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Chapter 1: Introduction

060Thus the duty of the man who investigates
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,

Ibn Al-Haytham, c1000

6By this means the Heavens are opendd and a
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

whol e Universe itself. 6
Robert Hooke, 1665

Nature to be commanded must be obeyed; a
is as the cause isdmnsepdeFatnonsa88atbe aul é¢fF
European scientific NevamuOraaniuen hetl ahdcda
scientific methodiard cietnd ua dtewo 1l lait reg ., vast a
have been generated and yet the goal of wusin
and control of intricately complex biologice
this breenumgent as the world grapples with t

arising from a globally <connected, i ndustri
antibiotic resistance. Bi ological me mbr anes
bet ween the @meinot acodenwnierdomfe they are both
a

nd these thresholds thus offer vast potenti

all owing for diverse applicationdgoil holwuadigna
hi storical satoinarextawmal overview of t he i mpor
membr ane biology, this introduction will foc:

membrane of didwhmchatherrasults presented c



1.1 Historical context 2

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 fimuch like a[hJoney-c o mb, but that the pores

that these pores, or cells, were not very deep, but consisted of a great many little
b ox &¢iy. 1.1a). The defining observable feature of these aellsd 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 &ellsband their environment,

spendingext ensi ve efforts searching for fa

a n o t 2hAntonde 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. 1I)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 1838-1839%°. 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 substances®, thus defining the cell membrane, at its simplest conception, in
omoder n@ihelmPmef f er 6s wor k further defi
partially permeable membrane to an osmotically active, distinct part of the cell’. In
other words, a precision biostructure. Not until the early 20" century were lipids
discovered as a key membrane constituent (based on the differential effectiveness of
various anaesthetics of known chemical properties®) and seminal work on red blood
cells in 1925 identified the bilayer architecture of the membrane®?°, although this

remained controversial®!.

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-1 900 6 s , with the

of

passage
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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
components'?? and early EM images showed various architectures'#*®, Given this,
proposals of a basic, conserved architecture across all cell membranes were
controversial'!, and in 1957 it remained unclear whether cells had sharp or diffuse
membrane boundaries'®. However, in the 1950-6 0 6 s t h eDavBam model,| fitsti
proposed in 1935, 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 model*®'°, 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 biomolecul ar i
interior being dominated with hydrophobic interactions?°. Noting the importance of the
hydrophobic effect for protein (and DNA2?) stability?2, 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 crystallography?*, demonstrated many
of the elements of the fluid mosaic model, including the membrane-spanning,

amphiphilic nature of transmembrane proteins.

nNter ac
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Figure 1.1: A historical perspective on cellular membranes. (a)

Robert Hookeds drawing of <cells
publication of an observation of cells. (Plate XI from 2). (b) Antonie van
Leuwenhoekdés sketch of (l111) cel

(probably) spiral bacterial cells (from 3). (c) The Danielli-Davson model
as originally proposed. Circles represent a protein layer decorating the
bilayer surface (from 7). (d) The Benson-Green model of cell
membranes as originally proposed. Circles represent the unit
lipoproteins proposed to hold the membrane together (from 9). (e)
Singer and Nicolsonbds iconic or
model (from ). (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
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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
(orangelyellow 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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Single-pass Transmembrane Transmembrane
transmembrane a-helical bundle B-barrel
helix
d e f
Monotopic integral Lipoprotein Peripheral
membrane protein membrane protein

Figure 1.3: An overview of transmembrane and membrane
associated proteins. Transmembrane proteins may be (a)
monotopic (single-p a s s-Helicdl (e.g., immune system TCR), (b)
pol yt o-pelical bubdles (e.g., bacteriorhodopsin) or (c)
t r ans me mb-bameise (Fadi). (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:
8ES9%8, 1DZE®®, 1T1L%, 5NUPS?, 5LJ0%, 1BTK®?, respectively).
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1.2.1 Membrane lipid asymmetry
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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 flamentous
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
shown coupled to transcriptional control.
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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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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 PIP.. (Inset PDB: 3SPI'%) (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 ).
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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 PIP, 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
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to its extant¥ alitdeoumghs pteltii ®shas recent
combined approach of phylogeneti®s and
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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 (tr darslspmastly foranimgeordéred arrays).
(AFM images of monoderm membranes from ** and diderm
membranes 275).
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membrane (I M and OM), encl owdlnig @2n} hin paeppadeqgl
typica2l2 ynmM8wi de ter medti(Ft e, pledwerl)asmThe | M is
phospholipid bilayer composed of a ratio typica

(Fig.),1.81though composi friegqmul dtsedvaandblte,ananedrl

asymmetric (t he asymmetry being particularly

mor phd)og¥he I M maintiavesf ar e of BMF)motfr om whi c
generated and consumed exclusively in the cytopl

OM processes have no direc®r alcciesg itmstamacdnenm ggi
the intrdmerigcy fafeet at’gert oauwmrleissmest o the | M via
complex frmMant iaddition to proteins required f
funct i®natlheg yl M houses many proteins required

bi osynthesis of substances destiuhad %apotrhe peri

46 I ndeed, all components of the periplasm and
their biosynthesis in the cytoplasm and must be
use.

The peptidoglycan | ayer is anchoted to the
which has a critical role in determining peripla

the OM working t ebgeeatrhienrg acse |tI¥&f°alrd ések r pecrt iup leass m,
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which wunlike the cytoplasm is oxidising, pro
cell to store potentially harmful enzymes |
beneficial for protection against exogenous

cyploa®h. The periplasm also contains the c¢omg

for peptidoglycan and OM biogenesi s, mai nt e

well as signalling pathways to transd&uce inf

Togethheesre tsystems make the periplasm i mportatl
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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-Kdo; found in K12 E. coli. (From?3).

control of ™pi oasntdr us¢ msiesg and responding t
i ns®BP% s

The OM is a uniquely effectively permeabi
natur e, with phospholipids (~ 80:15:5 PE: PC
under réQutimei onner | eafl et a8 LPTShea nnathuer e
of LPS, with both hydrophobic acyl chains a
that when organised into the OM it is able t
hydrophobic and hydriophild.e%F iaglosnfdl®dhe( OM

has an extremely high protein (outer membrar
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to the I M, with an esti mat%®and iwiitdh pproatedinn g atth ool
to cowdr% 4G t he membrane surface (2dmpaorred t o -~

the®™ MThe unique features of the OM, in particul
hi gh protein content , combine to generat e a m
di ff &%i wixtcyel |l ent bfandeorgdeoedr ¥'r esvbi heast aV s
all owing substance influx and efflux and (rel ati
as rieeu. OM biogenesis is next revi ewed, befor «
description of its global organisation.

1.4 The outer membrane of LPS-diderms

The OM dfi deP®Qs isiahpmetmbrane with phosphol i

inner | eaflet and LPS in the outer | eaflet and p
l' i pophilic subsaneanbcase Tladisnneor separation of t|
protein and | ipid biogenesis pathways, which typ
bacteria have develmpeoreidplamsmrmaghioferny atnea transp
no-aqueous solubl e edmpgfomren®l mhieegenesi s, i nclu
continuous and discontinuous pat hways (via pro
periplasm and freely diffus$% ndg heh btitolsey npgrhetse isn s,
mai ntenance of the OM must noecrcguyr swoiutrhcoeuti na nt hae
peripl asm, and any energetically unfavourable pi
coupling to the cytoplasmic ATP pool or to the

insertion of the major OM componemids OMPBY, phosrg

to the OM are discussed bel ow.

1.4.1 Lipopolysaccharide

LPS consists of a conserved hglduopdaomicet ai l
di saccharide diphosphate (Lipid A), a | argely ¢
regi oA méi 6 chain sacchari danst iagenaohigbsgcuhartiai
with eatrienpg 8nstacofaRi des)l.. 1Tormeady!| tails of Lipi
(typicaddwyl ahteexch i rE.ujtolnessgpically fAH6lly satur a
carbons |l ong, shorterl18t haar btomes avertalye ilner
phosph&i pi(dasl t hough LPS vari-adtsawhoms alcyhg chnre

kno##® . The main chain of the core saccharide is
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first t hree sugaRisg.(th.eRidEbEnaendcoboaer ), but
significantly more diversity found in the ou
of branching sugars and additiofRgliEnmodofi ca
there are five ¥Yyut efthed drge nv orfi d&dPtSsi s highly
varying from a single unit to more than 40,
stru®yr ewhich can be different betweandcli agse
used t o define serotype, Bf %ol Dhe therda hali
characteristic | ook by el eeatnrtdng emi ccroonstcaad pnyi,n
are described as having smooth membranes/ LPS
O-antigen is generically call ekt rLPBSYHFymRS and
1. 1)0.a
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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 MsbA;, O-antigen addition by WaaU, and IM extraction, periplasm
transport and OM insertion by the Lpt pathway (LptB-GFC, LptA, and LptDE,
respectively).
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The nature of LPS is particularly important
of the OM, with i tcharamsy tsiaghutrlayt epda cakciyig and f or
me mbr ane, bl ocking Hy. dr Diphall e ct modteicames coor di
negative charges on multiple LPS mol eules, 6glu

and providing an effective barrier t o bot h hy

mol ectd( s600 %H) Eonmbth deep LPS trunc-ations, in
LPS, s h ogw opaact chr, increased sensitivity to antibio
emphasising the mpdrPtSanicse aofpoltPeht activator o
systems (mostly via its |lipid A component), al t
modi fi¥atBomse diderms have |ipooligosaccharides
which are similar molecules but have -an extende

ant it'gen

Bi osynthesis of Lipid A proceeds via the Raet
the inner ™™pemkzyares involved in the formation of
addition driegg.nplt.eld@ac @ assembled, the nascent LPS

outer |l eafl d@atranmisporhe bABGDAg LPS at a cavity fo
di mer interface and flipping via protein confo
hydrolysi s, observed by structural and function

st alt®*¥% Tlhpet pat hway medi ates transport of LPS ac
i nsertion into the outer | edfilget)lo flRdhleoWiMhgyi a
Oantigen addition at the periplasmic -face of th
transponrfF@C iLptBhe binds LPS, extBand it from
passes it (viinga oLpgth@p premiipd alsmi dge f or med of up
of Ept AptA forms a channel with a hydrophobic i
acyhain ¥%indhed@QMWME compl ex,b-baar2r6els t(rlapntdix)d pl ugge
by the | ipoprotein LpteE, receives LPS at LptD6s
Lpt A Bt dgel ater al b@®HBtloef altptsD roapnednss only to the o
of the OM allowing the partiti & imhiofe Ltihegid A

oligosaccharide is thought to be transported thr
facilitated by LptE, and gat é%% byT htihse ilsa rtgeer neexdt r
the OPEZ6 model due tol dadcdedianwd atr i dii sepe t oe ra, swhr
through the pathway is maintained by a pushing
inserted into the continuoussk®GCoccoppkedngptRSchH
insertion at the OM to the®cyThbel apmi paAhimagnar
descri medplperar s | argPl gt e®lzd ecviiietthealmatnoy phyl a t h
produce LPS | ackBagt esronede{ esg). Cyranabacti (ea.ian.
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Due to the Ilinear biosynthetic pathway u
e growing LPS core oligosaccharide, mutat:i
uncat®@@i gPS,1. R®A phenotypes), with deeper
oWt hThe controlled modul ation of LPS str uc

essures can involve Yhasggartodehei agybr ct
difications, including ®hoStphdirgd ahave smnd
versitiymptoat et in &t reesnviresmensyd!| eand
apt®tiand VP°¥ul Blowever, many of these pro
derstood and their implications folnbacter
pal mi toyl ation of LPS is discussed below
sponsi ble for this modification, PagP.

1.4.2 Phospholipids
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Unl i ke LPS, phospholipid transport bet we:é

both controversi & &hdl gpoohlyeundeesvti dedc
th directions across the periplasm, the tr
mai ns ¢8R erEtairdws el ectron microscopy work
afl et of the inner membrane and the inner
cilitate || ipid and l' i pophilic substrate
i I*Yedbihtese are | argely discounted as artef:
ggests they may occur!®™ unBreoadcleyr,t aiinnt ecr amedn bt
ansport processes use proteins to shield t

ueous environment, forming either Dbridges,
t ween membranes withoutibdéibegediarebitpecatut
nserved across |ipid ¥ amagloral | s yasrtee mis mpgle
osphol i pitd ithrarhepgperi plasm. The.diafofedr ent

iefly discussed bel ow.
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The maintenance of | ipid asymmetry (Mla) sys
pat hwhiyg.(, 1.12f t ) . It consi sts otf r atnlsgpor neer me
Ml a( RE,B)t he periplasmic shuttle MI aCcC, and the C
recruits an OmYP.C Delieneirdarc oforNIina components caus
of mislocalised phospholipids in the outer | eaf]l

in OM asymmet ri hiemepest &<li, st herefore, that the |

as a retrogtade nhieremembMane) transporter, althc
remal¥®ns Recent wor k suggest s t hat under equil i
spontaneously, but slowly, transport in both dir

membrane drives retrograde transport by extract
passing thet idtansphert Mt hus starts at Ml aA, an
that the bulk of the protein resides in the OM
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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 OmpCs; associated MlaA, passing the
phospholipid to the periplasmic shuttle MlaC, which in turn
passes it to the ABC-transporter Mla(FEB).Dsto insert into the
IM. The ATP hydrolysis at this complex drives the
directionality of the pathway. LetBg (centre) and PqiBs (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 feasibl

membr anes hydr® phonkdi ceneargeeti cally advantage
i nner l eafl et . Periplasmic MIlaC accepts 1ip
Ml a( R, B)handing the | dpiinddionfgf stioo ean whllea AT
releases the lipid into thé* membrane and pre

E. abbkio contain MCE ( #ammalpireon ed el If aem tlry
i mplicated in Ilipid transport, of which MI abD

across the pelreitpB asmd®prpimgsSBClcéhtre and righ
these systems play miA%alut ratesi nduaedhbyne
stress ®%Pqgi ABPCS def-eet'®™) (LeeebBS f or ms a broad t
the membrane, st rupcutruirfailel d'wietshaléviepdc tickon g wi t |

the i nmberrame and with no i de%ht ilfni ecdo mapnacrhi osro na
Pqi system is held at the OM by the I|ipoprot
and bridges the peripl #s(nonwiyt paa theax amdrriuct
availabl e). However, the directionality, ene
in these systems is wuncertain.

Ot her proteiamecdmplléxeas ed in | ipid trans

yet been rigorously-Pdéemecompt axeds T oTdlant
OM stability #nbDelcetlilondiwfi silo@ complex | eac
phospholipi®#s bBoggestiOMg a role in retrograc
studies show no clear binding %% e Asloirdk @ at hw
proteins, which have a single pass helix at

domains predbtaed doméiomsn wi tbhnai pgt ayidvephet
i nner ®hanhnelude AsmA, Ta%B,LividtbiH ainsd kYnhodwPnh a

transporters, althoboghnfTemBci swibhbughe Omp38!
TamA at the OM, providing a Pl avsdbblleYhdPt ae
TamB ar e mostly redundant , but del eti on of

homeostas?Ps defects

Al t hougdglypnemrml , -dsadma mLbhScteria also synth
recent work has identifiedJvea htyrl acogaruts rcaptse
that appears structurally diséffnctl thooamghi t ¢
functional role of such lipids is a mystery.
transport in the periplasm and mechanisms of

but the diversity in pathwaysnidentified def
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1.4.3 Lipoproteins

There are estimated t oEbe,c6ib@p|OM dtiegd pirm tdeiiwes

functions roles, from membrane biogenesis and ho
cel | di vision, although nmanyTherdenMmedfledunkobwn f
(localisation of |l ipoproteins) pathwvwday.transpor:t

1.12 via a mechanism analogous to thé Ml a pathw
Foll owing synthesis in the cytopl asm, |l i poprot

compl ex wtiearanihresiirg nNg!] wlkip¢h deartitions into the i

and holds the now periplasmic |ipoprotein in p
me mbrane contains the | ipo¢hdai/BWW)efy £jconsensus
which is recognised and the cygltydomrrolcolvyal ehely

enzyme2 Lgrtol | owing cleavage of-petphtei dreow yr elLdsupnAd a n
(signal p#pttieasexmgdgechaN amine is also acyl ated
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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 LolICD;E 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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Mat uraec ytlrait ed | i poproteins are trafficked
e I'M retention signal of antasmiamalateyateit
a recognition aBn dc obntpnl deixml CtDou ploé €DATP hydr
Lwil Dh | i poprotein extraction from the mer
e | ipoprotein onto t#e Peripsasmi ¢ nsbut thle
teracts with Lol B, i tself an OM Ilipoprot e

poprotein (due to it gV hiSphher |adfpipmiodwiifnosr i

oposed to be extracel P aralnyd 6 xpdaostiebde m( eL. Ry
cteria this i Bacweerli®ddleeftiarde dt (ee. mechani sm
kKnown.

. 4.4 Outer membrane proteins

Outer membrane proteins (OMPs) &recowith
ot ei?f) ,Wztar anshbébmbranes, cob60Astingedft aBOi pa
rafhdsTransmembrane strands are |inked by t
d Ionger extracedanudtadr nionoip sr,e nwaiitnhi #fitgh e nN t F
g. )l. 1Baarrel s may be monometi gomer § owmedHtd i

it contributing strands to the Dbbasrtrrealn,d i n
me togéwhel ose t he bbserarme!| Tfheer mmiumngd etrheof st
rr el is consistently even, and forb-monome.
rands?® (SparlA hough oligomeric 6&MPsBamals rmda
omatic resi dueshyadtr otpth® bhygdmepmtbirlaine i nterf
rrels in place 2t haendarioomagdome gédaslé®) mani p

mbr ane t%hi clkumeesns facing residues are typic
teractions are impbhaptedfinheomtaraolel of wh
| i psoi dakaar s¥agedy
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Figure 1.13: (Legend overleaf)
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Figure 1.13: OMP structure, biogenesis and folding. (a) OMPs closed are
t r ans me mibarrals) with8b-seam wher e t he-stfands e
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: 1T1L®). (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 f ol di ng vi a B#rhhd mpbating ef the
substrate C-t er mi n a | strand off BamAds b1l (
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:
7TRI4227 7TT7%%8, 6LYQ??°). (d) Mechanism of intrinsic folding of OMPs. OMPs
initially bind to membranes and f r omst ma ¢ i @& d-hairpinsTobga tob
associate as membrane insertion occurs and folding to the final secondary and
tertiary structure is cooperative. ((d) adapted from *°)

OMP biogenesi s Fiisg. oult.|@iBPBesd airre transl at e
cytoplasm, targeted to the SecYEG transl ocon
into the membrane and i s cleaved foll owing
me mbrane by si-gnalt hpsprietdassi ngri h®aOmPe i nt c
b-strand nature and hydrophilic I umen residue
partitioning into the I M by SecYEG, as the nc:
hydrophobi c arece ofnsl ddd ei.n the OM only every
membrane), all owi“hg Pietr i tpd alseni e&x gdiratpeed ones Su

prevent OMP 24%%fr eqwahi i ent he protease DegP ca

OMP%, Under s ome stress responses associ a
mi sfolding/aggregation (e.g. &#t SuroAk ki)s Dtelg
best studied chaperone and is known to medi a

dynamic motiodomdi ni tEP?tuhcrincieb Bnchi ng preferen
aromxfaromatic motifs whicPk. aSer Anibclaédoi kn
i nteracthb-bwartrhelt hessembly machinery (BAM) t h

me mbr&®neand thus, as well as preventing OMP
in a folding competent state. SKkipefuoati anms
forming a cavity for <client binding and is
doma#nsas well a% nacagwedrninmg Forr dedgoridallaltyi o

remov¥iaMPs that have fallenBAMfpat awhed Mul tt
copies of either Sur A or Skp can bind to a
mai ntaining sol ub®#8% t whbfel BhgAr ©OMBsot her ¢
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Spy, are not part of the canonical pat hway, t h
condi®.i ons

OMP folding and partitioning into tlhhéi membr al
BAM is a 203 kDa compl ex f esrtrmeadf-thoefd rtehle BCampA8 5 f arr
and the four | i poB%¥?48.t eBamA Badh@ODE@n anlsl yf i ve
periplasmic polypeptide transport associated (PC
function and provide a s &% f oBladnAf carn dB aBraBnDD Ea rkei n
essential, and excellentPy BamdbPerivsedi nmapclriocsast edi
substrate quality %%t mDell eandnr e o BmimBi oomr BamE
significant OMP i holvettudpi edsef @emaens(trate that w h

supports folding of all OMPs, BamB?®»®%) i nvol ved I
whil e BaomG iodf only very mildly phenotypic and t he
on open HYueBamBnis further important for organis
together into®»®folding precintsbod

The BAM compl ex, and particularly BamA, s how
diversity in r%%84 veBdanwstoesaunct useei ther open (i
hydrogen bonddilglogbetWwesmed (parti al or full hydr c

|l arge concomitant changes to the conformation an
domai ns and*®¥i(gdper otpeeinns at er alFigg.t §1..cla3tbebe seen
| i poproteins appear to bi asbdseaem c®&mdmirtmatiiton of
closed ies sdafruBRamA al one but open in the majori:t
comp®ex Thi s conformational flexibility seems [
di sul-lptdné¢ Klieng t he compl exeisn rwidtdrcdact bei al acitabil
i n PV o

Mechani sms for BAM function focus around men
directOMPAMNnt eractions. BAM reconstituted in prot
to destabilisei ¢dmiePimeanbtr lhypweunl i kely to be suffic
OMP folding, the destabekrsesasiesntboe eher gembrcabae
partition into the mebwbtrrammeds Tefmpt lae bilgs oédntt h@MP
of BamA is common acrosss®al Al phopyelsedhentelcédrran OMER
partially fastmh on ithetlper BpmA d xutnreanc e(lsluupl paorr tleodo pk
6) remains uncertain and is Hiklehnyreaentabyear o]
mul tsptecofur esal-ODMB 8aMpwiexlesvari ous degrees of
susbtratrraveolldenrg sol (ddr bys lgprayktiinggl | 'y f ol ded OMI
substr 8AM3 €Fegg.,P??°%€). These devnaorniboyubsat d

barrewhere BamAb6s | ateral shbamebbsenwpensidon ovifa
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hydr ebgoenndi ng bet welamd Bam&dsr mahal Cstrand of t

OMP (l eaving BamA as an d&pegn daodhG8eah duewsy . |

However, precise mechanisms of membrane part

of the nefwvbygr rfeoll dedom BAM, are yet to be el

(pull downs anrdes wleutyi ohowEgM) i ndspanaes nga

supempcloex can form between SecVYEG, BAM and

suggesting at | eastc atnr afnasdielnitt aitnet erraacitd ofma !l

although whether a stable cé&thlex forms is a
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 folding®2. 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 membr-sirand strectune bedoree and

undergoing conformational re-arrangement and tunnelling their loops through the

membrane to allow the native structure to form via a concerted mechanism3!23 (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 occuring®®®. Membrane properties have large effects on OMP folding

rateslyields. Folding is faster and more efficient into liposomes with shorter?® or less

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

is fastest at the lipid transition temperature (Tm)?%¢, 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 Cio lipid bilayers?67:268,

although this is not recapitulated in Ciay lipids (possibly because of the additional

kinetic barrier of a thicker membrane dominating the folding®®°). High protein

concentrations (i.e. low LPRs) also inhibit folding?°. 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)?’*?"2, Once folded, most OMPs are highly

resistant to unfolding®®2.

Alth&€cughaltbod0 @adi qur'e OVIBP&% of the protei .l
composed of just three OMPs, and typically o
fraction gr?f@tadld t.HamB51% of t he OMP content i
trimeric gener al p ¢??*n sf dOrmpeFd amfd r WOmpeCe DBIP s

which organise into arrays whid4hkegi Voeokhenod
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AFM i m&8¢g9(Figg., 1l.8wer ). The relative abundance of
varies based on environment a¥. cbmé e@M, ofi nn@anrly c
all characdiedarsmd drP&s domi nated by trimeric pori .
det #i( leskgl.e,b shiaeviel af our porins, with only one major

t i e . Omp A, the single most abundang. cOMR and al
OM protein conter®, iasl ochegt awiiltehd tbheel o0GWMPs Fus A and

t he t hrmee CGMPz&. o ©OomlpiT, PagP and OmpLA, al | si x o
explored extensibely in Chapters 3
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

Table 1.1: Estimated absolute and relative abundance of common OMPSs 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 2”® and numerical analysis adapted from 31).

Omp A

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 cell?®273, Following a remarkably accurate model for the barrel
of OmpA based on Ramen spectroscopy?®!, its N-terminal transmembrane domain
(tOmpA) was structurally resolved by crystallography as an eight-stranded
barrel?®228  and its periplasmic, soluble C-terminal domain crystallised
separately?®*28% (Fig. 1.14a). In vivo the C-terminal domain binds to peptidoglycan
(viaresidues 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 integrity?8287 with

POmMpA or cegChavyingd compromised cell membranes?®. Native mass
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spectrometry data indicate that OmpA likely forms homodimers in the OM, which help

prevent the inter-domain flexible linker being cleaved?®.

a

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
t rans me mbbareeh ad & C-terminal periplasmic
domain, including the residues R156 and D141 (in E. coli)
that bind peptidoglycan (PDBs: 1G90%°, 2MQE?4). (b)
Details of peptidoglycan binding by the C-terminal domain
of A. baumanni OmpA (PDB: 4G4V (unpublished)).

Early conductance data suggested that OmpA could form an ion pore?%:2%2,
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 residues?®®2%, and later work found a salt-bridge
switch in the core of the barrel could facilitate the opening of a small pore?®.
Alternatively, a 16-st r anded structure of OmpA h-as bee
terminal domain forms eight transmembrane strands?°®2%, supported by conductance
data® suggesting forms of OmpA with both small and large pores?®® and temperature
sensitive folding?°82%°, 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 haemolytica3®.
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OmpA has a diverse range of functions, including its exploitation as a
bacteriophage®?3°2 or bacteriocin receptor’®, and being important for
conjugation®%43%_n E. coli, OmpA is required for efficient crossing of the blood-brain
barrier via endothelial cell invasion3%¢3%7 and also appears important for adhesion to
cells and invasion of colonic epithelial cells3%83%°  Following macrophage
phagocytosis, bacteria are able to prevent macrophage apoptosis by activating the

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

burst the macrophage3° ( @Omp A bacteria do nd%busQmpAi ve

is not solely sufficient for this process®?). OmpA is also implicated in biofilm
formation®3314, 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 opsonization®®, neutrophil elastase targets OmpA and thus
permeabilises the OM3%, as well as being recognised by macrophages®’. Indeed,
OmpA fragments from K. pneumoniae are so efficiently presented as antigens that it

is used as a vaccine carrier3!8,

OmpA expression is controlled predominantly at the mRNA level, with mRNA
half-life increasing proportionally with growth rate3°32° mediated by an interplay
bet ween t he -untanslaed negioe,dhe Bidding protein Hfg*?t (which
destabilises and targets for the mRNA degradation®?1322) and the small RNA MicA
which targets Hfg to OmpA6s mMRNA. OmpA
UE response, but upregulated during polyamine exposure®?®. Modulatory factors of
OmpA intrinsic folding have also been extensively studied, with many of the seminal
in vitro folding studies using OmpA 262263; jt was the first OMP to be intrinsically

refolded into detergent®?* and membranes®®,

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 inflammation®®. O mp A 6 SAcinetodaater i n

has been particularly well studied, where it is important for regulating adhesion, biofilm
formation, aggressiveness and immune response®?’32  |ntriguingly, 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 unclear®?. An additional survival strategy of A. baumanni is the

release of Outer Membrane Vesicles (OMVs) with high concentrations of OmpA which

phagoc

downr e
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can accumul at e extr acel |-ladtams, pratectingg she
bacterium®3°3 _|ntriguingly, a few monoderm bacteria also contain OmpA homologs,
with strong homology in the C-terminal domain, suggesting conserved roles of

membrane anchored peptidoglycan binding332,

Mi p A

Although first identified as an OMP in 20003%, little is known about MipA (MItA
Interacting Protein), despite its relatively high abundance (~2% of the OMPome?3).
Its predicted structure (Fig. 1.15a) reveals a 10-stranded OMP, and its conservation
in pathogenic E. coli strains and commensal Proteobacteria suggest its
importance®*3%, Notably, it facilitates complex formation between a murein
polymerase (PBP1B) and a murein hydrolase (MItA), possibly representing a
peptidoglycan-synthesizing holoenzyme33. (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
possi bl y septation, although under roi
phenotype®®’. Several studies have linked MipA to stress response: its mild over-
expression § actvityeand ensreasés expression of DegP3%®, it is
downregulated in response to kanamycin®?°, it is upregulated in E. coli sessile
culture®* or in response to parathion®?, and under UVC-s t r e drsadiation or
starvation in some vibrios3#?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 response3#*,

parti

me 0
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180°

Figure 1.15: Predicted MipA-MItA complex. (a) Alphafold2 predicts MipA
as a 10 shareb(turdqueisk) ad predicts the biochemically verified
structure of the MipA-MItA (purple) complex with high confidence. (b) The
predicted MipA-MItA complex shows good electrostatic matching between
the base of the MipA barrel and the upper surface of MItA.

Ton@Bependent 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 (TBDTSs) are a broad,

essential class of active nutrient ®MRNsSporters

with active substrate transport across the OM, via the periplasm spanning TonB
protein and an inner membrane motor complex'*?. 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
onTonBwhichinturn pul Il s the pl ug, | e a-dlieetsgructues
and opening a pore through the barrel lumen, supported largely by single molecule

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

parti al

u

n
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studies!#?3%5, 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 binding3#°, apparently strictly dependent LPS,
indicating important in vivo details not captured by current models. The IM motor, in
E. coli ExbBsD: 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 ExbBsD--
TonB move through the IM laterally under the rotational motion and this kinetic energy
is transduced to the TBDT34.

A recently discovered, widespread TBDT family imports iron-containing host
proteins for proteolytical digestion allowing iron release and utilisation®#, including the
E. coli transporter/protease YddB/PqqgL system, important for uropathogenic bacterial
fitness3#834% 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 protein®®° (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 substrate®*! (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 (ExbBsD,), 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, FusD,: 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: 4ZGV**') (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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Omp T

OmpT was first identified in 1973 as an OMP of unknown function®?, and
subsequent early research demonstrated its protease activity (via in vivo cleavage of
FepA and inhibition by benzamidine®?3) and a substrate preference for paired basic
residues (by in vitro characterisation3342%%). Following its discovery, OmpT was rapidly
implicated in the pathogenesis of a range of diderms such as E. coli, Shigella, and
Yersinia®®30, Omp T 6ns vivo function is to cleave host-generated cationic
antimicrobial peptides (AMPs) against which it has a broad action®®!, and O mp T

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)*%® 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 dependence!®, cleaves folded substrates with a
consensus ( Ar g/ Ly s )-EIgA% ¢/indigagey cleavage site) and denatured
substrates at the carboxyl-side of basic residues®® (although the P4-P 2 dites are
important for mediating efficient cleavage®¢’). Mutational and structural analysis
identified Asp210/His212 as the key catalytic dyad supported by Asp83/Asp853%8 (Fig.
1.17d), which act by nucleophilicly activating water to attack and cleave the substrate
carbonyl*®. Multiple simulation studies suggest that loop conformation fluctuations
are important for substrate binding, likely by altering the local electric field around the

catalytic site3/0371,

Steady-state OmpT expression in rich-media represents ~5% of the total OMP
content?”®, but expression is well regulated. Both enteropathogenic and
uropathogenic E. coli strains have characterized thermoregulation, with OmpT
expression activated at host temperature of 37 °C3"2, although final quantities depend
on specific niche3”*374, OmpT and its homologs also show conserved regulation by
the PhoPQ two-component signalling pathway*>. Membrane damage by sub-lethal
concentrations of AMPs induce OmpT-loaded OMV production, which further protects
bacterial populations®®. 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 infection®””'3®, In addition, OmpT is active against some

bacteriocidal colicins3e°.
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Periplasm
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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 (¢) and (d) are top-down views from the
extracellular facing side of the protein. (PDB: 1178%3, LPS from 1QFF381).

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
efficiencies®* (although still targeting dibasic-motifs and showing LPS
dependence®238)  vyielding greater resistance benefits®3, Although biochemically
similar®4, 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
pestis®-386  cleaves blood circulating plasminogen to its active from plasmin and
proteolytically i nact iantiplasmis®’. jnladdidion,iPfadssa i nhi bi t or
l amin adhesin, targeting plasminbés protease acti
facilitating bacterial transport through tissue barriers3, 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 proteolysis®®. Other

omptin proteases have characterised virulence importance: PgtE of Salmonella
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enterica degrades AMPs, SopA of Shigella flexneri is important during intracellular
phases of salmonellosis and shigellosis®*®, and CroP from murine pathogen
Citrobacter rodentium specifically targets murine AMPs*13%92 Beyond human
infections, OmpT and its homologs are known to be important for pathogenesis in a
broad range of economically important organisms, including canine3%, avian3%,

porcine3®, bovine®%®, murine®** and some crop plant hosts®®’.

OmpLA

OmpLA (or PIdA) is a widespread outer membrane phospholipase%,
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 asymmetry3®°. An early 7.4 A 2D electron crystallography structure indicated that
OmpLA oligomerises in the membrane plane*®, 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 area*°?.
Both enzyme dimerization*®24%® and divalent cations*** are required for OmpLA
activity, with the enzyme forming a N156-H142-S144 catalytic triad*®>'4%7, with the
divalent cation forming part of the active site and helping stabilise the oxyanion
intermediate*** (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 chain®®, OmpLA solubilised in detergent has been rigorously
kinetically characterised using synthetic substrates®®, but determining activity in
synthetic membranes is challenging due to rapid degradation of the lipid bilayer upon
enzyme activation*®, 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 dimerization*''. 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-flop*'?, 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

harmful*3.
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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-
temperatures*4, AMPs*>, EDTA*® and phage DNA insertion*'’. Intriguingly, it has
been shown recently that differential leaflet stress in phospholipid asymmetric
liposome models can also modulate OmpLA activity®, 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 cytoplasm?#841° 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
biosynthesis*?°. Thus, OmpLA couples with the Mla and LPS biosynthesis systems to

maintain a healthy, asymmetric OM.

a

Periplasm (.f'

”" Phospholipi
OmpLA ospholipid

substrate

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:
7EZZ%%Y),

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 virulence*??, cell-associated
hemolysis*?3, cell invasion*?* and cecal colonisation*?. 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 functionality*?®. In H. pylori OmpLA is implicated in colonisation
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and persistence*?’, but it has also been shown to act as an important channel for urea
influx and ammonium efflux in the acid adaptation response*?4, In addition, OmpLA is
typically found upregulated in clinical isolates of Neisseria gonorrhoeae and
meningococcal strains*?®, Arcobacter*®, Shigella**' and the animal pathogen

Riemerella anatipestifer2.

PagP

PagP, first identified as a PhoPQ-activated gene (Pag)*®, is a
palmitoyltransferase that transfers a palmitate group from a glycerophospholipid to
LPS** (Fig. 1.10a) (it also displays a mild phospholipase activity in the absence of
LPS435436) | PS-palmitoylation is important for mediating resistance to AMPs and
other membrane stressors (such as high divalent ion concentrations) by altering the
membrane properties. pPagP strains have increased membr
stress**’, while PagP activity generates a more robust permeability barrier®®, 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 interface*3%44°
(Fig. 1.19a). Importantly, there are two regions of proline-induced weaker inter-strand
hydrogen-bonding (b 32 a n &) afoénd the barrel to facilitate substrate (LPS and
phospholipid, respectively) approach**444 (Fig. 1.19a, dark green). While the
formation of an acyl-enzyme intermediate has been proposed**?, there is no direct
evidence for this and direct palmitate transfer via a ternary complex is more likely**,
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-carbon**®) while site-specific alkylation allows
excellent control of substrate use*“. 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 activity**®,
while K42A is only a phospholipase***) 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 folding#4°446,
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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: 3GP6%1).

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
core**!), 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 substrate*2. 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 el e \Fadsgonse (Without altering OMP
composition/amount)**’. 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 survival*.
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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 persistance®*® and resistance to antibody-mediated
complement lysis*°, while the Legionella homolog, Rcp, is important for AMP
resistance and intracellular infection*t. Unlike in Enterobacteriales, P. aeruginosa
pal mitoyl at es at the 36 (rather than-entero
LPS elevates the inflammatory response®?, while in Bordetella parapertussis PagP
mediates the addition of two palmitates®3. 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 LPS*44%, Indeed, some bacteria, like Salmonella, in addition to
PagP contain PagL, an enzyme that deacylates LPS to help avoid immune system
detection when required!’64%6457 while early evolutionary loss of PagP in Y. pestis
resulted in innate immune system avoidance (synthetically adding it back in is more
immune activating)*®®. 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)*%°.

1.4.5 OM regulation

The complexity of the outer membrane and
rol e i n first responding to cellul ar i nsu
Mechani sms to maintain OM asymmetry via the
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Figure 1.20: Cell envelope
stress responses regulate
OM  composition and
biogenesis. (@ The E
response recognises
misfolded proteins or
mislocalised LPS in the
periplasm and activates a
protease  cascade that
crosses the IM via RseA (hot
all proteolysis steps shown
for clarity). Ultimately, the
r el e a sf dranscfiption
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 CpxA: can
autophosphorylate and
phosphorylate effector CpxR
to mediate transcriptional
level regulation.
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downregul ating general OMP expression and up
chaperones Sur A, Skp and PkpAhearedathei mr ¢ b e
to remove misfolded OMPs in the periplasm b
(Sur A, Skp, FkpA, DegP) and® i*atseadednfebdin
the highly abundant Lpp and OmpA, which redu
folding pathways and facilitates increased
| i poproteins, whoch etlolfe nitlehre t ia €557, e T é5et
response i s constitutively “carndeexnadssbote
upregu¥®atieomethalk,o(indicating that OM bioge
constahunédnbal ance, and it is particularly
stresses that come®®during host infection

The CoprRj@Ggative pihYusesppneesincseav-ael t wo
component signalling system composed of CpxA
coupled t®essthat i alns eOM isntgr elsisp 'pFiog .ei)h.. NOIp E
Simil & €px also responds to periplasmic ON
chaperones | ike CpxP and Spy, the protease
(and, mysterioustfy, Howniegtuhawuigmg to have
pr of*t? e For exdmpltéendiindin ptEto i s thought to el
response to detect err o*f.s UmiEilkiepd pcrho tiesi nt ybpii
required for virulence across a broad range
behaviour being strictly required in some or
ot h¥r'%s

The Rcs (regul ator of capsule syRnthesis
component signalling system, compdsedsofwell M
asOM | ipoprotein component RcsF which i s r

peptidogl ycan)*. stTrhees sRcsse npsaitnhgyay is a highly
RcsB can form heterodimers with multiple par
and thus have varioud eTfhfeecé sactasr oleequilr @d

mechani sm of RcsF conseogséengi alemaahshough i

protein can partially localise extracellul ar
BAM function, or an (as yet) u n k* 8w n i p
Regardl ess of its exact rol e, RcsF has defi
OMP s , and is necessary for the detection anc

Rcs s y&® em
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1.4.6 OM organisation

The outer membrane components (LPS, phosphol
are trafficked and inserted into the OM by a se:
described above, in a highly orchestrated manner

componentpasrtiicul ar t he-braatrede OMPsLPanandhe enri

of OMPs in the membrane cr eat*®s cahmreagcualrliys eudn ibgyu
very | ow | atr ad x cceil fl fensti vh® marnide ro rplrea pear tdrest ei n
arr@dysmodel Fiegl. i)h. 2Yleat , t he membrane still remain:
bacteriads environment al context. l ndeed, whil e
l i pid bilayer matrix embedded with proteins, as

|l arge tracts of ¢&eemeimblrlay ed®ilv &t retrerl e sftliunigdliyt,y
Ther moammear t o have an outer sheathfrcemposed | a
b-barr el proteins in an ordered arUhhayicambined
prot®tnsandbieenh®@s oposed that this organisation
ancestral form

I n recent years, di rect vi sturadnssfadrinoend oofurt he
under standing of t he ckild. sd).rXlabcaer | §r cAlFiM ecddtua e
demonstrated that the highly -abgadast 1 ni mer2iDc
hexagonal arrays in the membr &%, waltthh omuignhi mal

correct formation of the base trimeric unit (pr

subunit 9Ftiegr.f plc.e2¥2haol e cel | Ema)vid s a(l mossetsl yt heef

mosaicity of t he OM, with much of t he surface c
tirmer i c*powhinsh, at some |l ocations, appear to be
ter med OMP i sl ands, and gaps bet ween the pori

domi nat e d®™*f éticgh.e st)..2 ttheV &€-r es meved i maging of the

patches demonstratedsltdowliy adbridsgs yt he Wadt arsieal

mer ge together which, together with mutational a
as Pipndwirwsslinking of OMPs to LPS (via inclu:
nat ur alacanisno showed that most OMPs are interact
that even in the OMP islands there is at | east

prot*¥f{nke | ow LPR of the OM means that it is pro
to be surrounded by LPS). The ultrastructure of

explanatfonsthettwery sl ow diffusion of OMPs in t

of the gr Ewt BHfdtaendoft he corralled diffusion of
whi ch arley malsl e t o onl vy di ffuse within a smal

membr®neSl ow diffusion is also contributed to b
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|l arge LPS and the LPS oligosacchari d®s assoc

forming immobile blocks in the membrane. (€
formation confirmed that stable Il attices on
present #®h.the OM

Given how slow diffusion occurs in the O
components are restrict®d Tlhi $hiesrf membramnal
the bacteria as it provides a mechanism fo
construct complicated and energetically expe
the OM. I ndeed, the | arge nubsshtaearn desf ntakdr dOgVEPrs
highlyistalolledo(ng free energye3ed8di mabkeldmalt @
teld40 kcal/ mMEP*®) epodt ethe plausibility of unf
i's qgquestionable (certainly, no known process

the membrane once3t hCeoyn saergeu e mtsleyr,t efdo)l | owi ng t
have been shown to drift to the cellular po
di vision, all owing complete change of the O
while the ol der OMPs a@rfe thet gpiompeud aitn oa ¢ bhs
popul ati on adaipt @anmemt atlo cehmnges) , i n a pr
parti¥onimgaddition, regulation of OMV form
a mechanism to rapidly cdB*¥nge the OMPome i de

BAM itself has been shown to organise in
folding precincts, where in clusters of BAM

|l abell ed punct a, with their assem®Pl yWhielpe nd e

this suggests an origin of OMP islands (i.e.
precinct), it is unclear where BAM is 1l ocat
i slands and®®PS Repatemhestructural data studyi

have suggesteiddt mambrtahree Itiepnsi on %85 i mpor t
indicating that there is |ikely to be at | ea
are observed 8&r obst thlerelOM i s some evidence
BAM at the midcel]l (which would enhance the
certai P TBhTliss is supported by a recently id
maturing pepPttwhoghydasn mostly | ocated at the
around the midkted | OMRY t hdawughbe®en observed in
cellul ar *MEMmMbndadnEec YEG shows no evidé¥Hce of g
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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 3!, AFM images in (b) 2”°, (c) “°%, and (d) “*° and cellular model
(e) from 4°1),
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LP®MP interactiofs ame abi guicthous i s expe
have evolved to function optimally given th
LPS binding sites that mobduEBRedahaihavtenrceve
novel structural states for the TBOTh BvtiutB ot h
in the abs¥W#ceThfsLPS supported by MD data s
ordering and thus aPrercCed| slblst E®PRe hkaisn dil s
that moBtuBtuBteractions in the menifbr éArse o0cC
noted above, OrpeT imesd acwéelbbBtion in the pre
predicted LPS® bSedtiingriisd.t e, 18b few OMPs h
unambiguously structurally EBcelsodtwaaeamelrR S, proati
crystal“oRirga.phy. 22ch t he TBDVsFalBogH#Mhy
Fig. )ITh2e2bstructsofaLPSmpaotding have been det €

NMR, but the |ipid %tlsiekedl ywasalnadtouaglhs enrovte du
assignabl e, LPS density has been observed
component in BAM amadnopmri esdiscted for a broad

MDAl t hougvhe Isyt islplarrsed ,attioget her these dat a
medi ated functional modul ation or optimisat:i
met hods make it elaB$ eirnt a@rna ¢calinddy nGEMRPS v i vew
roles of LPS are sure to be discovered.

I n addition to interacting with LPS, OMP
necessity due to the | ow LPR, and LPS depl et
two thirds of the prbo.te®d icomposmedomhr om OMm
OmpC?F the majority of other OMPs in the meml
of these proteins, either directly or mediat
' imited diffusion ensureditvleaseviemt erfadtoiwomsg
OMP-OMP e@rnactions have been descri bed, i ncl ud]
homol i gomerise sd%h O AOchp BAM 4i memd porin
trifMersand -dleiteamer i sati on,-Omp¥ ewWCampp® e Bt uE

(Section 1. 40n8p)& . and RossFotable that all the
of the abundant OMP s , which are the protein
additionptopebnheinteraction functionality. H
it is chall engO®OMRntiteot anoirdee |mierviPo ane sy st ems wt
by necessity, the protein concentrami oons oar €
(as wel |l as other features, l i ke LPS, typic
access timescales |l ong enough to beOMRDbst ant

interactions in ‘damndalihatsi ecnumémbreanmaé n-s unkn«
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canoni c®¥MPOMBt eractions.

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: 5FVN*?). (b) The TBDT FhuA has a well-
defined LPS binding site characterised by a network of positively
charged residues interacting wi
1QFF38Y),
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mi crobi omes and biotechnology applications.

by the World Health Organisateenstaantbeameg L
diderm, ®3seb6@PCI|I (G@Gesntre forUDpseas®laddatrol)

t hewe-k hown ESKAPE-®pantahmegdenbsy t aking the first
of the 6 pathogens). In 2019, globally antib
million deat hs (and an additional 5 millio
attrblbeuttao di d%r mwibtakt eheascale and scope of
expanding due to resistance evolution. The a
OM coupled with the doubl e -dmednebrrmasn ep oasrec hsiit genc

chal |l enagnetsi bfioort 1%¢“ t dragegteirnggubst ances Papproxi

are excluded al most entirely, and the extr a
provides additional opportunities and time f
anti P¥%t i pseventing | ethal concentrations fr
traditional antibacterials target the OM, I

membr anes and are thus typicall%. r@iswernetdhase
chall engesi,otdamcs that specifically target the
i n recent year s novel |l ead antibiotic comp
di sco¥'é&t edPer haps mostarporboaritsiimgarnd idts r el a
mol e ci*eswhi ch are stapled heptapeptides tha
bl hus |l ocking the barrel cl o%¥&®yd ahdhionmlgihbimuic
additional work is required to move it into
I n addition to the antidbderimc bmesiesi anme
human heal-itnhf eicnt imaums contexts via the gut mi
colonised by a ¥%pet FVamtfi tgyenEex &I |y symbi ot
bacteria and their disruption o% iAmmkaloaungche biy
cell quantity there are estimated to be more
bywirmi cuites):-h@00659pPpeci es present there is va
represeftenrBadteadr oindet es, Actinob#®¥¢% enina and
they are thought to perform an equally diver
degr ad?gt iwint ami m® iyt hesiesmer gent endocrine

popul®8tiparticul arly i mporbtradffann dngkiba il 2t i ng

I ndeed, with the gut micr oetbiinoense neoorle ewrtii quued Y
t han humans, their importance for adaptation
hi ghd&ghbDespite the microbiomeds i mportance,
other drugs, di et and |ifestyle on the heal

poor |y upmdest@iowden the role of the OM as t he
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for di der ms, it is clear this plays an importa
bacterial health and mediating popul ation inter a

1.6 Project aims

The OM is a unique membrane that is vital f o
remarkably is constructed and maintained despit
sour ce. However, the OM is also a product of di

partitchud arack of a periplasmiel lenergagnisaticen ai
tight correlation between cell division and reso
potenti al dangers for bacterial popul ations (e.
| at eirfaffusdi on) . Despite much progress in underst :
uncl ear, in particular the synergy bet-ween its d
OMP interactions, the membrane structure at the
i sl ands-OMPCGMPt eracti ons within arrays, l i popr o
transl| oclaaayieorn, moSdul ati on and the role of the O
asymmetry on OMP folding. This project expl ores
Each chapter recapivteul fad aetsu raei sopfevdtitha atOrMaantei

charge asymmetry -QMFh aipritteer a3c)t,i olnBS ( -OM&pt er 4) an
interactions (Chapter 5), and each characteri ses
or the functiowmigf )mo&@8geONMEPs (hese results yiel

into how the unique features of the native OM mo
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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.

































































































































































































































































































































































































































































































































































































































































































































