The plot maps the 
conformational space sampled by β-taco in different states, where the apo closed state 
is coloured purple and the (i) bottom and (ii) top thanatin docked states are coloured 
green and yellow respectively.  
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Thanatin at the lateral gate position is similarly as unstable when docked to the open 

state β-taco with Re-LPS is bound inside, following the same trend observed with the 

RMSD plots as well as the conformational plots (Figure 5.19). These observations 

imply that the β-taco would have to shift considerably and therefore unfavourably to 

bind thanatin at the C-terminal end. It is likely, then, that thanatin binding takes place 

at the more accessible N-terminal position on the β-taco.  

 

Figure 5.20 Differential contact plot of LptDE binding to the inhibitor thanatin. 
Figure adapted from Fiorentino et al51, all work here completed by myself. (a) 
Cartoon schematic representing the apo closed state and thanatin bound state of the 
complex depicted with their respective protein structures and resultant differential 
contact map. (b) Top: the final frame of the simulation with thanatin bound to the N-
terminal of the β-taco, where the hydrogen bonds between the inhibitor (coloured 
green) and the hydrogen bonds are highlighted by yellow dashed lines with the 
residues drawn as sticks. Bottom: Here the differential contact plot is mapped upon 
the LptDE structure generated from the difference between the apo closed state and 
thanatin bound state of the complex. Like the experimental HDX plots, regions which 
are more exposed to solvent are coloured red where regions which are shielded and 
less exposed are coloured blue.  The N-terminal region of the β-taco of the plot is 
highlighted here to draw attention to the particularly significant residues which 
contribute most the peptide being deprotected which are the same as those involved 
with the hydrogen bonding with thanatin.  
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Additionally, the differential solvent plot of thanatin bound to the closed state of the 

protein (Figure 5.20) reveals that the residues which cause the peptide to be protected 

are those that primarily form hydrogen bounds with thanatin (residues Val28, Ile30, 

Ala32 and Asp33). The MD finding corroborate well with the EX2 experimental kinetics 

deduced by collaborators (FF, XQ, SM, JRB, CRV) found with the N-terminal peptide 

of the β-taco51.  

 

5.6 Conformation dynamics of the complex with both the substrate 
LPS and the inhibitor thanatin 

 

Figure 5.21 HDX plot of LptDE binding to the inhibitor thanatin and Re-LPS.  
Figure modified from Fiorentino et al51, all work here completed by collaborators 
(FF, XQ, SM, JRB, CVR). As before, representative peptides (105–115, β-taco and 
232–247, β-barrel) deuteration uptake plotted as a function of labelling time for apo 
and thanatin-bound LptDE (purple circles and green squares respectively). The error 
bars represent standard deviation (nbiological = 2; ntechnical = 3). These peptides are 
mapped upon the LptDE structure according to the difference in deuterium uptake at 
the 16.67-min labelling time, where only peptides which demonstrate a significant 
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difference in deuteration are shown. Respectively, red peptides emphasise an 
increase in HDX and blue peptides represent a decrease. 

 

To probe cooperative affects between conformational changes observed by substrate 

and the inhibitor individually, the combined effect of both LPS and thanatin was 

observed with LptDE. HDX experiments conducted and analysed by collaborators (FF, 

XQ, SM, JRB, CRV) generated a profile with similar features to both previous HDX 

data of Re-LPS binding and thanatin binding (Figure 5.21)51. As with the Re-LPS HDX 

profile, protection was detected on β1–β2 and β3–β4 strands near the lateral gate. 

Inclusion of thanatin also reveals protection of the β-taco as observed before. 

Collaborators (FF, XQ, SM, JRB, CRV) noted reduced dynamics of this domain, 

implying that Re-LPS may be bound inside but stabilised by the inclusion of thanatin 

bound to the N-terminus of the β-taco – which is consistent with the native-MS data, 

where both are found to bind at the same time.51  

 

To verify these observations, I generated a differential solvent contact plot between a 

fully open state of LptDE (bound to Re-LPS) and an open state of LptDE with Re-LPS 

bound inside and thanatin docked to the N-terminus (Figure 5.22). As before (with the 

closed state), I observe the N-terminal of the β-taco being directly protected. 

Interestingly a reside-by-residue differential solvent plot also revealed protection 

across the full length of the soluble domain.  
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Figure 5.22 Differential contact plot of LptDE binding to the inhibitor thanatin in 
the open state. Figure adapted from Fiorentino et al51, all work here completed 
by myself. (a) The differential solvent contact map generated from the difference 
between the solvent contacts of the open Re-LPS bound state with and without 
thanatin docked to the bottom of the β-taco. (b) Side-by-side comparison of the residue 
by residue (left) and the peptide (right) differential solvent map of the β-taco. Residues 
which contribute to the most solvent deprotection highlighted as sticks. 

 

The differential solvent plot I obtained in Figure 5.23 shows the solvent contact 

difference between a completely closed state and a Re-LPS bound open state with 

thanatin docked to the bottom of the β-taco. In a similar fashion to Figure 5.8 the 

protected peptide at the exit gate is restored as opening the barrel causes 

conformational protection on the peptide as well as encourages Re-LPS lipids to 

become trapped within the exit gate, agreeing with the experimental HDX plot. 

Curiously, even though the β-taco is opened by virtue of Re-LPS binding inside, and 

therefore becoming more exposed to the solvent the inclusion of thanatin causes the 

β-taco to become protected. Furthermore, this agrees with experiment as the β-taco 

becomes protected when bound to thanatin despite also binding Re-LPS.  
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Figure 5.23 Differential contact plot of LptDE between the closed state and 
LptDE binding to the inhibitor thanatin in the open state. Figure adapted from 
Fiorentino et al51, all work here completed by myself. Left: cartoon schematic 
illustrating the conformational change in adopting Re-LPS from the closed state, and 
then finally the proposed fully bound substrate and inhibitor open state. Right: HDX 
differential plot between the fully bound substrate and inhibitor open state (state 2) 
and the closed apo state (state 1). Peptides highlighted on β-taco and β-barrel which 
show protection where significant residues that contribute to solvent shielding are 
drawn as sticks.  

 

5.7 Hydrogen bond analysis of the β-taco 
 
Whilst much of the differential solvent plots correlate with experimental HDX profiles, 

the cannot, by limitation of simulation timescales, comment upon the slow EX1 kinetic 

component of the β-taco observed by collaborators (FF, XQ, SM, JRB, CRV)51. HDX 

data implies that the presence of LPS or Re-LPS in the β-taco increases the rate of 

conformational change whereas the inclusion of thanatin reduces it. Fundamentally, 

the ligands included within the experiment either stabilise or destabilise the β-taco in 

some way which needs to be explained. Of course, EX1 behaviour is generally 
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associated with slow, concerted conformational shift which could not be detailed in the 

short timescales of the MD simulations. In order to account for the observations 

highlighted by the collaborators (FF, XQ, SM, JRB, CRV)51, I turned to correlate 

differences in hydrogen bond network with EX1 kinetics as a prerequisite for future 

conformational changes (which, I am not able to determine over such small 

timescales). As shown in Figure 5.3, the presence of Re-LPS increases the rate of 

EX1 kinetics (described above as β-strand separation) whereas the presence of 

thanatin decreases it. 

 

Figure 5.24 KDE of hydrogen bond number. Figure adapted from Fiorentino et 
al51, all work here completed by myself. Hydrogen-bond number plotted as kernel 
density estimate (KDE) per frame of simulation for each state of the β-taco (closed, 
open, closed with thanatin and open with thanatin). Left: the hydrogen-bond network 
pertaining to the β-taco itself. Right: the lower plot considers the hydrogen bonds which 
the β-taco makes with the solvent. 

 

In computing the number of backbone hydrogen bonds in the β-taco over all the 

simulation data (Figure 5.24), I observe a decrease in the number of hydrogen bonds 

when Re-LPS is docked inside when compared to the number of hydrogen bonds 

calculated in a closed β-taco domain. However, inclusion of thanatin to the open state 

of the β-taco ‘restores’ the number of hydrogen bonds on the domain akin to that of 

the closed state – implying that thanatin’s presence induces a stabilising effect. It is 
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important to note here that hydrogen bonds between thanatin and the β-taco domain 

itself was not included in the calculation, where I consider only the backbone hydrogen 

bonds between residues 28 to 182.  

 

This trend is mirrored by considering the number of hydrogen bonds which are made 

with solvent, which increases when Re-LPS is accommodated inside the β-taco but 

decreases when thanatin is present. Therefore, I can explain experimental behaviour 

by showing that fewer hydrogen bonds exist between strands on the β-taco for the Re-

LPS bound LptDE complex compared with the apo state. Conversely, when thanatin 

binds to either state, more hydrogen bonds are observed, stabilising the domain and 

reducing the rate of such a conformational change to a level we cannot quantify 

experimentally. Therefore, I interpret hydrogen bond number and position in helping 

explain potential conformational changes between β-strands in an EX1 regime. 

 

Granted, it is still unclear just ‘how’ the hydrogen bond network changes to incur such 

a kinetic and conformational change. To do this, it is important to ascertain the 

positions of hydrogen bonds in the β-taco before and after adoption of ligands. I plotted 

H-bond occupancy across an index of ‘all possible’ hydrogen bonds (between 4 Å 

residue separation) in different states of the β-taco: closed, closed with thanatin, open 

(with Re-LPS) and open (with Re-LPS) and thanatin (Figure 5.25a). I generated the 

difference plots between the states which highlights hydrogen bonds which are ‘more 

present’ on the ligand bound state than the apo state (Figure 5.25b).  
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Figure 5.25 Hydrogen bond occupancy. Figure adapted from Fiorentino et al51, 
all work here completed by myself. (a) Hydrogen bond % occupancy of the β-taco 
between residues 28 to 182 (i.e. not considering the terminal strand which forms 
hydrogen bonds with thanatin). The % hydrogen bond occupancy was averaged over 
five repeats for the four different states of the β-taco (closed, open, closed with 
thanatin and open with thanatin). (b) % difference occupancy plots for hydrogen bonds 
between different states of the β-taco. From top to bottom: the plots correspond to the 
difference between the closed state of the β-taco with and without thanatin bound, the 
open state of the β-taco with and without thanatin bound, the open state with thanatin 
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bound versus the closed state and finally the difference between the open and closed 
state. For each plot the dashed lines represent the arbitrary cut-off at 25% and -25% 
occupancy difference.  

 

Positive occupancy represents those hydrogen bonds which have present 

predominantly on ligand binding, negative occupancy indicates the hydrogen bonds 

located primarily on the ‘apo’ or the ‘before’ state (Figure 5.25b). I considered only 

those hydrogen bonds with a ‘greater than’ or ‘less than’ 25% occupancy time (as an 

arbitrary cut-off) and plotted the position of these bonds on the β-taco structure (Figure 

5.26).   

 

Figure 5.26 Hydrogen bond position. Figure adapted from Fiorentino et al51, all 
work here completed by myself. Position of the hydrogen bonds which occupy more 
than 25% in one state of the β-taco compared to the other state as referenced in the 
difference plots Figure 25b. Top left: difference between the closed state of the β-taco 
with and without thanatin bound. Top right: difference between the open state of the 
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β-taco with and without thanatin bound. Bottom left: difference between the open state 
with thanatin bound and the closed state. Bottom right: difference between the open 
and closed state.  

 

For those structures with thanatin present, in all cases, a predominancy of new 

hydrogen bonds were formed between strands of the β-taco. Thanatin appears to 

strengthen the hydrogen bond network on binding by, not only increasing the number 

of hydrogen bonds present on the domain, but also by the position of this network 

across the length of the β-taco between β-strands. This, therefore, means that strands 

are less likely to separate and become susceptible to exchange with solvent which is 

why we observe such clear and global protection on this domain whenever thanatin 

binds to the N-terminal strand of the β-taco. It is also clear that hydrogen bonds 

between strands are ruptured when the β-taco opens to accommodate the lipid tails 

of Re-LPS which allows for HDX exchange with the solvent and also why collaborators 

(FF, XQ, SM, JRB, CRV) observe such deprotection across this domain.51 It is also 

interesting that thanatin can completely counteract the destabilisation of Re-LPS in 

the β-taco domain, where again, its presence anneals the β-strands back together.  

 

In order to account for the kinetics of the HDX experiment we propose two types of 

concerted motion to describe the behaviour of the β-taco region. The first considers 

the concerted opening and closing of the β-taco (EX2 kinetics) in order to 

accommodate Re-LPS binding and the second considers the separation of β-strands 

on the β-taco, similar to a spring stretching and compressing (EX1 kinetics). Therefore, 

I can qualitatively account for the observed mixed kinetics EXX demonstrated by the 

β-taco domain when Re-LPS is bound. The EX2 kinetics derive from the presence of 
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Re-LPS opening the β-taco and the EX1 kinetics originate from the slow separation of 

β-strands.  

 

5.8 Discussion  
 

The use of MD simulations provided in this work provided a platform to verify 

conformational changes observed by HDX-MS by comparing solvent exposure from 

the simulations with experiment as a proxy for ‘deuterium uptake’. MD also granted 

me better resolution (residue-by-residue) than HDX-MS (peptide resolution), providing 

a molecular framework to explain why particular regions of the protein are more, or 

less, solvent exposed after undergoing conformational change. 

 

Here I found that when Re-LPS binds inside the β-taco it yields an open conformation 

which promotes solvent exposure, particularly with residues that are directed towards 

the lipid. Being convinced of the reality of the open Re-LPS bound β-taco leads us to 

question how such a conformation affects the barrel itself. As noted previously, a small 

network of cysteines coordinates the β-taco with the lateral gate of the β-barrel (Figure 

5.5). Opening the β-taco and maintaining disulphide bonds between the cysteines on 

the β-barrel would appear to open the lateral gate in the process. Consequently, an 

open β-barrel was modelled in tandem, and the simulations showed in 

correspondence with experiment that this causes significant protection of β1–β2 and 

β3–β4 next to the exit gate (Figure 5.8). Here I pinpointed particular residues 

responsible for such deprotection and found that those on the outside of the barrel 

were shielded from solvent contact by Re-LPS.  
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Opening the lateral gate in all replicates resulted in a Re-LPS lipid being stuck between 

beta strands β1 and β26 encouraging protection of the peptide β1–β2 and β3–β4. We 

saw that these lipid interactions were also transient and diffused away during the 

course of the simulation (Figure 5.14). It seems likely then, that the second 

concentration dependent binding event found in native-MS experiments is at the 

lateral gate of LptDE51. Further to this, as the lateral gate opens, the loop between 

strands β1–β2 dips down into the barrel shielding residues inside, suggesting that 

deprotection is not entirely due to Re-LPS activity and provides further evidence that 

such an open conformation exists (Figure 5.16). These findings were further 

confirmed by MD simulations, where we observed that the presence of thanatin 

causes residues throughout the Re-LPS bound β-taco to be significantly protected.  

 

By placing distance restraints on the lateral gate, we can also suggest that this open 

state captured by HDX and MD simulations occurs when the gate is open by at least 

2.25 nm (Figure 5.7). This distance may indicate the minimum openness of the gate 

to facilitate LPS transport and insertion. I also note that the BAM complex β-barrel 

opens to a similar distance when handling its own OMP substrate332. Excitingly, a 

recently published Cryo-EM structure of LptDE from N. gonorrhoeae reports a closed 

and open structure of the complex333. The lateral gate distance here shows a 

separation of ~1 nm between the extracellular ends and ~1.5 nm between the 

periplasmic ends of β1 and β26 strands.  
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Figure 5.27 Cartoon schematic of LptDE conformations induced by its substrate 
and inhibitor. Figure adapted from Fiorentino et al,51 all work here completed by 
myself and FF. (i) binding of thanatin to the apo state of the complex causes β-taco 
stabilisation. (ii) The interaction between the substrate LPS and LptDE opens the β-
taco and therefore pries open the β strands between β26 and β1 of the lateral gate, 
coordinate by cysteine bonds. This strand separation accommodates an LPS lipid 
within the β-barrel. This conformational change creates enough space to 
accommodate an LPS molecule within the β-barrel for the lipid to be laterally inserted 
into the OM. Thanatin can also bind to the LPS bound state of the complex stabilising 
the β-taco and capturing a non-physiological complex of LptDE. Thanatin binding here 
could conceivably block interactions with LptA and therefore inhibit LPS transport by 
breaking the formation of the periplasmic bridge.  

 

The existence of a non-physiological complex of LptDE bound to both Re-LPS and 

thanatin implies that thanatin can bind to LptDE in the open state just as much as the 

closed state. Therefore, it acts a non-competitive inhibitor to the complex. I propose 
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that thanatin binds to the N-terminal peptide of β-taco domain and blocks interaction 

with the periplasmic bridge (Figure 5.27). If this occurs, there would not be an instance 

of LPS binding the LptDE as the lipid would not have been transported to be received 

by LptDE if the construction of the periplasmic bridge has been disrupted. It is still not 

yet known whether thanatin can disrupt an already formed complex between β-taco of 

LptD and LptA.  

 

Furthermore, from hydrogen bond studies and the collaborator’s (FF, XQ, SM, JRB, 

CRV) HDX data it is clear the thanatin has a stabilising influence on the β-taco (Figure 

26)51. Not only does thanatin cause an extension of the H-bond network by forming 

hydrogen bonds with the domain itself but it also increases the number of hydrogen 

bonds between the β-strands of the domain. This would imply the periplasmic bridge 

formation of the system would be driven by strong thermodynamic stability caused by 

hydrogen bond formation between β-taco bridging units as well as between the β-

strands of the bridge.  

 

Solvent contacts alongside hydrogen bond studies help to explain observed 

experimental HDX data obtained by collaborators (FF, XQ, SM, JRB, CRV)51. 

However solvent accessibility assessed by oxygen contacts with the protein backbone 

is admittedly, a fairly crude metric for HDX. Certainly, it is much more qualitative and 

much simpler than the method used for protection factor calculation by Persson & 

Halle334. Initially, I considered including H-bond propensity with solvent based contacts 

to improve the prediction model and therefore the correlation between predicted and 

observed HDX. There are a range of different metrics used for comparing MD and 

HDX335,336 but determining the relative contributions of solvent access and hydrogen 
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bonding can be non-trivial. Indeed, recent work suggests that a full reweighting of the 

MD statistical ensemble is necessary to faithfully reproduce a HDX profile from MD337. 

I reasoned that the risk of introducing artefacts from inadvertently overfitting or 

misinterpreting our data is greater than the potential gains from a more quantitative 

comparison. Therefore, as is common for large and dynamic membrane proteins, such 

as the bacterial Sec translocon338, we decided instead to apply a more qualitative 

approach. 

5.9 Methods 
 

5.9.1 Modification of Lpt structures used  

Here is a table referencing all the structures taken from the PDB used to model LptDE:   

Table 5.1 PDB IDs for Lpt complex structures. Protein structures used directly in 
simulations or used to generate the homology models of the different subcomplexes 
of the Lpt system. 

Protein  Organism PDB code Resolution (Å) 

LptDE313 S. flexneri 4Q35 2.39 

LptDE319 K. pneumoniae 5IV9 4.37 

 

5.9.2 The OM translocon heterodimer LptDE 

 

To help shed light on experimental HDX work conducted with LptDE discussed in this 

chapter, I required a structure of LptDE with Re-LPS bound within its β-taco domain. 

Here, I could build upon the work conducted with the individual subunits of the bridge 

by growing in Re-LPS within the domain.  
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5.9.2.1. The open Re-LPS bound state of LptDE  
 

The crystal structure of KpLptDE (PDB ID: 5IV9) is considered a ‘closed’ state of the 

protein where the β-taco is not open to allow access to Re-LPS occupation. 

Interestingly, other structures of LptD such as PDB ID: 4Q35 from Shigella flexneri 

have detergents (tetraethylene glycol monooctyl ether (C8E4) and N,N-

dimethyldodecylamine N-oxide (LDAO)) bound to this domain. 

 

 

Figure 5.28 Electron density maps showing detergent molecules within the β-
taco. Figure adapted from Qiao et al.324. Electron density of C8E4 and LDAO within 
the hydrophobic grove of the LptD β-taco.  

I can therefore dock Re-LPS using these sites as a guide to position the substate 

within the domain (Figure 5.28). Similar to lipid A with the EcLptD subunit, the tails 

face into the hydrophobic groove whereas the soluble units (Kdo2 sugars and 
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phosphate headgroup) face out into solvent. As before, Re-LPS was ‘grown’ within the 

domain using the inverted alchembed methodology236.  

 

Figure 5.29 Comparison of open β-barrel lateral gates. Left: BAM complex open 
lateral gate with the OMP substrate removed from the structure for clarity (PDB: 6V05). 
Right: final open kpLptDE lateral gate.      

For the β-barrel domain, which most likely opens through the lateral gate between β1 

and β26 strands, similar to the observed opening between β1 and β16 strands found 

with the BAM complex to allow for OMP installation within the OM (Figure 5.29)332. 

LptDE structures derived from Salmonella typhimurium, from previous MD studies had 

an open lateral gate due to the application of a negative pressure of -100 bar upon the 

membrane21. This, then, provided a starting point to build an open state structure of 

the KpLptD β-barrel, where various open structures of different distances between the 

lateral gate strands were obtained. Ultimately, a distance of around 2 nm between β1 

and β16 strands was chosen to reflect the open distance found between the side of β-

taco LptD domain to accommodate Re-LPS.   

 

I note that in comparing the open structure of the LptD β-taco domain as well as the 

β-barrel domain, a pair of cysteine residues on both could be kept proximal if I consider 
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‘concerted opening’ between the domains. Therefore, two potential disulphide bonds 

could be maintained as both the β-taco and β-barrel domains open at once. Here, the 

cysteine pair of residues are between Cys721 (located at the C-terminal end of the 

barrel) and Cys173 of the β-taco which is a highly conserved cysteine pair. A further 

pair of cysteines, which could form another disulphide bond are between Cys31 and 

Cys720. This suggests that these domains are coupled and open together in order to 

accommodate Re-LPS as the lateral gate unzips to insert LPS into the OM325. 

 

5.9.2.2. Thanatin docking to the LptDE β-taco domain  
 

Native MS and HDX studies, suggest that the cyclic peptidomimetic antibiotic thanatin 

binds to LptDE51. However, the experimental data was unclear as to where binding 

occurs, therefore I required thanatin bound LptDE structures to validate where this 

may be.  

 

I docked thanatin to LptD (PDB ID: 5IV9) by taking the LptA-thanatin complex and 

aligning this to the LptD β-taco domain (PDB ID: 6GD5) using PyMOL. The hydrogen 

bond between thanatin and the β-taco domain were retained in the process, where the 

coordinates of the antibiotic were then extracted to be incorporated with the KpLptDE 

crystal structure. In this way thanatin was docked to both the N- and C- terminal of the 

β-taco so to later verify its stability at both these positions. 

 

5.9.3 KpLptDE AT simulations  
 
Every state of LptDE constructed was initially converted to CG by a Martinize python 

script229 so that each representation could be embedded in a bilayer by INSANE339, 

so that bilayer would have the chance to be equilibrated and relax around the protein. 
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In every case the bilayer was composed of (i) pure Re-LPS for the outer leaflet and 

(ii) a mixture of cardiolipin, POPG and POPE at a 1:2:7 ratio for the inner leaflet. This 

is to reflect the same percentage composition of lipid species outlined in chapter 1 for 

Gram-negative bacteria. To equilibrate the system, I applied elastic bonds between 

the beads of the protein, between 5 and 10 Å apart, with a force of 1,000 kJ mol-1 nm-

2. Every box was solvated with Martini water with a NaCl concentration of 0.15 M to 

ensure charge neutrality and the systems were energy minimised by steepest 

descents methodology to a target force of 1,000 kJ mol-1 nm-2. Each system was 

equilibrated with 100 ns of simulations time with a timestep of 20 fs in a Martini 2.2 

forcefield229. After equilibration the structures were converted back to atomistic 

structures aligning the AT protein structure to the CG coordinates340. Five replicates 

for 300 ns were run for each state of the LptDE complex (as outlined above with the 

LptB2FGC AT simulations) with the velocities reset for each replicate in GROMACS 

2019.1256. However, for any open state which required PLUMED323 to hold the lateral 

gate open at a consistent distance, GROMACS 2018.6 was used256. PLUMED is a 

PLUgin for MolEcular Dynamics which provides a wide range of tools to set up and 

analyse simulations256. I applied PLUMED LOWER and UPPERWALLS to the putative 

lateral gate at a distance of 2.25 nm and 2.75 nm respectively. The open LptDE system 

which had already been equilibrated for 150 ns, and only required a further 50 ns 

equilibrations to reach convergence. Restraints were placed between the centre of 

mass of grouped residues on the β1 and β26 strand respectively: considering the Ca 

atoms from residues Asn208, Ala209, Lys210 and Tyr211 for β1 and Thr725, Phe726, 

Gly727 and Ile728 for β26. The force constant for the wall restraint was set to a high 

value of 10,000 kJ mol-1 to ensure that the ‘open state’ lateral gate would be fixed in 
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place and not have a chance to sample below 2.25 nm. The default exponent, offset 

and rescaling factors were used with these restraints.   

 

5.10 Differential solvent uptake analysis  
 
Here I report on an in silico method for comparing predicted LptDE conformational 

states with HDX experiment. This method involves running simulations to produce 

solvent contact maps on proposed conformations to compare regions of greater or 

lesser solvation with HDX experiments. I have found this approach a useful tool in 

rationalising the conformational changes observed in HDX-MS undertaken by LptDE 

upon binding to Re-LPS as well as the inhibitor thanatin. 

 

I can take these both these two states and perform a ‘nominal HDX experiment’ to 

produce the differential solvent contact maps and so ‘replicate’ the experimental HDX 

data. 

 

Both states, closed (state 1) and Re-LPS bound open (state 2) conformation are 

placed in a bilayer (where the inner leaflet is composed of cardiolipin: POPG : POPE 

in a 1:2:7 ratio and the outer leaflet is composed only of Re-LPS) which is simulated 

for 300 ns (over five replicates).  

 

I calculated the solvent contacts between the nitrogen of the protein backbone and the 

oxygen of the water at a cut-off distance of 0.4 nm using a modified MDAnalysis 

contact script, to highlight those residues most likely to ‘exchange’ in deuterated 

solvent as an approximation of experimental HDX33,311,341. Before subtracting the 

contact maps of the closed conformation (state 1) from the Re-LPS bound open 
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conformation (state 2), the solvent contacts for prolines are set to zero. The solvent 

subtraction (or difference) maps were averaged over the five repeats, which produces 

an average differential contact value for each residue over LptD (Figure 5.30).  

 

Figure 5.30 Pipeline for producing differential solvent plots. (a) solvent contacts 
are calculated for both states of the protein (b) a difference map is then generated for 
each replicate and (c) averaged which can be filtered using a 95% confidence interval 
to produce (d) a residue-by-residue differential solvent plot. (e) Alternatively, the 
residues are then averaged over the experimentally determined peptide map and then 
subsequently filtered by a 95% confidence interval to produce (f) the final differential 
solvent plot.  
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Figure 5.31 Peptide coverage. The experimental coverage map is shown above for 
the Re-LPS bound state, which is representative over all the HDX coverage maps for 
different states. The MD coverage map used for producing the differential coverage 
maps are drawn on top of the experimental peptides. I considered the start and end of 
a peptide (cleavage sites) when there is no overlap between experimentally 
determined peptides (marked with red lines). 
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Figure 5.32 Differential solvent Woodsplots. Shown here is an example of a 
‘Woodsplot’ for the differential solvent plot of the Re-LPS bound open state with the 
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closed state of the protein on an individual peptide (top) and residue (bottom) 
resolution.  

 

For each of these residue values, the same statistical analysis used by the Deuteros 

software for experimental HDX is employed here where confidence intervals are 

calculated using a two tailed test with a 95% significance level342.  

 

For this analysis variance is pooled between state 1 and state 2 of the protein. Since, 

the number of peptides or residues (where 𝑛( = 𝑛%'% or 𝑛9'2) are the same for both 

states, the equation simplifies: 

𝜎1 =	
∑ 𝜎2C4C'	=1-&
7?= 	+ 	∑ 𝜎2C4C'	11-&

7?=
2𝑛(

 

 

5.1  

Where 𝜎 is the standard deviation of the differential solvent contact value for either a 

residue or a peptide for a particular state. Using this pooled variance, the confidence 

intervals can be calculated: 

0	 ±	��
𝜎1

𝑁� ∙ 𝛼 

 

5.21 

Here, N	=	5 which is the number of replicates of the simulation and 𝛼 = 2.776, the 

critical value for a two tailed t-test for a 95% confidence interval, with four degrees of 

freedom (N-1)	(Figure 5.32).   

 

After applying this statistical analysis, only the 95% significant differential values are 

mapped onto the crystal structure of LptDE as a B-factor. This map is then coloured 

accordingly in PyMOL where red regions are those which correspond to a positive 
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difference in solvent contact between state 1 and state 2, whereas blue represents a 

negative difference. Colours are chosen to reflect ‘deprotected’ (red) and ‘protected’ 

(blue) regions of the protein. As mentioned, these can be mapped on to the structure 

on an individual residue basis or these values can be averaged over peptides 

according to the experimentally obtained peptide coverage map. To simplify matters, 

I considered the start and end of a peptide (cleavage sites) when there is no overlap 

between experimentally determined peptides (Figure 5.31). Areas which are not 

resolved in experiment are also not considered as part of the differential solvent 

contact plot. Again, those peptides which are considered 95% significant are 

calculated in precisely the same way (see above) as the individual residues would be 

and mapped onto the LptD structure with the same colour scheme.   

 

5.11 Author contributions 
 
FF made Figures 5.3, 5.17 and 5.21. FF and JBS made Figure 5.1, 5.2 and 5.27 

together. All HDX work was carried out by FF, JRB, XQ, CVR. All other work including 

MD studies and analysis was carried out by JBS supported by PJS, RC, KCK.  
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CHAPTER 6 Summary and 
future directions  

 

Lipopolysaccharide (LPS) is an endotoxic lipid located in the outer leaflet of the outer 

membrane (OM) of Gram-negative bacteria55. It is responsible for the resistance of 

pathogenic bacteria to drugs as well as host-immune responses58,71,72. Understanding 

its interactions with membrane proteins and transporter complex will assist 

antimicrobial development, by designing small molecules (such as peptidomimetics) 

which can block the LPS transport pathway51.   

 

In chapter 3, I examined how LPS interacts with apparent phospholipid (PL) binding 

and LPS binding inner membrane proteins (IMPs). I correlated in silico binding studies 

with native mass spectrometry (native-MS) binding studies to demonstrate 

comparable binding interactions and behaviours with an LPS-binding protein BtuCD280 

and a PL binding protein AmtB283. Furthermore, I highlighted the similarity in LPS 

derivatives interacting with BtuCD and LptB2FGC with the ATP binding domains, 

implying that LPS has potentially a functional role to play with other IMPs 

(corresponding with recent experimental assays). This suggests that core-LPS may 

have a larger role to play in the inner membrane (IM) than otherwise understood. Here, 

further simulations with other IMPs such as MscL278 and AcrB279 are required to 

support this hypothesis. Simulations with far larger membrane patches, over much 

larger timescales could help identify LPS lipid clustering effects and help characterise 
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the lipidome343. Experimental mutagenesis and binding studies on the core-LPS 

saccharide (the mature LPS lipid without the O-antigen) interaction sites on the 

nucleotide binding domains (NBDs) would verify the residues identified by MD 

simulations. LptB2FGC ATP hydrolysis could also be monitored in the presence of lipid 

A and Re-LPS so to verify whether it reveals the same ATPase trend exhibited by 

BtuCD283.  

 

A recently obtained novel Cryo-election microscopy (Cryo-EM) structure of LptB2FGC 

with an unusually skewed periplasmic LptC domain afforded the opportunity to 

understand how Re-LPS interacts with the subcomplex, compared to an upright LptC 

conformation of LptB2FGC. Within the LptC-skewed conformation, Re-LPS and lipid A 

are housed equidistant between transmembrane (TM) domains LptF and LptG. 

However, the position of these LPS derivatives markedly shifts towards LptF in the 

LptC-upright state of the transporter. Mono-phosphate lipid A (MPLA) does not follow 

such a trend which implies that this shift in position is orchestrated by the phosphate 

headgroup interactions. Cardiolipin, behaves very similarly to Re-LPS in both its 

binding interactions and movement within the cavity which supports the competitive 

kinetics it exhibits in parallel native-MS binding studies. Regardless of the lipid inside 

the cavity, the LptF and LptG β-taco domains barely fluctuate in the case of the LptC-

skewed conformation, compared to the LptC-upright conformations where the soluble 

domains shift noticeably and cooperatively. This trend, however, is not observed with 

Re-LPS inside the LptC-upright transporter, implying that the two ketodeoxyoctonic 

(Kdo2) sugar groups are used for substrate recognition to stabilise the domain.  
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To examine the relevancy of the LptC TM helix (TMc) as well as the competitive effect 

of cardiolipin further studies could be considered in the form of well-tempered 

metadynamics (WT-MetaD) calculations142. Here, separate cardiolipin and Re-LPS 

thermodynamic binding maps could be obtained both in the presence and absence of 

the TMc helix to help identify (i) binding sites at the entrance cavity (ii) the regulatory 

role of the helix86 and (iii) the strength of binding between cardiolipin and lipid A.  

 

The periplasmic bridging section of the Lpt system was examined in chapter 4. MD 

simulations revealed that the β-taco domains would close on removal of the lipid inside 

the domain. Potential of mean force (PMF) calculations identified that LptC has a 

greater binding energy than LptA, implying a thermodynamic sink towards the first 

bridging unit. Large oligomer units of LptA exhibited greater binding energy with lipid 

A which infers that neighbouring bridging units bring structural rigidity and tighter 

binding. This also reveals the presence of solvation effects where lipid A experiences 

less solvent contact (and therefore more favourable binding energies) in larger LptA 

oligomers. The lipid A PMF calculation along the hydrophobic groove of LptA3CDF 

complex confirmed greater binding to LptC than LptA. Here also, I can observe that 

most favourable lipid A binding energies occurred when all tails were firmly inside the 

hydrophobic groove and the phosphate headgroups interact with the soluble loops of 

the β-hairpin strands. To eliminate solvation effects, I modelled a continuous chute of 

four LptA subunits together where the edges of the tetrameric portion interfaced with 

its mirror image across the PBC. The resultant PMF profile of lipid A moving across 

the continuous LptA chute is relatively flat. Furthermore, I modelled lipid A moving 

through the same system alongside its neighbouring lipid A molecules. Similarly, the 

PMF energy profile was reasonably flat, however, areas of higher energy were 
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observed when there were gaps between lipid A molecules due to ‘tightness’ along 

certain points of the chute. 

 

Further energetic studies should be carried out on this system for further 

characterisation of LPS transport across the periplasm. For instance, PMF 

calculations should be repeated with the chute open to a wider extent to observe 

whether thermodynamic barriers or sinks change in magnitude. It would also be 

informative to perform a PMF from the hydrophobic cavity of LptB2FGC along through 

to LptD in the fully assembled double membrane system. This would (i) eliminate 

solvation effects and (ii) give a fuller picture of the lipid A transport landscape. 

Additionally, simulations with more lipid A molecules inside the continuous chute could 

help predict the number required in the physiological system as proposed by the PEZ 

model83.  

 

Chapter 5 examines the conformational changes captured by hydrogen deuterium 

exchange MS (HDX-MS) of LptDE (the translocon complex responsible for installing 

LPS into the OM) on binding with a LPS derivative, Re-LPS, and an inhibitor, 

thanatin51. I developed a simple pipeline to compare the ‘before’ or ‘apo’ state of the 

protein with the ‘after’ or ‘ligand-bound’ state of the protein by subtracting and 

averaging the solvation contacts across experimentally determined peptides, to 

compare with the HDX profiles. Through this in silico methodology, I was able to 

explain areas of protection and deprotection observed experimentally, verifying an 

‘open’ Re-LPS bound conformational state of the LptDE complex, supplementing 

previous modelling studies and validated by a recently published Cryo-EM 

structure21,333. This conformation exhibited an open β-barrel, where the lateral gate of 
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the complex (between β-strand 1 and 26) was open by more than 2.25 nm, with an 

associated and disulphide coordinated open β-taco domain bound to Re-LPS. Areas 

of the complex which were protected by experiment was rationalised via 

intramolecular conformational shielding and interaction of Re-LPS lipids at the LptDE 

exit gate in my MD simulations.  

 

Thanatin bound structures were also modelled and simulated to suggest that the 

inhibitor binds selectively to the N-terminal of the LptDE β-taco domain. Here also, I 

showed that thanatin has a stabilising effect on the β-taco domain, extending and 

increasing the hydrogen bond network between the β-hairpins of the unit, and reveals 

overall ‘protection’ on the domain as observed in HDX experiment. This, contrasts with 

Re-LPS disrupting this hydrogen bond network on opening the β-taco domain (which 

manifests as deprotection in the HDX profile of the unit). Further studies upon this 

system should include improved in silico HDX modelling techniques, either by 

developing a further pipeline which combines hydrogen bond and solvation effects or 

by using recently developed methodologies such as ‘HDXer’ which re-weighs the MD 

statistical ensemble337.  

 

Overall then, I have characterised LPS binding interaction between proteins within the 

inner membrane, including the ABC transporter subcomplex LptB2FGC, providing 

evidence of Re-LPS movement between ‘resting’ and ‘active’ conformations of the 

subcomplex. I have characterised the binding of lipid A across the periplasmic chute 

and identified an energy sink into the bridging unit LptC, before experiencing a flat 

energy landscape towards LptDE. Here I have validated an open conformation of the 

complex which facilitates movement and insertion of Re-LPS into the OM.  I have 
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considered in this thesis how LPS interacts with each section of the Lpt system, from 

the inner membrane, through the periplasm to the outer membrane. This work is 

important for the development of antimicrobials which target the LPS transport system, 

such as thanatin, where I have been able to use MD to rationalise HDX plots and 

describe its binding action with LptDE.  
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