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Abstract 
 

 The outer membrane (OM) of diderm bacteria is a unique membrane, 

characterised by the asymmetric (outer leaflet) presence of lipopolysaccharide (LPS), 

a high outer membrane protein (OMP) concentration dominated by a few protein 

species, protein-lipid phase separation and a low lateral diffusion rate. Understanding 

the OM is critical in tackling the challenges and opportunities posed by antibiotic 

resistance and developing biotechnologies. However, much remains unclear about 

how the organisation, composition and interactions between components modulate 

the OM. Here, native features of the OM are recapitulated in vitro and their 

consequences for OMP folding and function characterised. Generation of charge 

asymmetric liposomes mimicking the OMôs bilayer dipole revealed that the insertion 

and folding of OmpA and BamA is accelerated compared to symmetric liposomes (and 

impeded in liposomes with an inverted charge dipole). Further, a conserved patch of 

extracellular positive charge in OMPs is identified and shown for OmpA to play a 

critical role in folding. The LPS dependence of activity of the protease OmpT is well-

known, and here it is further found that the activation is specific to precise regions of 

the LPS oligosaccharide. It is also shown that the OMP FusA strictly requires LPS to 

enable its structural solution by cryoEM which, combined with MD, reveals FusA:LPS 

binding sites. OMP-OMP interactions are poorly understood, but here it is found that 

the natively abundant OMP OmpA can specifically interact with and enhance OmpT 

and inhibit PagP (an OMP palmitoyltransferase) activity. An in silico screen of OMP-

OMP interactions further identifies a broad diversity of interactions. Together, these 

results yield new insights into the mechanisms that drive OMP assembly and function, 

both in vitro and in vivo, pointing to the underappreciated role of native OM 

asymmetry, and LPS-OMP and OMP-OMP interactions to modulate the OMôs form 

and function.  
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Chapter 1: Introduction 
 

óThus the duty of the man who investigates the writings of scientists, if learning the 

truth is his goal, is to make himself an enemy of all that he reads, and, applying his 

mind to the core and margins of its content, attack it from every side.ô 

 Ibn Al-Haytham, c1000 

  

óBy this means the Heavens are openôd and a vast number of new Stars and new 

Motions, and new Productions appear in them, to which all the ancient Astronomers 

were utterly strangers. By this the Earth itself, which lyes so neer to us, under our feet, 

shews quite a new thing to us, and in every little particle of its matter, we now behold 

almost as great a variety of Creatures, as we were able before to reckon up in the 

whole Universe itself.ô   

Robert Hooke, 1665 

 

 

 óNature to be commanded must be obeyed; and that which in contemplation 

is as the cause is in operation as the ruleô1 mused Francis Bacon at the dawn of the 

European scientific revolution in his landmark Novum Organum as he reflected on the 

scientific method and its outworking. Five centuries later, vast amounts of knowledge 

have been generated and yet the goal of using natureôs rules for holistic manipulation 

and control of intricately complex biological systems remains distant. Yet never has 

this been more urgent as the world grapples with the increasing severe challenges 

arising from a globally connected, industrial world: climate change, pandemics, 

antibiotic resistance. Biological membranes exist as liminal spaces, suspended 

between the abiotic environment and the life they are both a part of and encapsulate, 

and these thresholds thus offer vast potential to externally direct and impact that life, 

allowing for diverse applications including healthcare and biotechnology. Following a 

historical contextualisation and overview of the important features of general 

membrane biology, this introduction will focus on the nature and properties of the outer 

membrane of diderm bacteria, which the results presented centre on.
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1.1 Historical context 

 In the midst of the European scientific revolution, and building on pioneering 

work from Galileo, Robert Hooke and Antonie Van Leeuwenhoek developed their 

microscopes and revealed the first hints of the unseen complexity of life. In 1665 when 

Hooke presented his Micrographia, he described the microscopic ultrastructure of a 

slice of cork as ñmuch like a [h]oney-comb, but that the pores of it were not regularéin 

that these pores, or cells, were not very deep, but consisted of a great many little 

boxesò2 (Fig. 1.1a). The defining observable feature of these ócellsô was their 

boundary with the extracellular space and although Hooke did not understand the 

nature and role of the observable structures, he intuitively grasped the necessity of 

communication and interaction between the enclosed ócellsô and their environment, 

spending extensive efforts searching for ña passage out of one of those cavities into 

anotherò2. Antonie van Leeuwenhoek, credited with the first unambiguous description 

of both aerobic and anaerobic bacteria (Fig. 1.1b, Fig. IV), further showed the 

flexibility of the cell boundary by observing single celled organisms flex and move 

(Fig. 1.1b, Fig. III)3. 

 Despite this transformational early foundation, significant progress on studying 

and interpreting cellular boundaries did not occur until after the proposition of cell 

theory by Schleiden and Schawann in 1838-18394,5. Although cell theory does not 

explicitly speak into the nature of cellular boundaries, it provides a framework on 

which a theory of membranes can be constructed. Indeed, in the years following, by 

drawing analogies to synthetic membranes Moritz Traube suggested that all cells are 

surrounded by semi-permeable membranes, that controllably allow ingress and 

egress of substances6, thus defining the cell membrane, at its simplest conception, in 

ómodernô terms. Wilhelm Pfefferôs work further defined the membrane from a generic 

partially permeable membrane to an osmotically active, distinct part of the cell7. In 

other words, a precision biostructure. Not until the early 20th century were lipids 

discovered as a key membrane constituent (based on the differential effectiveness of 

various anaesthetics of known chemical properties8) and seminal work on red blood 

cells in 1925 identified the bilayer architecture of the membrane9,10, although this 

remained controversial11.  

 These insights were remarkable given that visualisations of biological 

membranes were not possible until the development of X-ray diffraction (high 

resolution but indirect data) and biological electron microscopy (EM) (artefactually 

stained but high resolution) in the early/mid-1900ôs, with the cell wall and cell 
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membrane typically being conflated prior to these methodologies. Even at that time it 

was well established that different membranes contain a huge diversity of 

components12,13 and early EM images showed various architectures14,15. Given this, 

proposals of a basic, conserved architecture across all cell membranes were 

controversial11, and in 1957 it remained unclear whether cells had sharp or diffuse 

membrane boundaries16. However, in the 1950-60ôs the Danielli-Davson model, first 

proposed in 193517, dominated thinking about membrane biology. This trilamellar 

membrane proposed an unstable central bilayer of phospholipids containing a central 

layer of lipophilic substances, scaffolded and stabilised by electrostatic interactions in 

a layer of proteins on either side of the bilayer (Fig. 1.1c). An alternative, less popular 

model, was the Benson-Green lipoprotein unit model18,19, where a monolayer of 

lipoprotein units bound lipids and there was no continuous bilayer (Fig. 1.1d).  

 Solving the first atomic resolution protein structure, myoglobin, was 

transformational in how biomolecular interactions were envisaged, with myoglobinôs 

interior being dominated with hydrophobic interactions20. Noting the importance of the 

hydrophobic effect for protein (and DNA21) stability22, Singer and Nicolson developed 

the fluid mosaic model in 197223, proposing that membranes too are dominated by 

hydrophobic interactions, as well as emphasising the 3D asymmetry of the membrane 

(Fig. 1.1e). Although new data have rendered certain features out of date (see Section 

1.2), discussions of membranes still tend to centre around this model and it retains 

enormous explanatory power for the interpretation of membrane properties. Three 

years later the first transmembrane protein structure (bacteriorhodopsin, Fig. 1.1f), 

solved in situ in its membrane via 2D electron crystallography24, demonstrated many 

of the elements of the fluid mosaic model, including the membrane-spanning,  

amphiphilic nature of transmembrane proteins. 
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Figure 1.1: A historical perspective on cellular membranes. (a) 

Robert Hookeôs drawing of cells observed in a slice of cork, the first 

publication of an observation of cells. (Plate XI from 2). (b) Antonie van 

Leuwenhoekôs sketch of (III) cells moving and possibly dividing and (IV) 

(probably) spiral bacterial cells (from 3). (c) The Danielli-Davson model 

as originally proposed. Circles represent a protein layer decorating the 

bilayer surface (from 17). (d) The Benson-Green model of cell 

membranes as originally proposed. Circles represent the unit 

lipoproteins proposed to hold the membrane together (from 19). (e) 

Singer and Nicolsonôs iconic original visualisation of the fluid mosaic 

model (from 23). (f) 3D model of the structure of bacteriorhodopsin as 

solved by Unwin and Hendersen via 2D electron crystallography (from 
24). 
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1.2 Universal features of membrane architecture 

 The fluid mosaic model23 (Fig 1.1e) has been the dominant paradigm for 

understanding membrane architecture since its introduction 50 years ago, although 

new data have required some modifications. The modelôs enduring success rests 

upon its reliance on general, unchanging biophysical properties, notably 

thermodynamic considerations, lipid dynamics and protein-lipid interactions25, and its 

continual explanatory power for nanoscale membrane features (e.g. 26). Indeed, given 

the complexity in composition and organisation of biological membranes, with over 

48, 000 unique lipid species identified to date27 (compared to <100 in óalphabetsô for 

proteins and oligonucleotides), the similarity between different membranes, and 

particularly the consistency of its dimensions, remains surprising28. 

 As proposed by Singer and Nicolson, the forces holding biological membranes 

together are dominated by non-covalent interactions, in particular van der Waals 

forces and the hydrophobic effect21. Amphipathic, transversely asymmetric lipid 

bilayers typically generate a continuous matrix into which proteins are asymmetrically 

intercalated with hydrophobic molecules trapped in the core of the bilayer, including 

the lipid-anchors of lipoproteins25,29. The different components will minimise their free 

energy via optimal interactions, for example protein-lipid hydrophobic matching and 

lipid phase separation, allowing manipulation of local membrane properties and the 

formation of distinct membrane domains via molecular sorting30. Lateral mobility of 

components in membranes varies from effectively immobilised to rapidly diffusing 

(measured at 0.001-0.4 Õm2/s for bacterial transmembrane proteins31ï33), depending 

on the component size, local membrane and environmental context34,35. Integral 

membrane protein (and occasionally lipid36) mobility may be restrained by additional 

interactions with membrane associated proteins and thus adjust membrane properties 

(most notably by the cytoskeleton and extracellular matrix or capsular features)37,38. 

Membranes contain supramolecular features, with specialised membrane domains 

being important for optimal lipid-protein interactions, cell signalling via protein arrays39 

and processes requiring mechanical membrane manipulation like exo/endocytosis40. 

This hierarchical organisation of the membrane, and its dynamic rearrangement, is 

crucial for cellular health and survival. Thus, while the modified fluid mosaic model 

remains a good descriptor of the current understanding membrane properties, 

biological membranes are typically more structurally mosaic and less fluid than 

originally envisioned41 (Fig. 1.2). 
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 Proteins topologically linked to membranes may be integral (either fully 

transmembrane or, more rarely, integrated into a single leaflet of the bilayer), 

membrane retained by lipid anchors (lipoproteins) or only transiently associated (Fig. 

1.3). Transmembrane protein sequence and structure is constrained by the necessity 

of passing through the membraneôs hydrophobic core42, with transmembrane domains 

adopting either an Ŭ-helical bundle or ɓ-barrel structure (Fig. 1.3a-c), with the latter 

being restricted to the topologically outer bilayer of dual-membraned systems43 (e.g., 

the outer membranes of diderm bacteria, mitochondria and chloroplasts). Depending 

on their function, transmembrane proteins may also have extensive soluble domains. 

In vivo, dedicated structures exist to support accurate folding of these proteins into 

the membrane: in E. coli, the SecYEG complex for inserting Ŭ-helical proteins (into 

the inner membrane)44 and the BAM complex for inserting ɓ-barrels (into the outer 

Figure 1.2: An updated model of the fluid mosaic model highlighting new 

discoveries around membrane domains and the communication between 

transmembrane and soluble cellular protein components. The cytoskeleton 

(orange/yellow fibres) restrict the lateral diffusion of some membrane components. 

Note that size, crowding, and complexity are not accurately represented here. 

(From 29). 
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membrane)45, both of which have homologs throughout life45,46. The SecYEG complex 

is highly conserved47 and is capable of both co-/post-translationally inserting proteins 

into membranes and transporting unfolded proteins through the membrane48. The 

major structural component, SecY, is a pseudo-symmetric 10-helix bundle, which 

forms the protein pore49 (SecE is essential and while SecG is not strictly required it 

significantly enhances translocation throughput50). Proteins are targeted to SecYEG 

via a predominantly hydrophobic N-terminal signal peptide, which is recognised by 

cytoplasmic ATPase SecA, facilitating targeting to the SecYEG complex and providing 

energy for the translocation/insertion process51.  

 Lipoproteins are a diverse set of proteins (e.g. Fig. 1.3e), with functions 

ranging from nutrient acquisition and mechanical roles52, that have an acylated tail 

that anchors them in the membrane52. Similar to the transmembrane folding 

complexes, cellular machinery associated with lipoprotein generation and insertion is 

well, although not absolutely, conserved53. A broad range of proteins are known to 

transiently interact with the membrane as part of their functional cycle, including 

inducing vesicle formation54, cell signalling55 and in regulatory pathways55 (e.g. Fig. 

1.3f). While these proteins require a lipid interacting motif they are, along with 

lipoproteins, less structurally and evolutionarily constrained than transmembrane 

proteins, allowing them to perform otherwise challenging functions at the membrane, 

and as such they are frequently found as components in complex, membrane-linked 

cellular machinery (e.g. 56,57).  

 The complexity of the membrane is formed by its varying components and 

their differential organisation and interactions, and specific features are highlighted 

below, including bilayer lipid asymmetry, protein-lipid interactions and protein-protein 

interactions.  
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Figure 1.3: An overview of transmembrane and membrane 

associated proteins. Transmembrane proteins may be (a) 

monotopic (single-pass) Ŭ-helical (e.g., immune system TCR), (b) 

polytopic Ŭ-helical bundles (e.g., bacteriorhodopsin) or (c) 

transmembrane ɓ-barrels (FadL). (d) A few proteins are 

characterised as partially inserted into the bilayer but not fully 

transmembrane (e.g., MlaA). (e) Lipoproteins are anchored in the 

bilayer by their acyl chains, but the proteins remain soluble (e.g., 

BamE). (f) Peripheral membrane proteins stably or transiently 

interact with lipids (or proteins, not shown) to associate to the 

membrane (e.g., PH domain, from Bruton's tyrosine kinase). (PDBs: 

8ES958, 1DZE59, 1T1L60, 5NUP61, 5LJO56, 1BTK62, respectively). 
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1.2.1 Membrane lipid asymmetry 

 All characterised biological membranes have transverse lipid asymmetry (i.e., 

differential lipid compositions in each membrane leaflet), typically consisting of lipid 

headgroup differences but also composed of differential acyl-chain identity, and in 

some cases lipid organisation63. (The orientation of transmembrane proteins and the 

different complement of proteins interacting on the membrane surface also confer 

asymmetry). Cells expend considerable resources, both in protein/lipid production 

and energy, to ensure that membranes retain their lipid asymmetry, with active 

processes ensuring lipids are organised64,65, and in some cases explicitly inserted66, 

into the correct leaflet. Asymmetry dysregulation is associated with multiple diseases, 

underlining its cellular importance67. Biology uses membrane asymmetry for a broad 

range of functions, including cell signalling68, control of protein-lipid interactions69, 

transmembrane-protein activation70 and cell morphology71 and it in turn can be 

clinically exploited72 (Fig. 1.4).  

 Although it remains challenging to study membrane asymmetry and especially 

its implications on the folding and function of proteins (due to difficulties in controllably 

generating large quantities of asymmetric membranes), significant progress has been 

made in recent years73,74. In particular, a range of methods have been developed 

and/or expanded to synthesise asymmetric membranes in free-floating liposomes 

(Fig. 1.5) (recently reviewed in 75). Predominant among these methods are those that 

involve lipid exchange over the external, solvent exposed leaflet of the liposome, while 

the inner leaflet, occluded from the bulk solution, remains unchanged. Commonly the 

exchange process is mediated by cyclodextrins (CDs), cyclic oligosaccharides 

typically 6, 7 or 8 (termed Ŭ, ɓ or ɔ respectively) sugars long, which can bind and 

solubilise lipid acyl chains76. Historically used at relatively low concentrations to 

exchange cholesterol in and out of membranes77,78, at higher concentrations CDs can 

mediate highly efficient exchange (>90 %) between donor and acceptor liposomes 

until an equilibrium is reached79 (Fig. 1.5e). Alternatively, CD-lipid complexes can be 

prepared and mixed with intact acceptor liposomes and an equilibrium formed 

between the liposome and CD-lipid complex pool80 (Fig. 1.5f).  By altering the 

concentrations of donor and acceptor lipids/liposomes it is possible to controllably 

generate partial asymmetry81. These approaches have been particularly useful in 

studying how lipid asymmetry modulates membrane properties like trans-bilayer 

coupling82, lipid raft formation83 and membrane curvature and tension84. 
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Figure 1.4: Membrane asymmetry has diverse functions. (a) The localisation 

of phosphatidylserine (PS) lipids indicate cellular health in higher eukaryotes, with 

excess PS in the outer cellular leaflet signalling defects and targeting the cell for 

apoptosis. (b) Controlling protein-lipid interactions by lipid localisation can regulate 

other biological processes like vesicles budding from membranes, which is 

inhibited by the presence of phosphatidylethanolamine (PE) in the interacting 

bilayer leaflet. (c) Organisation of lipids helps control the morphology of E. coli with 

excess cardiolipin in the inner leaflet of the inner membrane typical in filamentous 

bacteria and excess cardiolipin in the outer leaflet in rod-shaped bacteria. (d) 

Membrane asymmetry dysregulation in disease can be therapeutically exploited 

by designing molecules to target specifically to the dysregulated membranes, here 

Ophiobolin A is targeted to cancer cells due to an abnormally high concentration 

of PE lipid in their outer leaflet. (e) Lipid localisation can control membrane protein 

activity, here by restricting available substrate for the enzyme PagP until the inner 

leaflet phospholipids mislocalise to the outer leaflet. (f) The degree of lipid 

asymmetry, and the induced charge asymmetry, may regulate the association of 

proteins to the membrane by altering the membraneôs electrostatic profile, here 

shown coupled to transcriptional control. 
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 Despite its ubiquity, less is known about how membrane asymmetry alters 

transmembrane protein folding and function. Perfringolysin Oôs rate of membrane 

insertion and intermediate conformation formation was found to be affected by lipid 

charge asymmetry85.  The model pH low insertion peptideôs (pHLIP) membrane 

insertion rate has also been shown to be modulated by small lipid charge asymmetries 

over the bilayer, with the effects being assigned to protein-lipid charge mediated 

interactions86. However, both these proteins have ónativeô soluble forms, making it 

hard to generalise these findings. More broadly, interactions between membrane and 

lipid charge can modulate insertion orientation into membranes at SecYEG, and thus 

presumably altering the membrane charge distribution can also change the protein 

Figure 1.5: Multiple methods to generate asymmetric bilayers in vitro 

have been developed. (a) Supported lipid bilayers can be made asymmetric 

by separate deposition of each bilayer leaflet. (b) Similarly, phase transfer 

methodology generates asymmetric membranes by assembling the 

membrane leaflets separately by exploiting the amphipathic nature of lipids 

to align at the interface between a polar and non-polar solvent. (c) Lipids in 

the accessible surface of liposomes can be modified in situ by enzymatic 

reaction to change their identity, rendering the liposomes asymmetric. (d) 

Hemifusion can be induced between liposomes and surface deposited 

monolayers, facilitating exchange between the surface layer and the outer 

liposome leaflet. Cyclodextrins can be used to shuttle lipids either (e) 

between bilayers or (f) between a bilayer and a soluble cyclodextrin-lipid 

complex pool to reach an equilibrium between the accessible lipid surfaces 

and cyclodextrin lipid complexes.  Inner liposome leaflet is occluded and so 

not exchanged.  
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topology87. A recent study found that differential leaflet tension can alter the function 

of transmembrane protein phospholipase OmpLA, with the enzyme being less active 

under high trans-leaflet tension in asymmetric membranes than in an equivalent 

symmetric liposome88. Much remains to be determined about the implications of 

membrane asymmetry on membrane protein function, but it is already clear that 

manipulating asymmetry can impact both folding and function of proteins.  

 

 

1.2.2 Protein-lipid interactions 

 While the lipid environment enforces challenges for the folding and functioning 

of membrane proteins, it also provides a microenvironment rich in modulatory 

potential, with specific lipids, general membrane properties and solute/field gradients 

over the membrane all exploited for regulatory and functional roles26 (Fig. 1.6). 

Underlying biophysical characteristics of membranes are used to control membrane 

organisation, for example protein sorting via hydrophobic mismatch89, both laterally in 

a membrane and to control protein trafficking between organelles90 (hydrophobic 

mismatch has also been implicated in reducing the activity of proteins localising to the 

wrong membrane compartment91). Membrane fluidity can modulate function directly 

by altering diffusion dynamics92 and is tightly regulated via the mechanistically 

obscure homeoviscous adaptation response93. External mechanical stimuli that alter 

membrane properties are important for a range of functionalities, notably 

mechanosensing94,95 and osmoregulation where lipids help transmit mechanical force 

to the protein, inducing conformational changes96. Intriguingly, in specialised 

membranes conformational changes in proteins are able to alter global membrane 

tension significantly97. Some lipids can spontaneously phase-separate in membranes 

to form lipid rafts (observable by AFM98) which, despite early controversy, have 

emerged as a key feature to modulate membrane and membrane protein 

functionality30, including the local alteration of membrane properties like fluidity99, 

partial sequestration of specific lipids from the bulk membrane (e.g. caveolae)100, and 

lateral sorting of proteins (e.g. signalling arrays)101. The heterogeneous, mosaic 

membrane that results can be important for mediating optimal function102. Indeed, as 

noted above, a study generating lipid-asymmetric liposomes inducing differential 

membrane tensions without altering lipid identity demonstrated a clear functional 

modulation88. 
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Figure 1.6: Protein lipid interactions mediate functional and regulatory 

roles. (a) Hydrophobic mismatch between proteins and lipids in the bilayer can 

lead to component organisation and membrane raft formation. (b) Membrane 

proteins can sense general membrane properties to modulate their activity, such 

as MscL which opens its ion channel only under high membrane tension. (c) 

Specific lipid binding can regulate membrane protein activity, here the potassium 

channel Kir2.2 is opened in the presence of PIP2. (Inset PDB: 3SPI104) (d) Unlike 

the traditional understanding of the fluid mosaic model, most biological 

membranes are thought to have extreme local heterogeneities in terms of both 

membrane constituents and membrane properties, represented here for two 

potential proteins Y and Z, with the precise lipid microenvironment being 

important for proper regulation. (Panel (d) adapted from 25). 
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 In addition to protein modulation by general membrane properties, stable lipid 

binding via specific binding or non-specific annular lipid shells can manipulate the 

proteinôs function. Specific lipids can act like ligands to up- or down-regulate activity 

(e.g., PIP2 and cholesterol interactions with Kir2.2 channels103,104 and 

lipopolysaccharide (LPS) activation of the protease OmpT105). Lipids like PIP2 are 

well-suited to this role as their size, stereochemistry and negative charge make the 

lipid easy to recognise and specifically bind, while the tight regulation of their cellular 

localisation and lateral membrane distribution ensures control26. While the majority of 

protein interacting lipids are able to exchange rapidly with the bulk membrane and are 

thus not strictly bound, distinct behaviour is observed for lipids adjacent and distant 

from proteins indicating a tight interplay between the membrane components106. 

Together, the effects on proteins of lipid induced membrane organisation, forces, and 

conformational changes can broadly modulate biochemical networks. 

 

 

1.2.3 Protein-protein interactions 

 Studying protein-protein interactions and their assembly into oligomers within 

the context of the membrane is challenging, largely because traditional approaches 

(e.g., affinity pulldowns, native MS) struggle with the hydrophobic nature of membrane 

proteins, purification procedures removing lipids required for complex formation and 

the often relatively weak and/or transient nature of these interactions107. Interactions 

between single-pass TM helices are best understood, and are frequently involved in 

signal transduction via induced dimerisation108. It has been shown that membrane 

proteins can sense each other in a membrane up to 10 nm apart109, allowing longer-

range interactions to initiate organisation. While in some cases sequence motifs for 

TM helix association have been identified (e.g. GxxxG108) and helix-helix interactions 

are enriched in glycine and alanine110, many interactions do not contain any 

identifiable pattern.  

 Protein-protein interactions in the membrane may be driven by their 

membrane context, for example where there is a hydrophobic mismatch between 

proteins and lipids it can become energetically favourable for proteins to cluster and 

minimise lipid interactions, thought to be one of the driving forces for the formation of 

signalling arrays39,89 (Fig. 1.7a). Similarly, lipid raft formation can also drive protein 

organisation by generating local environments to either minimise the energy of 

different proteins or enrich proteins via specific lipid binding, for example PIP2 

enriched domains are known to be critical for clustering of the SNAP receptor 
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syntaxin-1A, required for exocytosis at the synapse111 (Fig. 1.7b). Aquaporins, 

ubiquitous homo-tetrameric proteins, organise into large supramolecular assemblies 

in the membrane112. In humans, aquaporin assembly formation is dependent on the 

presence of alternatively spliced isoforms, which allow differential interactions and by 

balancing the relative concentrations, control of array size113; thus indicating that only 

small differences in an otherwise conserved sequence and fold are sufficient to 

substantially alter membrane protein behaviour and interactions. Different proteins 

often specifically interact to form functional complexes, for example in the respiratory 

supercomplex114 and sugar permeation/utilisation in E. coli115, although underlying 

mechanisms of complex formation are only partially understood116. 

 In addition to internal membrane interactions, clustering of transmembrane 

proteins is often driven by interactions of their soluble domains, a particularly 

important feature of many signalling pathways (e.g. receptor tyrosine kinases117, Fig. 

1.7c). Intriguingly, the association of the soluble, disordered domains of 

transmembrane proteins are able to form protein liquid phases on the membrane, 

manipulating membrane rigidity and curvature118, and suggesting additional 

approaches biology has exploited to mediate and control membrane processes.  

 

 

Figure 1.7: Protein lipid interactions mediate functional and regulatory roles. 

(a) Hydrophobic mismatch between lipid and protein components in the membrane 

can drive protein-protein interactions to minimise unfavourable protein-lipid 

interactions. (b) Protein clustering at lipid rafts, here syntaxin 1A at PIP2 enriched 

lipid domains, can drive membrane morphological changes like exocytosis. (c) 

Membrane protein dimerisation via interaction of soluble domains is a key feature 

of many signalling pathways, for example receptor tyrosine kinases like Her2-Her3. 
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 Thus, biological membrane composition and organisation allows membranes 

to perform, typically in parallel, their major biological roles of compartmentalisation, 

gradient generation, signal transduction and substance translocation, with different 

membrane components interacting and modulating each other to achieve optimal 

fitness and control.  

 

1.3 Bacterial cell membranes 

 Since its invention in 1884, the gram stain has formed the basis of classifying 

and understanding bacteria by dividing them based on stain retention, gram-negative 

and gram-positive119, although it took 80 years to understand the bacterial structural 

differences underlying the distinction120. Traditional characterisations of gram-

negative bacteria have a cell envelope with a dual membrane architecture encasing 

a thin peptidoglycan layer, and gram-positive bacteria have a single cell membrane 

and a thicker outer layer of peptidoglycan120. However, while in most cases these 

distinctions remain accurate, they oversimply significant diversity in bacterial 

membrane architectures, with known counter-examples121 (e.g. the phyla Tenericutes 

stains gram-negative, but lacks both peptidoglycan and a second, outer 

membrane122). Modern nomenclature conventions instead refer to monoderm and 

diderm bacteria, corresponding to those with a single or dual membrane architecture 

(if known), regardless of lipid composition or gram-stain response121 (Fig. 1.8).  

 Bacterial phyla are dominated by diderms containing LPS in the outer leaflets 

of their outer membrane (herein referred to as LPS-diderms)123 although sequence 

data indicate that about 25% of known diderm bacterial phyla do not contain LPS 

biosynthesis genes124, and some other membrane architectures are identified, notably 

the myolate-diderm of Mycobacterium, where the OM consists of mycolic acids125. 

Unlike diderms, which are spread over >25 characterised phyla, only two well-

characterised phyla contain the vast majority of known monoderm bacteria: 

Acinetobacteria and Firmicutes. Other, less defined cell envelope patterns are known, 

for example the diderm-phyla Mollicutes which lack a peptidoglycan layer126. Both 

monoderm and diderm bacteria can build an additional proteinaceous S-layer and/or 

oligosaccharide capsule around the cell127,128. Current conceptions of bacterial 

evolution hold that the last bacterial common ancestor was an LPS-diderm, with 

monoderms arising multiple times via outer membrane loss123,129. Particularly 

compelling evidence for an original diderm is found via phylogenetic analysis of the 

predominantly monoderm phyla Firmicutes with characterisations and comparisons 
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to its extant diderm species47, although this has recently been challenged via a 

combined approach of phylogenetics and phenotypical characterisation130. 

  

Figure 1.8: Monoderm and diderm bacteria have distinct 

bacterial architectures. Monoderm bacteria (upper) are 

characterised by an inner membrane and a thick outer 

peptidoglycan layer. AFM surface imaging shows a deeply grooved 

and pitted surface. Diderm bacteria (lower) are characterised by a 

dual membrane architecture enclosing a thin peptidoglycan layer. 

AFM imaging shows membrane domains enriched lipids (LPS) or 

proteins (transmembrane ɓ-barrels, mostly forming ordered arrays). 

(AFM images of monoderm membranes from 134 and diderm 

membranes 275). 
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 Monoderm bacteria have a cell envelope consisting of a cell membrane, a 

thick (30-100 nm) peptidoglycan cell wall (which is responsible for retention of the 

gram-stain131) and often an additional polysaccharide capsule (and/or S-layer)132 (Fig. 

1.8, upper). The inner membrane is typically dominated by phosphatidylglycerol (PG) 

and cardiolipin lipids, although phosphatidylethanolamine (PE) may also be abundant, 

and contains the diverse set of proteins needed for signalling and substance 

translocation133. AFM and tomographic cryoEM imaging have revealed the 

peptidoglycan surface of the cell wall to be a network of strands with deep grooves 

and pores for substance access134,135. Additional polymers are included within the 

peptidoglycan network, notably teichoic and teichuronic acids which can be lipid-

anchored in the membrane and help maintain the envelope integrity136, particularly 

important due to the extreme turgor pressures reached in monoderm bacteria 

(measured up to 20 atm137). The capsule consists of variable oligosaccharides which 

may be covalently attached to peptidoglycan and, as the external facing component, 

it plays roles in immune evasion and phage resistance (e.g. 138). Not all monoderms 

encapsulate, but it is typically observed in pathogenic strains, presumably due to the 

additional cellular protection offered by the extra layer128. 

 In contrast, LPS-diderm cell envelopes consist of an inner and outer 

membrane (IM and OM), enclosing a thin peptidoglycan cell-wall (2-4 nm) in a space 

typically 18-22 nm wide termed the periplasm139 (Fig. 1.8, lower). The IM is a 

phospholipid bilayer composed of a ratio typically about 75:20:5 PE:PG:cardiolipin 

(Fig. 1.9), although composition is variable, well-regulated and transversely 

asymmetric (the asymmetry being particularly important for regulating cell 

morphology71). The IM maintains a proton motive force (PMF), from which ATP is 

generated and consumed exclusively in the cytoplasm, meaning that periplasmic and 

OM processes have no direct access to an energy source140 relying instead on either 

the intrinsic free-energy of target processes141 or coupling to the IM via protein 

complex formation142. In addition to proteins required for IM and cytoplasmic 

functionality143, the IM houses many proteins required for the transport and/or 

biosynthesis of substances destined for the periplasm, OM or extracellular export144ï

146. Indeed, all components of the periplasm and OM (proteins, lipids, sugars) begin 

their biosynthesis in the cytoplasm and must be transported through the IM before 

use.  

 The peptidoglycan layer is anchored to the OM via the lipoprotein Lpp147, 

which has a critical role in determining periplasmic width, with the peptidoglycan and 

the OM working together as the load-bearing cellular structures148,149. The periplasm, 
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which unlike the cytoplasm is oxidising, provides an additional compartment for the 

cell to store potentially harmful enzymes like nucleases and phosphatases, which are 

beneficial for protection against exogenous threats, but would be dangerous in the 

cytoplasm150,151. The periplasm also contains the components and machinery required 

for peptidoglycan and OM biogenesis, maintenance, adaptation and regulation, as 

well as signalling pathways to transduce information from the OM to the cytoplasm143. 

Together these systems make the periplasm important for the generation and quality 

control of biostructures152, and sensing and responding to cellular threats and 

insults153,154.  

 

 The OM is a uniquely effectively permeability barrier due to its lipid asymmetric 

nature, with phospholipids (~ 80:15:5 PE:PG:cardiolipin, although lipid ratios are 

under regulation155) in the inner leaflet and LPS in the outer leaflet156,157. The nature 

of LPS, with both hydrophobic acyl chains and hydrophilic oligosaccharides, mean 

that when organised into the OM it is able to effectively block cellular access to both 

hydrophobic and hydrophilic compounds (Fig. 1.9, see also Fig. 1.10a)158,159. The OM 

has an extremely high protein (outer membrane proteins, OMPs) content compared 

Figure 1.9: The structure of common bacterial phospholipids and Lipid A. 

Bacterial lipids are composed of a polar head group and hydrophobic acyl chain 

region. PG, cardiolipin (CL) and lipid A are negatively charged (-1, -2, -2 

respectively) while PE is zwitterionic. Cardiolipin consists of two acyl tail regions 

connected by a glycerol linker between their phosphate groups. Some common acyl 

chains are shown on each lipid. Lipid A represents the most common form of lipid 

A-Kdo2 found in K12 E. coli. (From31). 
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to the IM, with an estimated lipid:protein ratio (LPR) of ~8:131 and with proteins thought 

to cover 40-60% of the membrane surface (compared to ~32:1 LPR and 15-25% for 

the IM)160. The unique features of the OM, in particular the presence of LPS and the 

high protein content, combine to generate a membrane with very low lateral 

diffusivity140, excellent barrier properties159 and ordered protein arrays161, while still 

allowing substance influx and efflux and (relatively) rapid OMP complement turnover, 

as required. OM biogenesis is next reviewed, before returning to a more detailed 

description of its global organisation.  

 

 

1.4 The outer membrane of LPS-diderms 

 The OM of LPS-diderms is a protein-rich membrane with phospholipids in the 

inner leaflet and LPS in the outer leaflet and provides a barrier to both hydrophilic and 

lipophilic substances. The inner membrane leads to separation of the OM from most 

protein and lipid biogenesis pathways, which typically reside in the cytoplasm. Diderm 

bacteria have developed an array of trans-periplasm machinery to transport the often 

non-aqueous soluble components needed for OM biogenesis, including both 

continuous and discontinuous pathways (via protein complexes that bridge the 

periplasm and freely diffusing shuttle proteins, respectively)162. The biosynthesis and 

maintenance of the OM must occur without an adjacent energy source in the 

periplasm, and any energetically unfavourable process must therefore be driven by 

coupling to the cytoplasmic ATP pool or to the IMôs PMF. The nature, transport and 

insertion of the major OM components (LPS, phospholipids, lipoproteins and OMPs) 

to the OM are discussed below. 

 

1.4.1 Lipopolysaccharide 

 LPS consists of a conserved hydrophobic tail region joined to a D-glucosamine 

disaccharide diphosphate (Lipid A), a largely conserved, negatively charged core 

region of 6-7 main chain saccharides and a highly variable O-antigen oligosaccharide, 

with a repeating unit of 2-8 saccharides145 (Fig. 1.10a). The 4-7 acyl tails of Lipid A 

(typically hexa-acylated in unstressed E. coli) are typically fully saturated and 14-16 

carbons long, shorter than the average 16-18 carbons of the inner leaflet 

phospholipids163,164, (although LPS variants with acyl chains 10-28 carbons long are 

known165,166). The main chain of the core saccharide is well conserved, especially the 
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first three sugars (the inner core; Fig. 1.10a, Rd1-LPS and lower), but there is 

significantly more diversity found in the outer core, both in the presence and identity 

of branching sugars and additional modifications like phosphorylation167 (in E. coli 

there are five outer core variants145). The O-antigen of LPS is highly variable in length, 

varying from a single unit to more than 40, and in sugar identity and repeating unit 

structure155,168, which can be different between closely related bacterial strains, and is 

used to define serotype, of which there are >190 in E. coli169. Due to their 

characteristic look by electron microscopy, bacteria with O-antigen containing LPS 

are described as having smooth membranes/LPS, while all truncated LPS below the 

O-antigen is generically called rough LPS and designated as Ra-Re LPS type170 (Fig. 

1.10a). 

  

Figure 1.10: LPS structure and trans-periplasm biosynthetic machinery. (a) 

LPS is composed of Lipid A (yellow sugars and acyl chains), the core 

oligosaccharide (brown, Ra-Re-LPS naming conventions for LPS sugar 

truncations shown right) and the O-antigen (green). Sugar linkages and their 

biosynthetic enzyme names are shown on each bond, and enzymes for each acyl 

chain. (b) Overview of the LPS pathway across the periplasm from its transport 

across the IM by MsbA2, O-antigen addition by WaaU, and IM extraction, periplasm 

transport and OM insertion by the Lpt pathway (LptB2GFC, LptAn and LptDE, 

respectively). 
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 The nature of LPS is particularly important in maintaining the barrier function 

of the OM, with its many saturated acyl-chains tightly packing and forming a gel-like 

membrane, blocking hydrophilic molecules171. Divalent cations coordinate the 

negative charges on multiple LPS molecules, ógluingô the oligosaccharides together172 

and providing an effective barrier to both hydrophobic and larger hydrophilic 

molecules173 (>~600 daltons159,174). E. coli with deep LPS truncations, in particular Re-

LPS, show poor growth, increased sensitivity to antibiotics and membrane defects, 

emphasising the importance of LPS175. LPS is a potent activator of host immune 

systems (mostly via its lipid A component), although this can be reduced by LPS 

modifications176. Some diderms have lipooligosaccharides (LOS) rather than LPS, 

which are similar molecules but have an extended oligosaccharide core and no O-

antigen177. 

 Biosynthesis of Lipid A proceeds via the Raetz pathway at the inner leaflet of 

the inner membrane145 (enzymes involved in the formation of each bond or acyl chain 

addition are noted in Fig. 1.10a). Once assembled, the nascent LPS is flipped to the 

outer leaflet via the ABC-transporter MsbA2, binding LPS at a cavity formed by the 

dimer interface and flipping via protein conformational change coupled to ATP 

hydrolysis, observed by structural and functional characterisation of intermediate 

states178,179. The Lpt pathway mediates transport of LPS across the periplasm and 

insertion into the outer leaflet of the OM via a protein bridge (Fig. 1.10b). Following 

O-antigen addition at the periplasmic face of the IM, mediated by WaaL, the ABC-

transporter LptB2FGC in the binds LPS, extracts it from the membrane180,181 and 

passes it (via LptC182) into the periplasm-spanning bridge formed of up to 6/7 copies 

of LptA183. LptA forms a channel with a hydrophobic internal surface to stabilise LPS 

acyl-chain binding162. The OM LptDE complex, a 26 stranded ɓ-barrel (LptD) plugged 

by the lipoprotein LptE, receives LPS at LptDôs periplasmic domain which links to the 

LptA bridge66,184. A lateral gate at strands ɓ26-ɓ1 of LptD opens only to the outer leaflet 

of the OM allowing the partitioning of Lipid A to the correct leaflet185, while the 

oligosaccharide is thought to be transported through the lumen of the barrel, perhaps 

facilitated by LptE, and gated by the large extracellular loop four186,186. This is termed 

the óPEZô model due to its similarities to a spring-loaded sweet dispenser, where flux 

through the pathway is maintained by a pushing force from new LPS molecules 

inserted into the continuously occupied LptA channel by LptB2FGC, coupling LPS 

insertion at the OM to the cytoplasmic ATP energy source187. The Lpt pathway as 

described here appears largely restricted to Proteobacteria, with many phyla that 

produce LPS lacking some (e.g. Bacteriodetes, Cyanobacteria) or all (e.g. 
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Chlamydiae) of the pathwayôs components, indicating that other LPS transport 

pathways must exist188.   

 Due to the linear biosynthetic pathway used to add subsequent sugars onto 

the growing LPS core oligosaccharide, mutations in these genes leads to controllably 

truncated LPS145 (Fig. 1.10a, Rx-LPS phenotypes), with deeper truncations limiting 

growth175. The controlled modulation of LPS structure in response to environmental 

pressures can involve changes to the acyl chains171, sugar identity or modulation of 

modifications, including phosphorylation and acetylation167. Studies have shown this 

diversity to be important in stress response189, environmental and life-cycle 

adaptation190, and virulence170,191. However, many of these processes are poorly 

understood and their implications for bacteria and OMPs remain largely unclear. In 

situ palmitoylation of LPS is discussed below in reference to the OM enzyme 

responsible for this modification, PagP. 

 

1.4.2 Phospholipids 

 Unlike LPS, phospholipid transport between the inner and outer membranes 

is both controversial and poorly understood162. While there is evidence of transport in 

both directions across the periplasm, the transport directionality of specific pathways 

remains contentious192,193. Early electron microscopy work suggested that the outer 

leaflet of the inner membrane and the inner leaflet of the OM could hemifuse to 

facilitate lipid and lipophilic substrate transport in structures known as Bayerôs 

bridges194, but these are largely discounted as artefactual today (although some data 

suggests they may occur under certain conditions)195. Broadly, intermembrane lipid 

transport processes use proteins to shield the hydrophobic acyl chains from the cellôs 

aqueous environment, forming either bridges, tunnels or óboatsô which shuttle lipids 

between membranes without being directly attached to either. These architectures are 

conserved across lipid transport systems generally162, and all are implicated in 

phospholipid transport in the periplasm. The different known pathways in E. coli are 

briefly discussed below. 
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 The maintenance of lipid asymmetry (Mla) system is the best characterised 

pathway (Fig. 1.11, left). It consists of the inner membrane ABC-transporter 

Mla(FEB)2D6, the periplasmic shuttle MlaC, and the OM MlaA, which additionally 

recruits an OmpC trimeric porin64. Deletion of Mla components causes accumulation 

of mislocalised phospholipids in the outer leaflet of the OM, indicating it plays a role 

in OM asymmetry homeostasis196. It is expected, therefore, that the Mla system acts 

as a retrograde (i.e., OM to inner membrane) transporter, although some uncertainty 

remains193. Recent work suggests that under equilibrium the system can 

spontaneously, but slowly, transport in both directions, but ATP hydrolysis at the inner 

membrane drives retrograde transport by extracting lipids from the pathway and 

passing them into the IM192. Transport thus starts at MlaA, an unusual lipoprotein in 

that the bulk of the protein resides in the OM forming a hydrophilic channel through 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11: Overview of structurally defined 

phospholipid transport pathways in the periplasm. Left: 

The Mla pathway transports erroneously located 

phospholipids in the outer leaflet of the OM back to the IM by 

extracting them via OmpC3 associated MlaA, passing the 

phospholipid to the periplasmic shuttle MlaC, which in turn 

passes it to the ABC-transporter Mla(FEB)2D6 to insert into the 

IM. The ATP hydrolysis at this complex drives the 

directionality of the pathway. LetB6 (centre) and PqiB6 (right) 

forms a tunnel across the membrane for lipid transport, 

although their attachments at the membrane and 

mechanisms are not well defined. 
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which phospholipid headgroups could feasibly be transported shielded from the 

membranes hydrophobic core61, and energetically advantageously bypassing the 

inner leaflet. Periplasmic MlaC accepts lipids from MlaA and transports them to 

Mla(FEB)2D6, handing the lipid off to an MlaD6 binding site, where ATP hydrolysis 

releases the lipid into the membrane and prevents backflow64. 

 E. coli also contain MCE (mammalian cell entry197, a protein family broadly 

implicated in lipid transport, of which MlaD is a member) complexes that form tunnels 

across the periplasm: YebS-LetB and PqiABC198 (Fig. 1.11, centre and right). Both 

these systems play minimal roles in rich media198,199 but are induced by oxidative 

stress (PqiABC)200 or LPS defects (YebS-LetB)198. LetB forms a broad tunnel across 

the membrane, structurally resolved co-purified with lipids201, interacting with YebS at 

the inner membrane and with no identified anchor at the OM202. In comparison, the 

Pqi system is held at the OM by the lipoprotein PqiC, at the inner membrane by PqiA 

and bridges the periplasm with a hexameric PqiB203 (only partial structure data are 

available). However, the directionality, energetics and mechanisms of lipid transport 

in these systems is uncertain. 

 Other protein complexes are implicated in lipid transport, although have not 

yet been rigorously demonstrated. The Tol-Pal complex is important for maintaining 

OM stability and cell division204. Deletion of the complex leads to an excess of 

phospholipids in the OM205, suggesting a role in retrograde transport, but structural 

studies show no clear binding sites or pathway for lipid translocation206,207. AsmA-like 

proteins, which have a single pass helix at the inner membrane and large periplasmic 

domains predicted to form ɓ-taco domains with a putative lipid-binding hydrophobic 

inner channel208, include AsmA, TamB, YdbH and YhdP195. Little is known about these 

transporters, although TamB is thought to interact with the Omp85 family member 

TamA at the OM, providing a plausible partner to hand lipids to209. YdbH, YhdP and 

TamB are mostly redundant, but deletion of all three leads to serious OM lipid 

homeostasis defects209. 

 Although non-typical, some LPS-diderm bacteria also synthesise sterols and 

recent work has identified a transport route to the OM in Methylococcus capsulatus 

that appears structurally distinct from its eukaryotic counterparts210, although the 

functional role of such lipids is a mystery. Much remains to be understood about lipid 

transport in the periplasm and mechanisms of efficient OM phospholipid homeostasis, 

but the diversity in pathways identified define it as a critical mechanism. 
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1.4.3 Lipoproteins 

 There are estimated to be ~50 OM lipoproteins in E. coli, implicated in diverse 

functions roles, from membrane biogenesis and homeostasis to substrate import and 

cell division, although many are of unknown function52. The well-defined Lol 

(localisation of lipoproteins) pathway transports mature lipoproteins to the OM (Fig. 

1.12), via a mechanism analogous to the Mla pathway, but operating in reverse211. 

Following synthesis in the cytoplasm, lipoproteins are targeted to the SecYEG 

complex via their N-terminal signal peptide51, which partitions into the inner membrane 

and holds the now periplasmic lipoprotein in place. The region adjacent to the 

membrane contains the lipobox motif (consensus: Leu-(Ala/Ser)-(Gly-Ala)-Cys)52 

which is recognised and the cysteine covalently linked to a diacyl-glycerol by the 

enzyme Lgt212. Following cleavage of the now redundant signal-peptide by LspA 

(signal peptidase II)213, the exposed N-terminal amine is also acylated by the enzyme 

Lnt214.  

 

Figure 1.12: OM lipoprotein maturation and trafficking to the 

OM via the Lol pathway. Lipoproteins are translocated to the 

periplasm via the SecYEG complex (lower left) and then tri-acylated 

at the IM. Mature lipoproteins are extracted from the IM by the ABC-

transporter LolCD2E and passed to the periplasmic shuttle LolA. 

LolA shields the acyl chains while crossing the periplasm and then 

passes the lipoprotein to LolB which inserts it into the OM. Note the 

similarity of the Lol pathway to the Mla pathway (Fig. 1.10). 
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 Mature tri-acylated lipoproteins are trafficked to the OM (if they do not contain 

the IM retention signal of an aspartate at the +2 position (from N-terminal cysteine)) 

via recognition and binding to LolCD2E complex215. LolCD2E couples ATP hydrolysis 

at LolD2 with lipoprotein extraction from the membrane and then passing, via LolC, 

the lipoprotein onto the periplasmic shuttle LolA216. To insert into the OM, LolA 

interacts with LolB, itself an OM lipoprotein, which can accept the translocating 

lipoprotein (due to its higher affinity for it than LolA)217. Some lipoproteins in E. coli are 

proposed to be extracellularly exposed (e.g. BamC218), and in other LPS-diderm 

bacteria this is well defined (e.g. Bacteriodetes57), but the mechanism of export is 

unknown. 

 

 

1.4.4 Outer membrane proteins 

 Outer membrane proteins (OMPs) are, with very few exceptions (e.g., E. coli 

protein Wza219), transmembrane ɓ-barrels, consisting of 30-60Á tilted antiparallel ɓ-

strands220. Transmembrane strands are linked by typically shorter periplasmic turns 

and longer extracellular loops, with the N- and C-termini remaining in the periplasm221 

(Fig. 1.13a). Barrels may be monomeric or formed from homo-oligomers with each 

unit contributing strands to the barrel, in monomeric OMPs the first and last ɓ-strand 

come together to close the barrel forming the ɓ-seam. The number of strands per 

barrel is consistently even, and for monomeric OMPs ranges between 8 and 36 ɓ-

strands (SprA222), although oligomeric OMPs can reach 60 strands223. Bands of 

aromatic residues at the hydrophilic-hydrophobic membrane interface anchor the 

barrels in place (the aromatic girdle)224, and in some cases manipulate the local 

membrane thickness225. Lumen facing residues are typically hydrophilic, and their 

interactions are implicated in control of the shape of the barrel, which are often 

ellipsoidal or kidney-bean shaped226.  
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Figure 1.13: (Legend overleaf)  
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 OMP biogenesis is outlined in Fig. 1.13b. OMPs are translated in the 

cytoplasm, targeted to the SecYEG translocon via their signal peptide which partitions 

into the membrane and is cleaved following OMP transport through the inner 

membrane by signal peptidase-I, thus releasing the OMP into the periplasm230. The 

ɓ-strand nature and hydrophilic lumen residues of OMPs are important for preventing 

partitioning into the IM by SecYEG, as the nascent chain does not present consistently 

hydrophobic regions (i.e., once folded in the OM only every other residue faces the 

membrane), allowing it to be exported43. Periplasmic chaperones SurA, Skp and FkpA 

prevent OMP aggregation225,231,232, while the protease DegP can cleave misfolded 

OMPs233. Under some stress responses associated with increased OMP 

misfolding/aggregation (e.g. heat shock) DegP becomes essential233,234. SurA is the 

best studied chaperone and is known to mediate expansion of OMP polypeptides via 

dynamic motion of its three-domain structure235,236, with a binding preference to 

aromatic-X-aromatic motifs which are enriched in OMPs237. SurA is also known to 

interact with the ɓ-barrel assembly machinery (BAM) that inserts OMPs into the 

membrane235, and thus, as well as preventing OMP misfolding, it likely retains them 

in a folding competent state. Skp functions as a homotrimer with three Ŭ-helical arms 

forming a cavity for client binding and is important for larger substrates with plug 

domains238, as well as recovering239, targeting for degradation240 or sacrificially 

removing241 OMPs that have fallen off/stalled on the SurA-BAM pathway. Multiple 

copies of either SurA or Skp can bind to a single OMP polypeptide, important for 

maintaining solubility of longer OMPs231,238. While FkpA, and other chaperones like 

Figure 1.13: OMP structure, biogenesis and folding. (a) OMPs closed are 

transmembrane ɓ-barrels, with a ɓ-seam where the first and last ɓ-strands come 

together (red, for monomeric barrels) and an aromatic girdle anchoring them in the 

membranes. OMPs typically have short intracellular turns and long extracellular 

loops (example OMP is FadL, PDB: 1T1L60). (b) Nascent OMPs are translocated 

to the periplasm via SecYEG (lower left) where signal peptidase cleaves their signal 

peptide. SurA delivers the unfolded OMP to the BAM complex, where folding and 

membrane insertion occurs. Other periplasmic chaperones (Skp, FkpA) and the 

dual functional chaperone-protease DegP help recover or degrade misfolded and 

stalled OMPs. (c) OMP folding via BAM proceeds via ɓ-strand templating of the 

substrate C-terminal strand off BamAôs ɓ1 (left) and progressive substrate barrel 

elongation from the templated strand (centre and right). Barrel closure of the 

substrate OMP will release it from BAM and revert BAM to its apo state (PDBs: 

7RI4227, 7TT7228, 6LYQ229). (d) Mechanism of intrinsic folding of OMPs. OMPs 

initially bind to membranes and from initial ɓ-structure. The ɓ-hairpins begin to 

associate as membrane insertion occurs and folding to the final secondary and 

tertiary structure is cooperative. ((d) adapted from 30) 
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Spy, are not part of the canonical pathway, they become important under stress 

conditions242. 

 OMP folding and partitioning into the membrane is mediated by BAM. E. coli 

BAM is a 203 kDa complex formed of the Omp85 family 16-stranded ɓ-barrel BamA 

and the four lipoproteins BamBCDE56,243,244. BamA additionally contains five 

periplasmic polypeptide transport associated (POTRA) domains which support BAM 

function and provide a scaffold for BamBCDE binding245,246. BamA and BamD are 

essential, and excellently conserved across diderms247. BamD is implicated in 

substrate quality control and recognition248,249. Deletion of BamB or BamE leads to 

significant OMP folding defects (in vitro studies demonstrate that while BamE 

supports folding of all OMPs, BamB is involved in folding of larger substrates250,251), 

while loss of BamC is only very mildly phenotypic and the exact role of BamC remains 

on open question139. BamB is further important for organising multiple copies of BAM 

together into ófolding precintsô252.  

 The BAM complex, and particularly BamA, show significant conformational 

diversity in resolved structures243,253,254. BamAôs ɓ-seam is either open (i.e., no 

hydrogen bonding between ɓ16-ɓ1) or closed (partial or full hydrogen bonding), with 

large concomitant changes to the conformation and/or relative location of the POTRA 

domains and lipoproteins56,243 (the open lateral gate can be seen in Fig. 1.13b). The 

lipoproteins appear to bias the conformation of BamA to be ɓ-seam open255, with it 

closed in structures of BamA alone but open in the majority of structures of the full 

complex254. This conformational flexibility seems important for function, and 

disulphide-locking the complexes reduces their activity in vitro and bacterial viability 

in vivo255,256. 

 Mechanisms for BAM function focus around membrane destabilisation and 

direct BAM-OMP interactions. BAM reconstituted in proteoliposomes has been shown 

to destabilise the membrane significantly255. While unlikely to be sufficient to catalyse 

OMP folding, the destabilisation of the membrane decreases the energetic barrier for 

partition into the membrane. Templating of the ɓ-strands of the nascent OMP via ɓ1 

of BamA is common across all proposed mechanisms45, although whether OMPs 

partially fold in the periplasm or in the BamA lumen (supported by extracellular loop 

6) remains uncertain and is likely variable for different OMPs257. In recent years 

multiple structures of stalled BAM-OMP complexes with various degrees of OMP 

susbtrate folding have been solved by cryoEM (by crosslinking partially folded OMP 

substrates to BAM) (e.g. Fig. 1.13c, 227,228,258,259). These demonstrate various hybrid 

barrels, where BamAôs lateral seam has opened to facilitate ɓ-sheet extension via 
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hydrogen-bonding between BamAôs ɓ1 and the final, C-terminal strand of the nascent 

OMP (leaving BamA as an open barrel during folding, Fig. 1.13c, top-down views). 

However, precise mechanisms of membrane partition and insertion, including release 

of the newly folded ɓ-barrel from BAM, are yet to be elucidated. Some evidence 

(pulldowns and very low-resolution EM) indicates a periplasm-spanning 

supercomplex can form between SecYEG, BAM and the periplasmic chaperones, 

suggesting at least transient interactions can facilitate rapid folding pathway flux, 

although whether a stable complex forms is an open question260,261. 

 Unlike most helical transmembrane proteins, many OMPs can be refolded 

readily into membranes in vitro from a denatured state (e.g. 8 M urea) to their native 

conformation in a process termed intrinsic folding262. Although using symmetric 

bilayers of non-native lipids (i.e., without LPS), OMP intrinsic folding studies provide 

a controllable context to study mechanisms of membrane protein folding and 

insertion, as well as the role of the lipid bilayer. When folding into liposomes, OMPs 

initially bind to the membrane surface and adopt a partial ɓ-strand structure before 

undergoing conformational re-arrangement and tunnelling their loops through the 

membrane to allow the native structure to form via a concerted mechanism31,263 (Fig. 

1.13d). Studies with the dominant model OMP, OmpA, indicates folding is 

cooperative, with either both secondary and tertiary structural formation together or 

neither occuring264. Membrane properties have large effects on OMP folding 

rates/yields. Folding is faster and more efficient into liposomes with shorter225 or less 

saturated acyl chains265, and those in a fluid (rather than gel) phase, although folding 

is fastest at the lipid transition temperature (Tm)266, presumably due to the introduction 

of additional membrane defects at this temperature. PE and PG lipid headgroups have 

been shown to introduce a kinetic barrier to folding into C10:0 lipid bilayers267,268, 

although this is not recapitulated in C14:0 lipids (possibly because of the additional 

kinetic barrier of a thicker membrane dominating the folding269). High protein 

concentrations (i.e. low LPRs) also inhibit folding270. OMP folding in vitro is much 

slower than in vivo, typically taking minutes or hours compared to seconds in vivo (E. 

coli doubling time at 37 °C is 20 minutes)271,272. Once folded, most OMPs are highly 

resistant to unfolding262.  

 Although E. coli harbour 60-70 unique OMPs31, ~70% of the protein content is 

composed of just three OMPs, and typically only a handful of OMPs are present at a 

fraction greater than 1%273 (Table 1.1). ~35% of the OMP content is composed of the 

trimeric general porins OmpF and OmpC273,274, formed of three 16-stranded OMPs 

which organise into arrays which give the OM its hexameric lattice-like look under 
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AFM imaging275,276 (Fig. 1.8, lower). The relative abundance of OmpF and OmpC 

varies based on environmental context, in particular osmolarity277. The OM of nearly 

all characterised LPS-diderms are dominated by trimeric porins, although with varying 

details278 (e.g., Klebsiella have four porins, with only one majorly expressed at a given 

time279). OmpA, the single most abundant OMP and also about ~35% of the E.coli 

OM protein content is detailed below280, along with the OMPs FusA and MipA, and 

the three enzyme OMPs of E. coli OmpT, PagP and OmpLA, all six of which are 

explored extensively in Chapters 3-5. 

 

OMP name Strands Absolute Abundance Relative Abundance (%) 

OmpA 8 207, 618 30.0  

OmpC 16 163, 538 23.4 

OmpX 8 125, 295 17.9 

OmpF 16 88, 988 12.7 

OmpT 10 40, 237 5.8 

MipA 10 20, 925 3.0 

Tsx 12 14, 911 2.1 

TolC 12 (4x3) 8, 768 1.3 

FadL 14 6, 912 1.0 

 

OmpA 

 OmpA, identified as an E. coli OM heat modifiable protein in 1977 (now known 

to be the folded-unfolded bandshift under cold (non-boiled) SDS-PAGE), has been 

identified at high copy numbers across many (but not all) diderms, with upwards of 

100, 000 copies per cell226,273. Following a remarkably accurate model for the barrel 

of OmpA based on Ramen spectroscopy281, its N-terminal transmembrane domain 

(tOmpA) was structurally resolved by crystallography as an eight-stranded 

barrel282,283, and its periplasmic, soluble C-terminal domain crystallised 

separately284,285 (Fig. 1.14a). In vivo the C-terminal domain binds to peptidoglycan 

(via residues R156 and D141 (R186 and D171 in A. baumanni), Fig. 1.14b), and along 

with the lipoprotein Lpp, it is crucial for maintaining cell envelope integrity286,287, with 

ȹOmpA or ȹOmpAC-ter having compromised cell membranes288. Native mass 

Table 1.1: Estimated absolute and relative abundance of common OMPs in 

E. coli grown in rich media at 37 °C. Abundance estimated by absolute cellular 

synthesis rates converted to molecules per generation based on a growth doubling 

time. These will differ from final OM copy number, but the relative ratios should be 

approximately correct, although will vary significantly depending on growth 

conditions. (Data from 273 and numerical analysis adapted from 31). 
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spectrometry data indicate that OmpA likely forms homodimers in the OM, which help 

prevent the inter-domain flexible linker being cleaved289. 

 Early conductance data suggested that OmpA could form an ion pore291,292, 

but although the barrel structure had enclosed water cavities, it did not contain a 

continuous channel. Additional structural characterisation by NMR and MD identified 

considerable flexibility in the luminal residues290,293, and later work found a salt-bridge 

switch in the core of the barrel could facilitate the opening of a small pore294. 

Alternatively, a 16-stranded structure of OmpA has been proposed where itôs C-

terminal domain forms eight transmembrane strands295,296, supported by conductance 

data9 suggesting forms of OmpA with both small and large pores298 and temperature 

sensitive folding298,299. Although the large pore model is disfavoured, not least due to 

the important functional role of the periplasmic C-terminal domain, it remains possible 

that a small subset of OmpA retains this structure in the OM. Immunogold electron 

microscopy and immunofluorescence studies indicated that even in the presence of 

LPS the loops of OmpA were antibody accessible in  Mannheimia haemolytica300.  

Figure 1.14: OmpA has a two-domain structure and 

non-covalently interacts with peptidoglycan. (a) OmpA 

is composed of an N-terminal eight-stranded 

transmembrane ɓ-barrel and a C-terminal periplasmic 

domain, including the residues R156 and D141 (in E. coli) 

that bind peptidoglycan (PDBs: 1G90290, 2MQE284). (b) 

Details of peptidoglycan binding by the C-terminal domain 

of A. baumanni OmpA (PDB: 4G4V (unpublished)). 
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 OmpA has a diverse range of functions, including its exploitation as a 

bacteriophage301,302 or bacteriocin receptor303, and being important for 

conjugation304,305. In E. coli, OmpA is required for efficient crossing of the blood-brain 

barrier via endothelial cell invasion306,307 and also appears important for adhesion to 

cells and invasion of colonic epithelial cells308,309. Following macrophage 

phagocytosis, bacteria are able to prevent macrophage apoptosis by activating the 

antiapoptotic Bclxl, allowing them to replicate inside the phagosome and eventually 

burst the macrophage310 (ȹOmpA bacteria do not survive phagocytosis311, but OmpA 

is not solely sufficient for this process312). OmpA is also implicated in biofilm 

formation313,314. Given its conservation and abundance it is not surprising that OmpA 

is directly targeted by the immune system: serum amyloid A protein binds OmpA and 

induces bacterial opsonization315, neutrophil elastase targets OmpA and thus 

permeabilises the OM316, as well as being recognised by macrophages317. Indeed, 

OmpA fragments from K. pneumoniae are so efficiently presented as antigens that it 

is used as a vaccine carrier318.   

 OmpA expression is controlled predominantly at the mRNA level, with mRNA 

half-life increasing proportionally with growth rate319,320, mediated by an interplay 

between the structured 5ô-untranslated region, the binding protein Hfq321 (which 

destabilises and targets for the mRNA degradation321,322) and the small RNA MicA 

which targets Hfq to OmpAôs mRNA. OmpA is downregulated during envelope stress 

ůE response, but upregulated during polyamine exposure323. Modulatory factors of 

OmpA intrinsic folding have also been extensively studied, with many of the seminal 

in vitro folding studies using OmpA 262,263: it was the first OMP to be intrinsically 

refolded into detergent324 and membranes325.  

 OmpA is pathogenically important across all the species it has been 

characterised in, including Yersinia, Pseudomonas, Klebsiella, Haemophilus, 

Neisseria, and Chlamydia species, typically acting via some or all of the E. coli 

mechanisms described above: enhancing adhesion, intracellular invasion and 

survival, cellular toxicity and increasing inflammation326. OmpAôs role in Acinetobacter 

has been particularly well studied, where it is important for regulating adhesion, biofilm 

formation, aggressiveness and immune response327,328. Intriguingly, A. baumanni 

OmpA is known to be cytotoxically localised to the nucleus of invaded cells via its 

nuclear localization signal (KTKEGRAMNRR) near the C-terminus, although how the 

toxicity is mediated is unclear329. An additional survival strategy of A. baumanni is the 

release of Outer Membrane Vesicles (OMVs) with high concentrations of OmpA which 
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can accumulate extracellular drugs, particular ɓ-lactams, protecting the 

bacterium330,331. Intriguingly, a few monoderm bacteria also contain OmpA homologs, 

with strong homology in the C-terminal domain, suggesting conserved roles of 

membrane anchored peptidoglycan binding332. 

MipA 

 Although first identified as an OMP in 2000333, little is known about MipA (MltA 

Interacting Protein), despite its relatively high abundance (~2% of the OMPome273). 

Its predicted structure (Fig. 1.15a) reveals a 10-stranded OMP, and its conservation 

in pathogenic E. coli strains and commensal Proteobacteria suggest its 

importance334,335. Notably, it facilitates complex formation between a murein 

polymerase (PBP1B) and a murein hydrolase (MltA), possibly representing a 

peptidoglycan-synthesizing holoenzyme336. (Alphafold2 structural modelling of this 

complex reveals biochemically plausible structures with good electrostatic matching, 

Fig. 1.15b). It thus appears to be important in peptidoglycan biosynthesis, and 

possibly septation, although under rich media conditions ȹMipA shows no 

phenotype337. Several studies have linked MipA to stress response: its mild over-

expression increases ůE activity and increases expression of DegP338, it is 

downregulated in response to kanamycin339, it is upregulated in E. coli sessile 

culture340 or in response to parathion341, and under UVC-stress, ɔ-irradiation or 

starvation in some vibrios342,343 A very recent study of P. aeruginosa MipAB identified 

a polymyxin binding site inside MipA and subsequent induction of the efflux pump 

MexXY-OprA, as well as inducing a more broad envelope stress response344. 
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TonB-dependent transporters and FusA 

Passive diffusion is insufficient to acquire adequate quantities of all the 

nutrients or import the larger substrates required for bacterial growth, and thus 

bacteria have developed systems that couple energy sources at the IM or cytoplasm 

to make active OM transporters. TonB-dependent transporters (TBDTs) are a broad, 

essential class of active nutrient transporters that couple the inner membraneôs PMF 

with active substrate transport across the OM, via the periplasm spanning TonB 

protein and an inner membrane motor complex142. In E. coli TBDTs are typically 

involved in iron acquisition from different sources, but more broadly examples are 

known to import other nutrients including sugars and nucleotides.  

TBDTs are 22-stranded barrels with a periplasmic N-terminal plug domain 

entirely occluding the barrel lumen in the apo-state and extracellular loops containing 

a substrate binding site. At the N-terminus of the plug the sequence includes a 

typically disordered, conserved 5-residue motif known at the TonB-box, to which TonB 

can bind and thus allow energetic coupling across the periplasm (Fig. 1.16a). It is 

thought that proton flow through the IM motor complex can generate a pulling force 

on TonB which in turn pulls the plug, leading to partial unfolding of ɓ-sheet structures 

and opening a pore through the barrel lumen, supported largely by single molecule 

force spectroscopy, EPR (electron paramagnetic resonance) and molecular dynamics 

Figure 1.15: Predicted MipA-MltA complex. (a) Alphafold2 predicts MipA 

as a 10 stranded ɓ-barrel (turquoise) and predicts the biochemically verified 

structure of the MipA-MltA (purple) complex with high confidence. (b) The 

predicted MipA-MltA complex shows good electrostatic matching between 

the base of the MipA barrel and the upper surface of MltA. 
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studies142,345. To prevent unproductive cycling, apo-TBDTs occlude the TonB box by 

ordered binding at the base of the plug, with substrate binding transferring a 

conformational change to dislodge the TonB-box and thus expose it for TonB binding.  

In vivo EPR of the TBDT BtuB has also recently shown reordering of the C-terminal 

region of the plug in vivo upon substrate binding345, apparently strictly dependent LPS, 

indicating important in vivo details not captured by current models. The IM motor, in 

E. coli ExbB5D2 plus TonB, couples the PMF to a pulling force via rotational motion, 

and shows strong homology to the MotAB flagellar motor. Exactly how rotary motion 

is transduced via TonB is unclear, although it has been speculated that ExbB5D2-

TonB move through the IM laterally under the rotational motion and this kinetic energy 

is transduced to the TBDT346. 

 A recently discovered, widespread TBDT family imports iron-containing host 

proteins for proteolytical digestion allowing iron release and utilisation347, including the 

E. coli transporter/protease YddB/PqqL system, important for uropathogenic bacterial 

fitness348,349. FusA/FusC, from plant pathogen Pectobacterium spp, is the best 

characterised example of the family and, along with the TonB-like FusB and IM 

transporter FusD,  imports and degrades the 12 kDa ferredoxin host protein350 (Fig. 

1.16b), although there are conflicting data on whether ferredoxin is unfolded for 

import. A crystal structure of FusA showed that the extracellular loops of FusA are 

particularly extensive (Fig. 1.16c), at least in part to help form a binding site for the 

large ferredoxin substrate351 (Fig. 1.16d).  
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Figure 1.16: FusA is a protein importing TonB-dependent 

transporters (TBDTs). (a) TonB dependent transporters 

couple nutrient acquisition at the OM with the PMF at the IM via 

an IM motor complex (ExbB5D2), the periplasmic spanning 

TonB and the OM transporters (e.g. BtuB, shown here). (b) The 

operon FusABCD works together to import and cleave 

ferredoxin to access its iron (orange circles) (FusA: TonB-

dependent transporter, FusB: Tonb-like protein, specific for this 

system, FusC: ferredoxin protease, FusD2: ABC transporter that 

imports the liberated iron to the cytoplasm). (c) FusA, like all 

TBDTs is a 22-stranded barrel (blue) with an N-terminal plug 

domain (green). (PDB: 4ZGV351) (d) The large extracellular 

loops of FusA facilitate ferredoxin substrate binding at the top 

of the lumen and interact with the plug loop ((d) adapted from 
351) 
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OmpT 

 OmpT was first identified in 1973 as an OMP of unknown function352, and 

subsequent early research demonstrated its protease activity (via in vivo cleavage of 

FepA and inhibition by benzamidine353) and a substrate preference for paired basic 

residues (by in vitro characterisation354,355). Following its discovery, OmpT was rapidly 

implicated in the pathogenesis of a range of diderms such as E. coli, Shigella, and 

Yersinia356ï360. OmpTôs in vivo function is to cleave host-generated cationic 

antimicrobial peptides (AMPs) against which it has a broad action361, and ȹOmpT 

cells are hypersusceptible to treatment with the AMP362. 

 OmpT forms a 10-stranded barrel with large, mostly structured extracellular 

loops (Fig. 1.17a), a putative LPS binding site (based on homology from FhuA, Fig. 

1.17b)363 and a very electronegative central cleft to recruit its positive substrates (Fig. 

1.17c). Development of a facile fluorescence activity assay (c.f. Fig. 4.1c) revealed 

that OmpT activity shows an LPS dependence105, cleaves folded substrates with a 

consensus (Arg/Lys)Ź(Arg/Lys)-Ala364,365 (Ź indicates cleavage site) and denatured 

substrates at the carboxyl-side of basic residues366 (although the P4-P2ô sites are 

important for mediating efficient cleavage367). Mutational and structural analysis 

identified Asp210/His212 as the key catalytic dyad supported by Asp83/Asp85368 (Fig. 

1.17d), which act by nucleophilicly activating water to attack and cleave the substrate 

carbonyl369. Multiple simulation studies suggest that loop conformation fluctuations 

are important for substrate binding, likely by altering the local electric field around the 

catalytic site370,371.  

 Steady-state OmpT expression in rich-media represents ~5% of the total OMP 

content273, but expression is well regulated. Both enteropathogenic and 

uropathogenic E. coli strains have characterized thermoregulation, with OmpT 

expression activated at host temperature of 37 °C372, although final quantities depend 

on specific niche373,374. OmpT and its homologs also show conserved regulation by 

the PhoPQ two-component signalling pathway375. Membrane damage by sub-lethal 

concentrations of AMPs induce OmpT-loaded OMV production, which further protects 

bacterial populations376. In addition to protection from AMPs, elevated OmpT 

expression and/or activity has been linked to bacterial adhesion, cell invasion and 

intracellular bacterial community formation, and upregulating proinflammatory 

cytokines during infection377ï379. In addition, OmpT is active against some 

bacteriocidal colicins380.  
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 OmpT is the archetype of the broader bacterial omptin protease family. 

Indeed, clinal E. coli isolates typically have multiple omptin proteases including arlC 

and the complementation plasmid located OmpP, which have varied specificities and 

efficiencies374 (although still targeting dibasic-motifs and showing LPS 

dependence382,383), yielding greater resistance benefits383. Although biochemically 

similar384, omptin proteases exhibit a diverse range of functions depending on 

environmental and infection niche. Yersinia protease Pla, implicated (and 

diagnostically characteristic) in virulence of bubonic plague causing Yersinia 

pestis385,386, cleaves blood circulating plasminogen to its active from plasmin and 

proteolytically inactivates plasminôs inhibitor Ŭ2-antiplasmin387. In addition, Pla is a 

lamin adhesin, targeting plasminôs protease activity to basement membranes and thus 

facilitating bacterial transport through tissue barriers388. Intriguingly LPS from Y. pestis 

grown at host 37 °C activates OmpT more than LPS when grown at 25 °C, suggesting 

temperature induced LPS changes help potentiate Pla-mediated proteolysis389. Other 

omptin proteases have characterised virulence importance: PgtE of Salmonella 

Figure 1.17: OmpT is an LPS-activated OM protease that cleaves positively 

charged antimicrobial peptides. (a) OmpT is a ten-stranded barrel with large 

extracellular loops housing the active site (blue) in the upper cleft of the barrel. The 

positive residues of the LPS binding motif are shown (red). (b) Rigidly docking the 

LPS molecule (cyan) resolved in the FhuA crystal structure to the equivalent 

residue motif on OmpT (red, three positive residues). (c) Electrostatic profile of the 

internal face of the upper cleft of OmpT. (d) The active site of the enzyme, showing 

the catalytic residues (blue). Both (c) and (d) are top-down views from the 

extracellular facing side of the protein. (PDB: 1I78363, LPS from 1QFF381). 
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enterica degrades AMPs, SopA of Shigella flexneri is important during intracellular 

phases of salmonellosis and shigellosis390, and CroP from murine pathogen 

Citrobacter rodentium specifically targets murine AMPs391,392. Beyond human 

infections, OmpT and its homologs are known to be important for pathogenesis in a 

broad range of economically important organisms, including canine393, avian394, 

porcine395, bovine396, murine391 and some crop plant hosts397. 

 

OmpLA 

 OmpLA (or PldA) is a widespread outer membrane phospholipase398, 

responsible for degrading phospholipids that erroneously locate to the outer leaflet of 

the OM and thus in concert with PagP (see below) and the Mla pathway maintains 

OM asymmetry399. An early 7.4 Å 2D electron crystallography structure indicated that 

OmpLA oligomerises in the membrane plane400, and an X-ray crystallography 

structure demonstrated a 14-stranded barrel with clear dimerization (Fig. 1.18a), 

mediated by transmembrane protein regions, although, unusually for transmembrane 

oligomers, the interaction strength does not correlate with occluded surface area401. 

Both enzyme dimerization402,403 and divalent cations404 are required for OmpLA 

activity, with the enzyme forming a N156-H142-S144 catalytic triad405ï407, with the 

divalent cation forming part of the active site and helping stabilise the oxyanion 

intermediate404 (Fig. 1.18b). While the divalent cation bridges the dimerization 

interface, it contributes little to complex stability which is driven by interactions with 

the substrate acyl chain408. OmpLA solubilised in detergent has been rigorously 

kinetically characterised using synthetic substrates409, but determining activity in 

synthetic membranes is challenging due to rapid degradation of the lipid bilayer upon 

enzyme activation410. The enzyme is promiscuous to lipid headgroups, but has a 

strong preference for acyl chains of 14 carbons or longer, with these longer chains 

better able to support dimerization411. Together, this suggests that OmpLA 

preferentially targets phospholipids that are longer than the acyl chains of LPS and 

hence more likely to cause hydrophobic mismatch and membrane defects. Insufficient 

divalent cations lead to membrane stress and induces phospholipid flip-flop412, but the 

lack of ions will keep OmpLA inactive, presumably because under these conditions 

degrading phospholipids would further damage an already weakened membrane. 

Indeed, unsurprisingly, OmpLA activity in context of severe membrane disruption is 

harmful413. 
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 OmpLA expression is upregulated by a diverse range of stimuli that can disrupt 

OM stability in order to respond to phospholipid mislocalisation, including high-

temperatures414, AMPs415, EDTA416 and phage DNA insertion417. Intriguingly, it has 

been shown recently that differential leaflet stress in phospholipid asymmetric 

liposome models can also modulate OmpLA activity88, perhaps sensing the changes 

in membrane properties when phospholipids migrate to the outer leaflet. OmpLA 

activity is directly coupled to upregulation of LPS biosynthesis via reuptake of the 

released fatty acids and lysophospholipids to the cytoplasm418,419, where they are 

thioesterified to coenzyme A. The resulting acyl-CoA then interacts with FtsH, 

preventing degradation of LpxC, which catalyses the first committed step of LPS 

biosynthesis420. Thus, OmpLA couples with the Mla and LPS biosynthesis systems to 

maintain a healthy, asymmetric OM. 

 OmpLA homologs are found across a broad range of pathogenic bacteria and 

are implicated in diverse behaviour. The enzyme appears particularly important in 

Campylobacter, where is has been associated with virulence422, cell-associated 

hemolysis423, cell invasion424 and cecal colonisation425. Intriguingly, under anaerobic 

conditions the OM of Campylobacter jejuni contains large amounts  (~35-45%) of 

lysophospholipids, required for efficient motility, suggesting that OmpLA activity may 

be upregulated for  this functionality426. In H. pylori OmpLA is implicated in colonisation 

Figure 1.18: OmpLA is an OM phospholipase that requires 

divalent cations and homo-dimerisation for activity. (a) Overview 

of the 14-stranded OmpLA homodimer structure (purple and blue 

monomers), showing the active site residues (blue spheres), the 

lysophospholipid post-cleavage in its covalent acyl-enzyme 

intermediate (red) and the required calcium ions. Note an active site 

is formed on both sides of the dimer. (b) The substrate binding cleft is 

formed by the dimerisation interface (coloured as in (a)) (PDB: 

7EZZ421). 



1.4 The outer membrane of LPS-diderms  43 
 
and persistence427, but it has also been shown to act as an important channel for urea 

influx and ammonium efflux in the acid adaptation response428. In addition, OmpLA is 

typically found upregulated in clinical isolates of Neisseria gonorrhoeae and 

meningococcal strains429, Arcobacter430, Shigella431 and the animal pathogen 

Riemerella anatipestifer432.  

 

 

PagP 

 PagP, first identified as a PhoPQ-activated gene (Pag)433, is a 

palmitoyltransferase that transfers a palmitate group from a glycerophospholipid to 

LPS434 (Fig. 1.10a) (it also displays a mild phospholipase activity in the absence of 

LPS435,436).  LPS-palmitoylation is important for mediating resistance to AMPs and 

other membrane stressors (such as high divalent ion concentrations) by altering the 

membrane properties. ȹPagP strains have increased membrane permeability under 

stress437, while PagP activity generates a more robust permeability barrier438. PagP is 

an eight-stranded barrel with an amphipathic N-terminal helix and sits in the 

membrane at a tilt of ~30° relative to the membrane plane, with the catalytically 

important H33, D76 and S77 residues at the outer-leaflet membrane interface439,440 

(Fig. 1.19a). Importantly, there are two regions of proline-induced weaker inter-strand 

hydrogen-bonding (ɓ1-2 and ɓ6-7) around the barrel to facilitate substrate (LPS and 

phospholipid, respectively) approach434,441 (Fig. 1.19a, dark green). While the 

formation of an acyl-enzyme intermediate has been proposed442, there is no direct 

evidence for this and direct palmitate transfer via a ternary complex is more likely434. 

PagP maintains its high specificity to palmitate groups, important to manipulate the 

OM properties controllably as required, via a structural motif known as the 

hydrocarbon ruler (Fig. 1.19b).  A precisely sized groove, PagP natively only 

accommodates the 16-carbon palmitate group, but mutation at G88 can adjust its 

specificity (G88A: 15-carbon, G88M: 12-carbon443) while site-specific alkylation allows 

excellent control of substrate use444. Although the exact mechanism is unknown, 

single mutations can alter the balance between the palmitoyltransferase and 

phospholipase activity (the W78F mutant has ~20x faster phospholipase activity445, 

while K42A is only a phospholipase444) suggesting a fine-tuned process to stabilise 

the transition state of cleaved phospholipid with minimal release (i.e. phospholipase 

activity) in the absence of the acceptor LPS. The N-terminal helix is not required for 

activity, but biochemical and MD data indicate is stabilises and clamps the membrane-

inserted protein after folding440,446. 
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 Given that the access routes to the enzyme are exposed to the outer leaflet of 

the OM (and allows the phospholipid headgroup to remain external to the membrane 

core441), PagP activity relies on the aberrant presence of phospholipids in the outer 

leaflet of the OM. Thus, the enzyme remains inactive until membrane perturbations 

provide a phospholipid substrate412. This represents a key regulatory mechanism to 

ensure that PagP is only activated at OM regions with perturbed lipid asymmetry. 

Indeed the presence of phospholipids in the outer leaflet likely facilitates more rapid 

diffusion and thus more efficient LPS adaptation, while the less flexible hepta-acylated 

LPS would promote a more rigid membrane and minimise phospholipid flip-flop. PagP 

action is also more broadly linked to OM biogenesis, with sensing of constitutive 

palmitoylation of LPS causing an elevated ůE response (without altering OMP 

composition/amount)447. In addition, the feedback mechanism outlined above for 

OmpLA-mediated increased LPS synthesis could also plausibly operate from the lyso-

phospholipid PagP product. As well as responding to environmental challenges, 

during biofilm formation, lipid A palmitoylation increases in vivo survival448. 

Figure 1.19: PagP is an OM LPS-palmitolytransferase with high 

acyl chain specificity. (a) PagP is an eight-stranded barrel that sits 

at a ~30° tilt in the membrane (relative to membrane normal), 

anchored by its N-terminal helix. Active site residues sit at the 

extracellular leaflet interface (blue spheres). Substrate active sites are 

between the extracellular loops of the protein, structured by strand 

breaks induced by prolines (dark green). An SDS molecule is shown 

in the phospholipid binding site. (b) The hydrocarbon ruler ensures 

the specificity of PagP by binding palmitate residues in a precisely 

formed cavity that cannot properly accommodate acyl chains with +/- 

one carbon. G88 (bottom right on left cutaway) can be mutated to alter 

specificity (coloured as in (a)) (PDB: 3GP6441). 
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 PagP homologs are common across LPS-diderms but, similar to OmpT and 

OmpLA, have diverse virulence related functions. In Bordetella, PagP has been 

implicated in respiratory tract persistance449 and resistance to antibody-mediated 

complement lysis450, while the Legionella homolog, Rcp, is important for AMP 

resistance and intracellular infection451. Unlike in Enterobacteriales, P. aeruginosa 

palmitoylates  at the 3ô (rather than enterobacterial 2ô) position and the palmitoylated-

LPS elevates the inflammatory response452, while in Bordetella parapertussis PagP 

mediates the addition of two palmitates453. Although frequently beneficial for 

membrane properties during infection, hepta-acylated LPS activates host Toll-like 

Recoptor-4 mediated immune system activation 10-100 fold more than reduced 

acylated forms of LPS454,455. Indeed, some bacteria, like Salmonella, in addition to 

PagP contain PagL, an enzyme that deacylates LPS to help avoid immune system 

detection when required176,456,457, while early evolutionary loss of PagP in Y. pestis 

resulted in innate immune system avoidance (synthetically adding it back in is more 

immune activating)458. However, the adaptive importance of this LPS modification is 

highlighted by the convergent evolution of LPS-palmitoylation by an alternative 

enzymatic pathway in Acinetobacter (via LpxLAb and LpxMAb)459.  

 

1.4.5 OM regulation 

 The complexity of the outer membrane and its biogenesis, combined with its 

role in first responding to cellular insults, necessitates regulatory networks. 

Mechanisms to maintain OM asymmetry via the Mla pathway and the actions of 

OmpLA and PagP are described above. Further, the actions of the three OM enzymes 

of E. coli are critical for rapid response to stress, harmful extracellular substances, 

and environmental changes, with them acting in concert to defend against a diverse 

set of possible threats434, many of which were outlined in Section 1.4.4. Adaptive 

responses are mediated via stress response pathways in the cell envelope, notably 

the ůE response and the Rcs and Cpx pathways460,461. Additional cell envelope stress 

responses are known, like the Bae462 and Psp463 systems which respond to exposure 

to toxic molecules and severe IM damage (including OMP localisation to the IM) 

respectively, but these have less direct impact on the OM. 
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 The ůE response predominantly detects defects in OMP biogenesis via an 

increased concentration of unfolded/misfolded OMPs464 or an excess of LPS in the 

periplasm465 which induce a proteolytic cascade via the IM lipoprotein DegS, which 

ultimately leads to release of the ůE transcription factor to interact with RNA 

polymerase461 (Fig. 1.20a). ůE alters transcription of a range of targets, including 

Figure 1.20: Cell envelope 

stress responses regulate 

OM composition and 

biogenesis. (a) The ůE 

response recognises 

misfolded proteins or 

mislocalised LPS in the 

periplasm and activates a 

protease cascade that 

crosses the IM via RseA (not 

all proteolysis steps shown 

for clarity). Ultimately, the 

released ůE transcription 

factor can interact with RNA 

polymerase and regulate 

gene expression. (b) The 

Cpx stress pathway is a 

canonical two-component 

signalling pathway with a 

diverse set of activators 

(including peptidoglycan 

defects, 

misfolded/mislocalised 

proteins and defects in 

lipoprotein biogenesis). 

Once activated CpxA2 can 

autophosphorylate and 

phosphorylate effector CpxR 

to mediate transcriptional 

level regulation. 
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downregulating general OMP expression and upregulating BAM, along with the OMP 

chaperones SurA, Skp and FkpA, and the protease DegP338. These act in combination 

to remove misfolded OMPs in the periplasm by degradation (DegP), chaperoning 

(SurA, Skp, FkpA, DegP) and increased folding rates (BAM)466. ůE also downregulates 

the highly abundant Lpp and OmpA, which reduces demand on both the Lol and BAM 

folding pathways and facilitates increased production of Lpt pathway component 

lipoproteins, which together act to reduce the ůE inductive event466,467. The ůE 

response is constitutively active and both its elimination468 and excessive 

upregulation469 are lethal (in E. coli), indicating that OM biogenesis remains in a 

constant fine-tuned balance, and it is particularly important for handling the additional 

stresses that come during host infection460. 

 The Cpx (conjugative pilus expression470) response is a well-conserved two-

component signalling system composed of CpxA in the IM and CpxR in the cytoplasm, 

coupled to the (non-essential) OM stress-sensing lipoprotein NlpE461 (Fig. 1.20b). 

Similar to ůE, Cpx also responds to periplasmic OMP misfolding by upregulating 

chaperones like CpxP and Spy, the protease DegP and the oxidoreductase DsbA 

(and, mysteriously, downregulating ůE), but is thought to have a broader activation 

profile471,472. For example, in distinction to ůE, NlpE is thought to enable the Cpx 

response to detect errors in lipoprotein biogenesis473. Unlike ůE, which is typically 

required for virulence across a broad range of pathogens, Cpx deletion shows mixed 

behaviour being strictly required in some organisms and only minorly detrimental in 

others474ï476. 

 The Rcs (regulator of capsule synthesis) pathway is an additional two-

component signalling system, composed of IM RcsC/D and cytoplasmic RcsB, as well 

as OM lipoprotein component RcsF which is responsible for OM (and likely 

peptidoglycan) stress sensing461. The Rcs pathway is a highly flexible response as 

RcsB can form heterodimers with multiple partners, depending on cellular availability, 

and thus have various effects, as required477. The exact role, localisation and 

mechanism of RcsF in sensing remains controversial, although it appears that the 

protein can partially localise extracellularly, possibly allowing sensing of LPS defects, 

BAM function, or an (as yet) unknown lipoprotein export mechanism478ï480. 

Regardless of its exact role, RcsF has defined interactions with both BamA and 

OMPs, and is necessary for the detection and transduction of most activators of the 

Rcs system478,480. 
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1.4.6 OM organisation 

 The outer membrane components (LPS, phospholipids, OMPs/lipoproteins) 

are trafficked and inserted into the OM by a set of complex cellular machineries, as 

described above, in a highly orchestrated manner. The unique features of the different 

components, in particular the nature of LPS and ɓ-barrel OMPs, and the enrichment 

of OMPs in the membrane creates an equally unique membrane481, characterised by 

very low lateral diffusivity140, excellent barrier properties159 and ordered protein 

arrays161 (modelled in Fig. 1.21a). Yet, the membrane still remains responsive to the 

bacteriaôs environmental context. Indeed, while the OM largely appears to remain a 

lipid bilayer matrix embedded with proteins, as postulated by the fluid mosaic model, 

large tracts of the membrane have essentially no lateral fluidity274,482. Interestingly, 

Thermotoga appear to have an outer sheath composed largely of genuinely lipid-free 

ɓ-barrel proteins in an ordered array combined with lipid patches and Ŭ-helical 

proteins483ï485, and it has been proposed that this organisation represents the diderm 

ancestral form486.  

 In recent years, direct visualisation of the OM via AFM has transformed our 

understanding of the cell surface architecture (Fig. 1.21b-d). Early AFM data 

demonstrated that the highly abundant trimeric porins could self-organise into 2D 

hexagonal arrays in the membrane with minimal intervening lipid487,488, although 

correct formation of the base trimeric unit (probably) requires LPS binding at the 

subunit interfaces489 (Fig. 1.22a). Whole cell imaging (mostly of E. coli) visualises the 

mosaicity of the OM, with much of the surface covered by the hexagonal array of 

trimeric porins490, which, at some locations, appear to be at a higher concentration, 

termed OMP islands, and gaps between the porin array, interpreted as LPS-

dominated patches275,490 (Fig. 1.21b-c). Live-cell time-resolved imaging of the LPS 

patches demonstrated their ability to diffuse slowly across the bacterial surface and 

merge together which, together with mutational analysis, confirmed their interpretation 

as lipid275. In vivo crosslinking of OMPs to LPS (via inclusion of photoactive non-

natural amino acids) showed that most OMPs are interacting with LPS, suggesting 

that even in the OMP islands there is at least a partial annulus of lipids around the 

proteins491 (the low LPR of the OM means that it is probably impossible for all OMPs 

to be surrounded by LPS). The ultrastructure of the OM, as revealed by AFM, provided 

explanations both for the very slow diffusion of OMPs in the OM (typically on the order 

of the growth rate of E. coli139,492) and the corralled diffusion of protein components, 

which are mostly able to only diffuse within a small microevironment in the 

membrane493. Slow diffusion is also contributed to by the relative immobility of the 



1.4 The outer membrane of LPS-diderms  49 
 
large LPS and the LPS oligosaccharides associating together via divalent cations494, 

forming immobile blocks in the membrane. (Simulations considering OMP lattice 

formation confirmed that stable lattices only formed if LPS, not phospholipid, was 

present in the OM491). 

 Given how slow diffusion occurs in the OM, once inserted, macromolecular 

components are restricted to their membrane locale493. This is functionally helpful for 

the bacteria as it provides a mechanism for OMP turnover, without needing to 

construct complicated and energetically expensive machinery to extract OMPs from 

the OM. Indeed, the large number of hydrogen bonds between ɓ-strands make OMPs 

highly stable (in vitro folding free energy estimated at around -13 to -32 kcal/mol (up 

to -140 kcal/mol reported)43,495,496) and the plausibility of unfolding them for extraction 

is questionable (certainly, no known processes can either unfold or extract OMPs from 

the membrane once they are inserted)31. Consequently, following their insertion OMPs 

have been shown to drift to the cellular poles during bacterial elongation and cell 

division, allowing complete change of the OMPome over about three generations, 

while the older OMPs are retained in a subset of the population (facilitating rapid 

population adaptation to environmental changes), in a process termed binary 

partitioning140,497. In addition, regulation of OMV formation has also been proposed as 

a mechanism to rapidly change the OMPome identity498,499.  

 BAM itself has been shown to organise into BAM islands in the OM, termed 

folding precincts, where in clusters of BAM have been visualised as fluorescently 

labelled puncta, with their assembly dependent on the presence of BamB252. While 

this suggests an origin of OMP islands (i.e. recently inserted OMPs around a folding 

precinct), it is unclear where BAM is located on the OM surface relative to OMP 

islands and LPS patches161,252. Recent structural data studying OMP folding on BAM 

have suggested that the lipid membrane tension is important for folding228,500, 

indicating that there is likely to be at least some lipids adjacent to BAM. BAM puncta 

are observed across the OM140,252, but there is some evidence of increased activity of 

BAM at the midcell (which would enhance the rate of binary partitioning), at least for 

certain TBDTs501. This is supported by a recently identified BAM activating role for 

maturing peptidoglycan501,502 which is mostly located at the zones of cell growth 

around the midcell, although other OMPs have been observed inserting all over the 

cellular membrane161,252 (and SecYEG shows no evidence of polarisation in the IM503). 
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Figure 1.21: Global OM organisation is dominated by separate protein and 

lipid phases. (a) Two 2D-models of the OM leaflets (upper left and lower) with 

realistic LPRs and different degrees of protein clustering. Upper right model is 3D 

representation of the upper left 2D representation. (b) and (c) AFM images of the 

OM showing that LPS partially phase separates in the OM (white outlined regions) 

to form regions with minimal trimeric porins (black dots in (b), grey dots in (c)) and 

enriched in LPS (white outlines). Pink dots in (c) are the TBDT FepA. Scale bars 

are 50 nm. (d) High resolution AFM of the trimeric porin network in live cells is R. 

denitrificans. (e) Overview model of the current conceptual understanding of OM 

organisation, showing the matrix of trimeric porins (OmpF) that cover much of the 

cellular surface and regions enriched in OMPs (OMP islands) and LPS. (2D models 

in (a) adapted from 31, AFM images in (b) 275, (c) 491, and (d) 490 and cellular model 

(e) from 491). 
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 LPS-OMP interactions are ubiquitous491, and as such it is expected that OMPs 

have evolved to function optimally given the presence of LPS and/or have specific 

LPS binding sites that modulate their function. Indeed, in vivo EPR data have revealed 

novel structural states for the TBDT BtuB that are not occupied in membranes in vitro 

in the absence of LPS345,504. This is supported by MD data showing extracellular loop 

ordering and thus altered substrate binding505. Cellular EPR has also demonstrated 

that most BtuB-BtuB interactions in the membrane occur via intervening LPS506. As 

noted above, OmpT has a well-defined activation in the presence of LPS, and a 

predicted LPS binding site363 (Section 1.14, Fig. 1.18b). A few OMPs have 

unambiguously structurally resolved LPS, notably OmpE36 (E. cloacae trimeric porin, 

crystallography489, Fig. 1.22a) and the TBDT FhuA (crystallography/cryoEM381,507, 

Fig. 1.22b). The structural impacts of LPS binding have been determined on OprH by 

NMR, but the lipid itself was not observed508. Likely, although not unambiguously 

assignable, LPS density has been observed in other models, including as a 

component in BAM nanodiscs228, and predicted for a broad range of OMPs via 

MD505,509. Although still relatively sparse, together these data combine to highlight LPS 

mediated functional modulation or optimisation of multiple OMPs, and as emerging 

methods make it easier to study OMP-LPS interactions in vitro and OMPs in vivo, new 

roles of LPS are sure to be discovered. 

 In addition to interacting with LPS, OMPs must interact with other OMPs, a 

necessity due to the low LPR, and LPS depletion from OMP islands. Given that over 

two thirds of the protein composition of the E. coli OM is formed from OmpA and 

OmpC/F273, the majority of other OMPs in the membrane must be interacting with one 

of these proteins, either directly or mediated by intervening lipid, while the extremely 

limited diffusion ensures these interactions will be long-lived even if low affinity. Some 

OMP-OMP interactions have been described, including those known to functionally 

homo-oligomerise such as OmpLA408, OmpA289 and BAM dimers252, and porin 

trimers489, and hetero-oligomerisation, for example BtuB-OmpF36, MlaA-OmpC196 

(Section 1.4.3) and RcsF-OmpA478. It is notable that all these instances include one 

of the abundant OMPs, which are the proteins predicted as most likely to evolve 

additional protein-protein interaction functionality. However, despite these examples, 

it is challenging to model OMP-OMP interactions in in vitro membrane systems where, 

by necessity, the protein concentrations are significantly lower than they are in vivo 

(as well as other features, like LPS, typically being absent). MD is also unable to 

access timescales long enough to be substantially informative regarding OMP-OMP 

interactions in a realistic membrane481 and thus much remains unknown about non-
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canonical OMP-OMP interactions. 

 

 

1.5 The role of the OM in health and disease 

 LPS-diderm bacteria play critical roles in human health and food security, both 

dominating pathogenic watchlists, as well as playing significant roles in gut 

Figure 1.22: Several OMP-LPS interactions have been 

structurally resolved. (a) LPS was observed in a crystal structure of 

the E. clocae trimeric porin OmpE36 at two distinct sites: (A) at each 

dimer interface, where the LPS bridges the two proteins with one of 

the acyl chains sitting deeply with the groove formed by the 

interaction, and (B) away from the oligomerisation interfaces resolved 

at only one site (PDB: 5FVN481). (b) The TBDT FhuA has a well-

defined LPS binding site characterised by a network of positively 

charged residues interacting with lipid Aôs phosphate groups (PDB: 

1QFF381).  
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microbiomes and biotechnology applications. Indeed, 9 of the 12 bacteria identified 

by the World Health Organisation as being critically antibiotic-resistant are LPS-

diderm, as well as 3 of 5 CDC (Centre for Disease Control) Urgent Threats510, and 4 of 

the 6 well-known ESKAPE pathogens511 (named by taking the first letter of the genus 

of the 6 pathogens). In 2019, globally antibiotic resistance was estimated to cause 1.3 

million deaths (and an additional 5 million associated deaths) with about 75% 

attributable to diderm bacteria512, with the scale and scope of the problem rapidly 

expanding due to resistance evolution. The additional protection offered by the unique 

OM coupled with the double membrane architecture of LPS-diderms pose significant 

challenges for antibiotic targeting173,274. Larger substances (approximately >600 Da159) 

are excluded almost entirely, and the extra compartmentalisation of the periplasm 

provides additional opportunities and time for bacterial machinery to degrade or export 

antibiotics513ï515, preventing lethal concentrations from accumulating. Although some 

traditional antibacterials target the OM, like polymyxin, they also damage host 

membranes and are thus typically reserved as antibiotics of last resort516. Given these 

challenges, antibiotics that specifically target the OM directly are highly desirable, and 

in recent years novel lead antibiotic compounds that target BAM have been 

discovered517ï519. Perhaps most promising is darobactin and its related family of 

molecules517,520, which are stapled heptapeptides that target BAM by binding BamAôs 

ɓ1 thus locking the barrel closed and inhibiting substrate binding521,522, although much 

additional work is required to move it into the clinic. 

 In addition to the antibiotic resistance crisis, LPS-diderm bacteria modulate 

human health in non-infectious contexts via the gut microbiome. The human gut is 

colonised by a vast quantity (1011-12
 per gram523) of generally symbiotic, anaerobic 

bacteria and their disruption or imbalance is linked to many diseases524. Although by 

cell quantity there are estimated to be more monoderm bacteria in the gut (dominated 

by Firmicutes), in the ~500-1000 species present there is vastly more diderm diversity 

represented (enriched in Bacteroidetes, Actinobacteria and Proteobacteria)525,526, and 

they are thought to perform an equally diverse set of roles, including supporting food 

degradation527, vitamin synthesis528 and an emergent endocrine function of the 

population529, particularly important in modulating the gut-brain530 and gut-skin531 axis. 

Indeed, with the gut microbiome collectively having ~100-times more unique genes 

than humans, their importance for adaptation and supplying additional functionality is 

highlighted532. Despite the microbiomeôs importance, the implications of antibiotics, 

other drugs, diet and lifestyle on the health and balance of these populations are 

poorly understood524,533ï535. Given the role of the OM as the extracellular facing barrier 
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for diderms, it is clear this plays an important role both in modulating individual 

bacterial health and mediating population interactions and communication.  

 

1.6 Project aims 

 The OM is a unique membrane that is vital for diderm bacterial survival, and 

remarkably is constructed and maintained despite the lack of an adjacent energy 

source. However, the OM is also a product of diderm bacteriaôs specific lifestyle. In 

particular, the lack of a periplasmic energy source, the single-cell organisation and 

tight correlation between cell division and resource availability limits many of the OMôs 

potential dangers for bacterial populations (e.g., no active OMP turnover, minimal 

lateral diffusion). Despite much progress in understanding the OM, much remains 

unclear, in particular the synergy between its different constituents. For example, LPS-

OMP interactions, the membrane structure at the junctions of LPS patches and OMP 

islands, OMP-OMP interactions within arrays, lipoprotein localisation and 

translocation, S-layer modulation and the role of the OMôs superstructure and 

asymmetry on OMP folding. This project explores some of these open questions. 

Each chapter recapitulates a specific native feature of the OM in vitro: membrane 

charge asymmetry (Chapter 3), LPS-OMP interactions (Chapter 4) and OMP-OMP 

interactions (Chapter 5), and each characterises its implications on either the folding 

or the function of model OMPs (Fig. 1.23). Together these results yield new insights 

into how the unique features of the native OM modulate its form and function. 
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Figure 1.23: Summary of the research presented in this thesis. The OM is a 

unique membrane, in part due its extreme lipid asymmetry (which induces a 

charge gradient over the membrane), the presence of LPS in the outer leaflet of 

the bilayer and its very low LPR. The implications of each of these membrane 

features on OMP folding or function is explored, predominantly using the model 

OMPs OmpA, FusA and OmpT. 






















































































































































































































































































































































































































































































