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Abstract

Unlike the innermembrane, the outetmembrane of Granmegative bacteria cannot be
energised by a proton gradient and the p#asmic space is absent of ATRisTposes a
significant problem for active processesuch as transportagainst concentration
gradients. Ton&lepencdent transporters (TBDT) are a class of outesmbrane proteins
responsible for the scavenging and import of scarce metaii@anic complexes from the
environment. Theyare structurally characterized by a-8&ay’ R S Rarrél with the
lumen occluded by an® SNXY Ay € 3t 20dzf | NJ WLI dzZ3Q R2 Yl )
binding motif known as the Ton bokpon substrate bindingthe Ton box becomes
exposed tothe periplasmic spacehere itforms a noncovalent complexvith the G
terminus of a cytoplasmic membrane proteifionB. The transport process requires
energy from a proton motive force coupled with an inner membrane complex -TonB
ExbBEXxbD. Regardless of a wealth of structural informaticurrent models of the
TorB-dependent transport mechanism are speculative. Conversiglgpite nocurrent
experimental evidencet is generally accepted that the plug domain must undergo a
large conformational change facilitated by mechanical force exestdd the Ton box

tether by TonB

In this thesis, force spectroscopy, protein engineerimglecular dynamicand bacterial
growth assays are used to investigate the effects of force on TonB: TBDT complexes from
E.coli. These experiments demonstrate that the channel of the vitaBi» transporter
(BtuB), reconstituted into synthetic liposonean be opened by the application of force
onto the plug domain via the necovalent binding partnefTonB. Using wiltype BtuB

and several of its mutants together with a related receptdiu#), the extent of plug
remodelling iSound to be highly controlled and determined by the cargo theeior

has evolved to transportFor both receptors, the plug domain can be regarded as
comprising a mechanically weak channel forming-damain, and amechanically
strong subdomain used both for allosteric signalling and to limit the size of the channel

to allow passage of molecules no larger than its cargo.

XiX



Alongside these findings, structural and biophysical analysis of the periplasmic spanning
protein TonB reveals conformation within the proliieh linker domain, which allows

speculation of the origin of the pullingrice used for plug remodelling.
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1 Introduction

Using a homemadssinglelensed microscope, the first single cell organisms were
discowered inrainwater by Antonie van Leeuwenhoek in 1675. The organisms swam
swiftly in random directions and were estimated to be around 3 pM in size.

[ SSdze Sy K2S1 Yyl YSR (KS 2NBI ddimakdum=Vtny A Y| f (
animal"}. 340 years after this landmark discovery, our understanding of animalcules
(bacteria) has progressed tremaously Over this timethe advent of advanced
microscopy, genetics, molecular biology, biochemistry, citmal and biophysical
analysishave helped revealin molecular detajltheir central importaace to human

health and disease

1.1 The outermembrane of Grarmegative bacteria

During the 19 century, the Danish bacteriologistChristian Gramdeveloped a
revolutionarystaining procedure that allowed the classification of nearlpatiteria into
two large groupsbacteria that retam the crystal violetiodine complesstain, designated
Grampositive, andthose that did not, designated Gramegative The stain retention
was due todifferences in the structureof the bacterial cell envelopeGrampositive
bacteria retain the crystal viet due toan externalpeptidoglycan cellvall, whilstin
Gramnegativebacterig the peptidoglycan is shielded by adlditional envelope, the
outer-membrane (OM). The presence of the Grapgative OM was not fully recognised

until the advancement ofeleslP Y YA ONR & O2LR Ay GKS wmppnQa

¢CKS FANBRO Of SIFNJ RSY2YailiN} GA2Y (HEKdoliverel KS L.
composed of two separate entities weshownby KellenbergeandRyterin 1958 using

electron microscopwn specially fixed and stained phage infected cells. The separated
WOStt olfftQ 4F& T2dzyR (,2onSskng af dwkdénseouteti K NB S
layers separatedhy a lesslense layer, \ith a total thickess of 6@o 90 A (Figure 1.1).
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Cell wall ——

Figurel.1- The first observation by electron microscopy of the composition of the cell wiall in

coli. Left) X.00,000 magnification of a T2 phage itted E. coli no phage are visible, however
iKS @S3SilGABS LKIFIS 5b! A& &aK2gy o6yod ¢KS Oe 2L
cell wall (w) are visible. Right) cartoon schematic of the organisation of the observable double
envelope with measurenmgs shown. Images taken froreference®.

It is now accepted that the three principal layers observed&blfenbergeand Ryterin
Gramnegative bacteria are; the ¢&r membrane (OM), the peptidoglycan cell wall, and
the cytoplasmic or inner membrane (IM). The compartment between the IM and the
OM was coined the periplasmic space by Peter Mitchell in 1961 which was later found
in 1967 to contain a distinct set of hyaytic enzymes inclling nucleases and
phosphatases The periplasmic space occupies around ~10 % offotiaé cell volume,

and has been described as a highly viscous environment due to the high content of
soluble proteins, with lite free space available The periplasm is also an oxidising
environment and containsprotein disulfde isomerase% therefore protein folding
occurs within this space, and interestingly the periplasm is completely void of ATP.
Importantly the periplasmic space also hosts the peptidoglycan cell wall, which

contributes tocell shape and protects the célbm lysis. The peptidoglycan is covalently
linked2 GKS ha o0& . Rdhithndde disdussikdlidvdré Gaillater.

The two membranes in Grammegative bacteria differ in compositiacompletely. The
lipid component of the IM is exclusiyetomposed of phospholipids (both inner and
outer leaflet), namely phosphatidylethanolamine (€80%), phosphatidylglycerol and

cardiolipin. The OM on the other hand is asymmetric with respect to the inner and outer



leaflets, while the inner leaflet of th©@M has the same lipid composition as the IM, the

outer leaflet consists dflycolipids, principally lipopolysaccharides (EPS)

1.1.1 Lipopolysaccharide

Bacterial smooth LP$rpduced by many Gramegative bacteria including the families
Enterobacteriaceae and Pseudomonadace#@g)ically consists of a hydrophobic
R2YFAY (1y26y a ftALAR ' | aO2NB¢ 2fA3I23
(namedthe O-antigen)(Figure 1.2)

Lipid A is g@lucosaminebased phospholipid that contains six or seven 14/12 carbon acyl
chains that anchors the LPS to the outer leaflet of the OM. The architecture of lipid A is
highly conserved across Gramegative bacteria and is detected at picomolar

concentrations by Talike recepbrs of the innate immune systefh

The core oligosaccharide is divided into two regions, the inner core (directyhatieto

lipid A) and the outer core (attachment site for thea@tigen).The inner core typically
contains Kdo (ketaleoxyoctulosonate) (B units) and heptose L{glycerco-
manndeptose) (23 units).Kdo is found in all known coresd is linked to lipid Ay a
ketosidic bond. The minimal LPS required for the growth.afoliconsists of lipid A and
Kdo (deeprough phenotype). The inner core can also be phosphorylated and modified
with pyrophosphorylethanolamine or phosphorylcholine. The outer core is more
structurally diverse than the inner core, for examjide colihas been found to display
five core types, the preference of which is dependent on the infectious strain. The outer
core is composed of brancheldexose unts (including:pb-glucose p-mannose b-
galactos¢ that are attached to the preceding heptose of the inner core. LPS that
includes lipid A and a complete core oligosaccharide (inner and outer) is known as rough

LPS. The-@ntigen is ligated directly to a hexose unit within the outer core.
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Figure 1.2 ¢ Simplified cartoon structure of the organisation of lipopolysaccharviity the
individual components (lipid A, the inner and outer core and thanfigen) highlighted in
different colours with labls.

The structural diversity of the @ntigen is extraordinary; with more than 60 different
monosaccharides and 30 noncarbohydrate components recognised. The repeating
glycan units (homeor heteropolyers), the position and stereochemistry of te
glycosdic linkages, the presence or absence of noncarbohydrate substituents, the
various number of units, branching and nonstoichiometric modifications (sudh- as
acetylation or glgosylation) make the possible-&ntigens conformations almost
infinite. If an LB extract is run on an SIPAGE from a smooth LPS containing strain,
laddering is observed due to thetensive heterogeneity of the-@ntigen. The number

of unique Qantigens within a species can vary considerably, for exantplecoli
produces around 17@serotypesAs the Gantigen is fully exposed to the einenment,

its major role is the protection of the cell. In pathogenic Gnaggative species, the-O
antigen and its chain length play role in the evasion of the host immune system, in
particular thre complement cascade membrane attack compléxand neutrophil
bactericidal/permeabilityincreasng protein?. The presence of thé-antigen also
provides the bacterium with a protective barrier from hydrophobic molecules including
antibiotics (macrolidesrythromycin and rokitamyci®®. To serve as an efficient barrjer

the negatively chargetlPS molecules bind avidly to each other laterally, especially if
neutralising cations are present. The acly&ins in lipid A are mostly saturated and are
tightly packed as a result. The combination of these LPS properties decreases the fluidity
2T UKS ha ¢ R6AY)SEOING R velly affeciva Sdrrier for hydrophobic



molecules. Alongside protection, the @ntigen also has roles in the colonisation,

invasion, interand intracellulaispreading of infectious specfes

1.1.2 Biogenesis of the OM

The synthesis of LPS occurs at the cytoplasmic side of the IM; therefore it is a remarkable
feat howthis amphipathic molecule witkarge hydrophobic (lipid A) and hydrophilic
domans (QGantigen) is transported through the IM, across the periplasmic space and
through the OM, irrespective of the type of LPS. For a long time it remained a mystery
how the bacteria achieved the asymmetric OM, however in 2004 the discovery of the
first component of the Lpt (LPS transport) systenNirmeningitidesy( f LiEs&lted in a
redudion of LPS at the cell surfa€epaved the way to a better understandiirgo the
molecular mechanism. LptD exists as a complex in the OM with a lipoprotein LptE which
is inserted into the lumen of the LptD 26 aptralleld ( NJ yHarfeRFigure 1.383%.

Other components of the Lpt system includeetperiplasmic protein LptAntegral IM
proteins LptC (which contains a large soluble periplasmic domaim),LptFG anca
cytoplasmic omponent LptB(sequence suggests a nucleotide binding domairnich

is anchored to the IM coniex in a stoichiometry of 2:14 (Figure 1.3).

LptA andLptC have been shown to bihdPS, with Lptaxclusively binding ttipid A'.

When the crystal structure of LptA was determined (16\6tRaS R | y (-&tiadtd NI f £ S
with a slightly tvk & G -flRroll topology(typically eight -strands arranged in two four
stranded antiparallel -sheetg (Figure 1.3BY), it was initially surprising that there was

no hydrophobic cavity to accommodate lipid A, however, LPS cross linking experiments
located a LPS binding groove inside of the jellly Interestingly, LptD has a periplasmic
N-terminal extension whictshares structural hmology to LptA.The current model
(Figure 1.3A) predicts that thistdrminal periplasmic extension is in continuum with a
polymer of LptA (forming a trarenvelope machine) in which LPS is shuttled from the

IM to the OM®. LptA has been shown to form oligomers which are long enough to span
the length of the periplasmic space and interacts with the periplasmic domain of LptC
and Nterminal perplasmic domain of LptD (all sharing the same fold). Therefore LPS in
the outer leaflet of the IM (flipped by MsbA) is thought to be extracted from the IM by
LptFG using the ATPase activity of LptB, transferred to LptC where it is passed onto a



chain of LpA which crosses the periplasmic space and enters LptD via-teariihal
extension. The LPS is thought to exit the LptD barrel laterally through the first and last
strands as crosdinking these stands yields a lethal phenotyfe

A)

7
ATP ADP ATP ADP

Figurel.3 ¢ LPS transporthe Lpt systerd\) Cartoon schematic for LPS transport with individual
componens labelled, figure adapted from referen€e LPS (gold and brown) is initially flipped
across the IM by th&TRbinding cassettéransporter MsbA, LptBFG then extracts the LPS from
the IM and it is transported across the periplasia a bridge of LptC, LptA atite periplasmic
domain of LptD. It is themserted into the outer leaflet of the OM by the integral membrane
domain of LptD and lipoprotein LptE. B) The crystal structures of the Lpt components (labelled),
the structure of ptA contains two subunits and the LptC structure is of the periplasmic domain
only. (PDB: 51V9, 2RI9 and 3MY2 for IEptDptA and LptC respectively).

Degite the huge advance over the last two decades in our understanding in molecular
detail of how Grarmmegative bacteria insert LPS into the outer leaflet of the OM, it is
surprising that almost nothing is known about the transport of glycerophospholipids to

the inner leaflet of the OM.

1.1.3 Lipoproteins of the OM

More than 100 lipoproteins are predicted to begsentin E. coli.Although most
lipoproteins have no known functions, they are expected to playiousimportant
activities in the periplasm that include signalling, chaperones, OM integrity and
biogenesiél. Lipoproteins are attached to either the IM or OM by atehninal N-acyt
diacylglyceryl cysteine, which is transferred onto pretein in the IM by the enzyme

Lgt (phosphatidylglycerol diacylglyceryl transferase). The signal sequence is cleaved by

signal peptidase Il and the amino terminus of the cysteine -scyated by Lnt



(phospholipid transacylase) generating the mature pigpdein (Figure 1.4), this process

is highly consenain all Grarmegative bacteri#.

Lipoproteins destined for the OM are identified by a lack of an amino acid retention
signal (Asp at +2, (+1 being the lipidated Cys) and Asp, Glu or GIn at +3) flanking the
lipidated cysteine. Lipapteins lacking this signal are recognised and transported to the
inner leaflet of the OM by the localisation of lipoproteins (Lol) systenk. looliLol is
composed of 5 components (Le&, LolICDE an ATP binding cassettemplex found

in the IM whichextracts the lipoprotein from the IM to the periplasmic chaperone LolA.
LolE recognises and binds the OM destined lipoprotein, LolC recruits LolA and LolD is the
cytoplasmic ATPase which is tethered to the IM by LolC and E (FighreLblA contains

a large hydrophobic cavity to accommodate the acyl chain of the lipoprotein substrate
(Figure 1.4B), and delivers the lipoprotein to the final component of the system, LolB.
LolB is an OM lipoprotein and also contains a large hydrophobic cavity with a higher
affinity to the acyl chain than LolA. The mechanism of how LolB incorporates

lipoproteins nto the OM is currently unknovwfA.
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Figure 1.4 ¢ Lipoprotein transport,The Lol systenf) Simplified cartoon schematic of the
lipoprotein matuation and export pathway by the Lol system (components in blue), figure
adapted fromreference??. The lipoprotein (pink) is synthesised in the cytoplasm with the N
terminal signal sequence (SS) (red) which targets the lipoprotein for translocation by the Sec/Tat
translocon (grey). Thigpoprotein initially remains anchored to the IM by the SS and Lgt adds a
diacylglyceryl to the cysteine residue. LspA then cleaves the SS from the lipoprotein and Lnt adds
another acyl chain to the new-términus. The LolCDE complex then powers extraatibthe
lipoprotein from the IM by ATP hydrolysis and forms a complex with the chaperone LolA which
delivers the lipoprotein to the OM acceptor protein LolB. Finally LolB inserts the lipoprotein into
the inner leaflet of the OM. B) Crystal structures ofBLand LolA (PBD: 1IWM and IUA8
respectively).

Two of the best studied lipoproteins . colil N [ LI ol f a2 {y?2
lipoprotein/murein lipoprotein) and PalPeptidoglycarassociated lipoprotein)both
function (as the names imply) in connectithg OM to the peptidoglycan (PG) cell wall.
Lpp is the most abundant lipoprotein B coli with an estimated 500,000 copies per
cell. It is a small 6 kDa protein and is found either covalently dimesd to the
peptidoglycan (by the-@rminal Lys -amino groupo the diaminopimelate in the P&

2NJ AY | WFNBS F2N¥Qd t 3 A-govalers yitéraclion. i >
Lpp and Pal have been shown to contribute to @ stability as knockouts lead to OM
vesiculation, release of periplasmic proteins and inseghsensitivity to detergentd

Pal is a member of the Tol system, where TolAQR are IM proteins with TolA having a
large periplasmic spanning domain and Tsl®und in the periplasmic spa¢eTolA has

been shownn vivoto use thepmf (using TolQR) to interawith Palvia TolBand stabilise

the OMP>24, Not all lipoproteins in the OM have connections to the peptidoglycan, LptE

8
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barrel LptD. Similarly, BamC (part bétbarrel assembly machine complex (see Section

1.2.2)) is thought to help stabilise other components of the complex.

1.2 Outer-membrane proteins (OMPS)

The OM like all biological membranes contasna bilayer of lipidswhich has little
permeaility for hydroghilic solutes includingnost nutrients required for survival. To
overcome this barrier, the OM containategral channefforming protans for the
purpose of nutrientuptake. The proteins of the OM can be divided into two classes,
lip2 LINR G S A ybarrel prgtéing?3i Strictly speaking, the term outenembrane
LINEGSAY dhat 0 NETNWNS (G0 A R 2Adgal /NS NBE - 2
cylinders that traverse the OM) proteins onlyhe OMPs either facilitate passive
diffusion of small molecules (also called porins), specific diffusion or active transport of
large scarce ligands (known as the Ta@l@pendent transporters). There are also
enzymatic OMPs such as PagP, OmpT and PldAh whitction as alipid A
palmitoyltransferaseaspartyl proteasend phospholipase respectivét®. OMPs also
have roles in adhesion, assembly machinary and satiralence factors for infectics
Gramnegative specie8. The details of the different types of OMPs involved in substrate

transport and their insertion into # OM will be covered in the following sections.

1.2.1 Structural features of OMPs

The first norA LISOAFTAO | OGA@GAde 2F GKS hat WLR2NJ
reconstitutingOMPsinto lipid vesicles, which were found to be permeable to a variety

small compainds and sugars with a rfezular weight less than 700 & ¢ KS  WLJ2 N,
were soon found in all species of Graregative baatria and even the mitochondrigh

The most significant advance in the study of OMPs was the elucidation of the structures

of PhoE and OmpFRyb¢ray crystallography in 199% ¢ KA OK NB @S| f SR (K
barrel architecture and the trimeric nature of the porins. Before the structural

RS G S NI A y-bairdls? tife pet€in sequences of OMPs baffled researchergaue
predominant polar residues and a lack of hydropholt regions, whichare usually

found in integral membrane proteins. It is now postulated that the OM is populated with

i -barrels becauseroteins rich in hydrophobic residues would become stuck in the



inne-membrane or agggate in the periplasmic spateThe wealth of OMP crystal

structures now available have revealed that the main structural differences within the

G Kehds Yrarmying $owd 8a0F26 (Figure 1.5)) and the shear

i NNBf Aa

number, which is a measure of the stagger between strarfsisuctural analysis found

that these two parameters determine the geometry of the barrel, such as the tilt angle

0l y3ft S -skahds agdisst the barrel axis, ranging fromc3

(ranging from ~20 A (excludingFimD and_ptD)) (Talgl 1.1§4®

6

0 YR

| & -bdiréshave a

idKS

right-K Iy R -8niigt, the shear is slightly larger than the strand number; also the shear

value is always even and positive due to the hydrogen bonding between strands (Table

1.1). The shape of the lateral credsS O i A 2 y-baféls al§oKsBows considerable

variation that is dependent on the interior of the barrel (domains, peptide segments or

inward facing side chains).

Name i -strands  Shear Radius ) Strand tilt © Trimer
OmpX 8 8 7.2 37 no
OmpA 8 10 7.9 43 no
OmpT 10 12 9.5 42 no
OmpF 16 20 155 43 yes
PhoE 16 20 155 43 yes
LamB 18 20 17.1 40 yes
ScrY 18 20 17.1 40 yes
FhuA 22 24 19.9 39 no
FepA 22 24 19.9 39 no

Tablel.1¢! y I f & dbarsl sttudural informatiorsuch as strand number, sheaadius, tilt

andoligomerisatior*.

The type of crossections observed have been: circular (OmpA), ellipsoid (OmpT) or

beanshaped (FnD) (Figure 1.5). Another interesting feature of OMPs is the aromatic

girdles which are found at both periplasmic and extracellular sides of the protein. The

aromatic girdle is defined as outward facing aromatic residues found near the polar head

groups d the lipid bilayer. The girdle was originally proposed to stabilise and anchor the

i -barrel in a vertical positn with respect to the membrarf® which waslater

confirmed by mutagenesig®’.

10
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name: FhaC
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side:

bottom:

strands:

PDB: 1BXW 1178 2Q0M 1T1L 3NJT

name:

bottom:

strands: 18

PDB: 1MAL 1GUF 30HN 5IV8

Figurel.5 ¢ Cartoon representations of the-pdy crystal structures ahtegral OMPswith 8-26

Iy G A LI-bedrels frofhftheOM of Gramnegative bacteria. Globular plug domains are found
within barrels greater than 18 strands (shown in red). For the enormous 26 stranded barrel of
LptD, a separate lipoprotein (LptE) occludes the lumadnch is shown in blue. The monomeric
unit of the LamB trimer is shown for simplicity. The proteins shown functioa aenspecific
diffusion pore (OmpA), proteases (OmpT and EspP), fatty acid transporter (FadlL),
haemagglutinin transporter (FhaC), specifiéfusion pore (LamB), vitaminiBtransporter
(BtuB), pilus biogenesis usher (FimD) and LPS transporter ((PIDEEYodes shown)

¢ KS SE{ S Nbazréldn 2oftactivitiSthel nomolar groups of the lipid bilayer

contains few charged residues (2.8 %) whilst aromatic andpuder residues make up

11



29.3 and 8.2 % respectively, as expectédtt ¢ -Kafrel interiors are much more polar.

¢ K Sstrands are connected by short turns at the periplasmic sid@2(tesidues)
however on the extracellular sigddong (up to ~46 residues), highly mobile and
hydrophilic loops are often foundyhich have exceptionally high sequence variability
between OMPs(due to environmental exposur®) In fact, the entire sequence
variability of OMPs is high in comparison to soluble proteins. The external loops are
involved in the biological function of the OMPs, such as substrate binding (especially in
the case of TORSLISY RSy i NBOSLIi2NEOP® Ly dhamdC 22L) o
which narrows the lumen of the barrel engh to allow sugar diffusicA Not all OMPs

exist as trimers (Table 1.1), the trimeric OMPs (examples fomoli OnpF, OmpC,
PhoE, and LamB) form a npolar core at the three foldxis. The hydrophobic trimer
interface adds to the robustness of trimeric OMRs,removal of specific monomer

interactions results in reduion of thermodynamic stabilifyy.

¢KS YSYOoNIyYS -b&rélosBRRE Rf OMPs makes them extremely
thermodynamically stable (some OMPs resist denaturation in the presence of 5 M
guanidiumhydrochloride or 26 SDS at 73, which is intuitive as they are exposed

to often harsh environmental conditions. When an OMP is inserted into the OM, their

removal requires an energy that does not exist in the periplasmic space, therefore the

cell cannot remove OMPs after insertion. Bacteria recycle OMPs by migrating them to

the poles during cell division and #sg old OMPs to daughter céflsAs fdded OMPs

are so stable, a large energy barrier must be overcome to insert them into the OM. The

only essential OMPs foundih coli NS [ LJ05 0O K-lolaAebwithacrugiah NI y RSR i
role of inserting LPS intothe O ' y R . | Y!  ébarel, pariioia lgrgeS R |

complex with a crucial oS Ay O0AYRAY IS -Bazrél prdtgindintd ieR Ay & SNI A

OM). The latter will be discussed in more detail in the following section.

1.2.2 Folding OMPs into th©M

Like all proteins in Gramegative bacteria, OMPs are initially synthesised in the
cytoplasmby ribosomes. Therefore protesndestined to the OMmust traverse the
hydrophobic IM, navigate through the agueous and crowded periplasmic space and then

be correctly folded into a functional state at the OM. This must be achieved without

12



aggregaitbn and maintaining the protein in a suitable unfolded state foM insertion.

To make matters more complicated, the bacteria also have to accomplish this
extraordinary feat in the absence of chemical energy in the periplasm and OM. As
mentioned in the previous s#ion, two OMPs are essential for Grarmagative bacterib
physiology, LptD (covered in Section 2)land BamA. BamA is a highly conserved 16

d 0N Y-8 5ERND f YR Ad | -bade@ ¥dsinyly piachineryf (BAMK S
complex, which as the name suggestanvolved in the insertion of OMPs into the OM.
The BAM complex contains five components, BamA, the integral membrane protein
component which also contains a-tBrminal periplasmic region called the POTRA
(polypeptide transporassociated)domain, which contains five individual folded
domains. The other components (BamB, BamC, BamD, BamE) are all lipoproteins
anchored to the inner leaflet of the OM (Figure 1.6). BamA and BamD form the core of
the complex (bdt components are essentfd) with BamD and BamB interacting directly
with BamA, whilst BamC andBE directly interact with &nD*. The presence of all

five components is required for the most efficient OMP insertion, despite only BamAD
being essential. The structure of each componeithe BAM complex has been solved

by Xray crystallography, and also the structure of the entire complex
(BamABCDE)(fire 1.7) with and without BantBB Despite a walth of structural
information, the exact mechanism of how the BAM complex folds OMPs independent of
ATP is not clear. Structural insight from the BamA component and-kinagsy studies

has led to speculations that client OMPs are released into the @M lateral gating
mechanism. Cross A Y { A Y 3 { K Sstrafds Which arle gniy wéaklysasisociated)

of the BamA barrel yields a lethal phenotype, and MD simulation demonstiae
opening of these strandd The crystal structuseof both BamABCDE and BamACDE
compkxes show a laterally open BamA batteDther models oBAM insertion include
thinning and destabilisation of the membrane near the lateral opening site, which would
lower the kindic energy barrier of insertiof. The signal that the BAM complex is
thought to recognise is the-terminal strand of OMPs, which abntain a terminal

phenylalaniné’.
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BAM complex

OM

M

ribosome

Figurel.6 ¢ Simplified cartoon showing OMP kienesis, regulation and insertion into the OM
of Gramnegative bacteria(image adapted frommeference*®). Prefolded OMPs (maroon line)

are initially synthesied in the bacterial cytoplasm and cross the IM by the SecYEG translocon. In
the periplasmic space, the unfolded OMP can therlékvered bythe primary pathway (1) by
SurA or a secondary pathway (2) by kine BAM complex (BamA (green) with POTRA dimma
(hexagons), BamB (red), BamC (blue), BamD (orange) and BamEf¢piol)l insertion If the
OMPbecomeanisfolded (3), it is targetedy DegHor degradation

The BAM complex serves the function of OMP insertion into the OM, where periplasmic
chaperores aid the passage of the unfolded OMP through the periplasmic space, which
unfortunately is less well understood than OM insertion. The most thoroughly studied
and essential chaperones for OMP biogenesis preseht icoliare Survival protein A
(SurA), 8venteen kilodalton protein (Skp) and DegP (Figure®L.6urA is a peptidyl
proline isomerase which facilitates the correct folding of OMPs, and was firgifidd

for its crucial role in cell survival during stationary growth phase. Variants of SurA have
been found toreducethe amount of OMPs in the OM aradsoincrease the bacterial
sensitivity to detergent and antibiotigtkely due to the phenotypicafipact of reduced
OMP activity, such as LPS export) which idassic sign of OMRisfolding®. Phage
display demonstrated that SurA preferentially recognises the sequence repeat motif A

X-Ar (Ar= aromatic, X = and?) which is commonly found in thet€rminus of OMPs and
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is also thought to target the OMPs to BAM. Theudure of SurA (Figure 1.7) is
composed of 4 domains, an NT and CT domain (N and C terminal) haviehbeen
shown to bind to OMPspecifically and twgrolyl isomerasgPPlasgdomains which

are nonessental for OMP biogenesi$ Interestingly in vitro experiments have
demonstrated that SurA does not directly fold OMPs into lipid bilayers and an
interaction with BamA halseen identified. The current hypothesis is that SurA delivers

A

the OMP to the BAM complexiny WA yORSNISAIZSWEG Q &G G S

Figurel.7 ¢ Cartoon representations of the crystal structures of the components of the OMP
biogenesis pathway.The entire BamABCDE OM complex (PDB: 5D00) with individual

components coloured and labelled. Chaperones SurA (PDB: 1M5¥gmisgions built using
MODELLER) and Skp (PDB: 1U2M, missing regions built using PyMol) are shown in grey and blue
respectively. Image taken and gutad fromreference®?.

Skp is a jellyfishke trimer (Figure 1.7) that has a large central cavity between the three
KSt AOFf Wt S3aQ naytidldidgdhaperSrie, whiéh Sid nofl facilitatesS |
OMP folding directly. In the unfolded stateMPs preferentially bind to the hydrophobic
cavity of Skp where they are shielded from the aqueous environment of the periplasmic
space. Skp is specific for the unfI® -barrel domain of OMPs orf{and NMR has
shown the unfolded OMP to be ity dynamic within the Skp catfe Skp has an

St SOGNRAGI GAO RALIR SHike striickire befad highhK fositivety 2 T
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charged As the POTRA domains of BamA contain patches of negative charge, there is a
possibiity that the POTRAs attract Skp to deliver the unfolded GbRhe BAM
complexs, It has been recently demonstrated that Skp acts as a multivalent chaperone,
where the size of the unfolded OMP substrate is dependent on the copies of Skp
required to prevent folding. For example a Skp/Omp ratio of 4:1 is required for 16

stranded OMPs, whilst a 2:1 ratio was sufficient for 8 strandedeb??’.

The final periplasmic component to be discussed is the serine protease DegP, which is
responsible for the clearance of misfolded, aggregated OMPs by cleaving between pairs
of hydrophobic residues. DegP exists as hamdtimers (6, 12 and 2#ers where
misfolded substrates trigger oligomerisation into cdige structures, activating the
DegP protease cleavage site (by removal of a regulatory loop). DegP has homologs in
eukaryotic chloroplasts and mitochondria, therefore the presence of DegRjamisms

and organelles with an intermembrane space suggest an important rdhe iregulation

of OMP biogenesid Where surA knockout mutants cause an impairment of OMP
biogenesis, knockouts alegPand skphave a lesser effecEven double knockouts of

skp degRlisplay cellular viabili§; therefore Skp and DegP have been suggested to not
be directly involved in OMP biogenesis like SurA, but act in a secondary pathway, suc

as quality control (Figure 1.6).

1.3 OMP transporters

1.3.1 Non-specific diffusion, the porins

Porins (by strict definitiora nonspecific diffusion chanré) are highlyabundant in the

bacterial OM with up to 1910° copies per cell depending on the bacterial speciaes a

the environmental conditionS. The first to be discovered i&. coliwere OmpC and

OmpFEwhich are 163 G NI V&RISNRNBf GNAYSNE O0CAIdzNBE mPdyov | yR
L2 NRAY &d€é€ d ¢ KS afilled 2harindisiaind série agsderiediNahthways for the

influx of small hydrophilic molecules with a molecular weight cut off of ~700 Da

excludng the size of many antibiotics. The classical porins show no particular substrate

specificity, however they display some seletyivior either cations or anior¥§ for

example OmpC is slightijmore cationselective than OmpF despite sharing &0

sequence homology. This observation was originally predicted to beéadaesmaller
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pore size in Omp€, however when thek. collOmpC structure was solved, the structure

was found to be idntical to OmpF (RMSD = 0.787Ajith the electrostatic potential
mediated by residues lining the pore determining the physiological differefcégy
feature in OmpC, OmpF and PhoE (a classical porin with selectivity for anions) is the
presence of a conserved extracellular loop (itl3at folds into the channel creating a
constricted pore (known as the eyelet) approximately half way through tizacel. A

WOl Nb2Eet OfdzAGISND LRaAdA2ya [o Ayidz GKS
luminal facing Arg/Lys residues from the barrel. Acidic residues in L3 and basic residues
Ay (KS 2strdini? cielty ah electrostatic field that relgtes the diffusion of
molecules through the constricted region. The eyelet of the classical porins therefore
contributes significantly to the permeability properties, such as the exclusion limit and
ion selectivity of the pore. Another selective filter wh gives individual porins their

unigue substrate preference is the oadircharge of the channel mouth

Figurel.8 ¢ Cartoon representatin of the Xray crystal structure of the nonspecific OmpF porin

(PDB 1MPF). A) The trimeric state of OmpF shown from above the plane of the membrane. B)
¢CKS [o WSeStSiQ 2F hYLIC Aa thecRaang® lumén (DiBake 6 K A C
representaton).

It is not surprising that environmental conditiofgve astrong influence on which
classical porins are upregulated. For example OmpC has been shown to be preferentially
expressed at high osmolarity, where@spFis expressed in low osmolarfy As OmpF

allows permeation of slightly larger solutes than OmpC, it would be detrimentalve

high OmpFexpression at high osmolarity.ow pH is another condition that increases
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OmpC levels while decreasing OmpF levels and phosphate deprivation leads to the
upregulation of PhoE which has a slight preference for phosphate uptake. The classical
porins serve as the main route into the cell through the OM for small hydrophilic

' yiAoAz2(A Qactandsytéracgeini, Eamphenicol and fluoroquinoloné$

and antibiotic resistance due to reduction in porin expressioa onange in the porin

upregulatedhas been reported for eange of Granmegative bacteri¢’.

1.3.2 Qubstrate-specific diffusion

Size and charge is not the only solute filter the OM&ssively fadiate. Channels have
evolved for the specific diffusion of substrate into the periplasmic space and the best
studied example is the maltose transporter LamB fr&mn coli(often referred as
WY £ {2 L2 NR Y Q>dudtdziie pyiok ob&Ratignlof\it beg thereceptor for
<¢bacteriophag¢. Maltose is less than 600 Da in molecular weight and therefore can
diffuse through the classical porins, however as diffusion rates rely on a concentration
gradient across the membrane, when the environmental maltose is below the maikimol
range, uptake by OmpF/C is greatly diminished. As maltose is the major breakdown
product from starch in the intestine, the efficient uptake of this carbon soigegal for
bacterial survivdf. The Xray crystal structure of LamB was elucidated in 1995 revealing

I G NRA YS NI 2 armely, which k& thye RI&sScaliporins contains an extracellular
loop (L3) that enters the interior of the barrel creaim narrow central constrictiGh

The constricted region is narrower than the classical porins and the pore is further
occluded by inward folding of loops 1 and 6. Soaking LamB crystals in maltose,
maltotriose, and maltohexaose revealdte substrate binding site asrow of aromatic
residues arranged in a helical manner that are opposed by polar residues from L3
(named the greasy slide and ionic track respectively (Figure 1.9)). It is proposed that the
hydrophobic face of the sugar residues are in van der Waalsacbowith the greasy
slide, while hydrogen bonds are formed between the sugar hydroxyls and the side chains

of the ionic track.
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Figurel.9 ¢ Cartoon representationf a single unit of the LamB trimeiith the residues of the
greasy slide (W74*, Y41, Y6, W420, W358, F227 and Y118) shown as green sphbee®aitd
track from L3which restricts the channel) shown in rethdge taken fromreference®2

¢CKSNBT2NE GKS &ddzaFrNER WwWatARSQ Ff2y3a GKS |1
formation of hydrogen bonds are made with the ionic traltkshould be noted that

LamB does not solely transport maltose; lemer sugars containing fructogsuch as

sucrose) are prevented transporter called ScrY (fro®almonella typhimuriuinhas

been found to bespecific for sucrose and differs from LamB at the restriction site (LamB

is more restricted than Scr??)

Not all OMP passively diffuse their substrates, active transggorequired for larger
substrates such as iresiderophore complexes, heme or vitamin2BThe receptors
involved in active transport behg tothe TonBdependent transporter familand are

the main focus of this thesis.

1.4 TonBdependent transporters

1.4.1 Discovery

The Ton system was initially discovered by seminal work in 1943 by Luria and Delbrtick
when a virugresistant strain oE. colB wasgsolated that wa resistant to bacteriophage

T153. The resistant strain contained mutations in genes which were subsequently named
tonA and tonB (Ton being named after thél ore phage). This was the first
demonstration that inheritance (in this case viral resist@n in bacteria follows
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Darwinian principles and genetic mutations can occur randomly in the absence of a

selection pressure.

It was not until 1973 that developments in biochemical techniques alloBrain and
colleagueso purify thetonAgene product fom theOMenvelope of. cofi*, the second
protein ever to be isolated from th®@M ((the first beirg Braun's lipoproteij The purified
protein was able to bind T5 phage and colicin M (another ligand for TonA) and was
shown by electrophoresis to be a polyjigle chain of around 85 kDBuring the same

year as the isolation of TonA, two more OMPs werdffaa from the OM, the lambda
phage reeptor LamB® (which wasater shown to transport malto$€) and the receptor

of colicin E87 (later found to be transporter for vitamin:®%), BtuB. TonA was renamed

to FhuA (6r ferrichydroxamateuptake) after the discovery that TonA also facilitates the

transport of ferrichrome (an iroompexing hydroxamate sideropho)

The initial finding that mutation withitonA(FhuA) andonBprevented T1 phage uptake
suggested a functional relationship between the two gene prosluéh 1951, T1
infection was shown to occur in two distinct steps, an initial reversible step (requiring
tonA) followed by an irreversible step (requiring tonB) upon which the phage could not
be eluted from the cell by agitation or dilutiéh The irreversible step was proposed to
require an energised cell, which was comi&d by Hancock and Braun, who found that
an energised innemembrane (provided by the electron transport chain/ATP hydrolysis)

was reqiired for the irreversible step.

FhuA is a highly diverse receptor for the pbasagl5, T1, and 80, colicin M and
ferrichrome It was found that T5 phage can infect cells independent of TonB function,
however ferrichrome uptake, colicin M killing and infection with T1 a®® phages
requires both functional FhuA and ToffBBy the late 1970¢pnB had been shown by
numerous studies to bessentiafor the lethal actions of colicins B, I, and Metuptake

of iron chelate$® and vitamin By’ The requirement for bothonB and an energised
inner-membrane led to the hypothesis that they are coupled. Hantke and Braun tested
this and found that TonB is requirddr the transport functionfor a class ofOM
receptors, astonB deficient cells were resistant to T5 phage killing when ligand

(ferrichrome) was present, therefore blocking the T5 binding site of the receptbr
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bound untransported liganfd® ¢ Kdza (KRSLEENIRSWYE 2 Y(TBDTE)E LI2 NJ

was coined for receptors that require TonB to faaie transport.

1.4.2 Interaction with TonB: discovery of the Ton box binding motif
5dzZNAyYy 3 GKS mMpynQa oKSy Of2yAy3a FyR 5b! a
an explosion of DNA sequences became available, including the DNA sequenees of th
TonBdependent receptors BtuB®, FhuA®, IutA’’ and FepA which had all been
mapped, cloned and sequeead by 1986. After sequencing the FepA gene, Lundrigan
and Kadner performed a multiple sequence alignment to uncover regions of homology

in the receptor#®. It was discovered that the sequences shared high homology near their
N-termini. A BtuB variant had been studied by Heller and Kadner that was able to bind
but not transportvitamin B2’°. Therefore the authors suspected that this mutant was
TonB binding deficient. The sequence of this BtuB mutant (named btuB451) contained

a leucine to proline substitution at position 8 (L8Brated in the highly homologous N
terminus. It was thus proposed that this region interacts with TonB and was named the
We2y. 062E 2N ¢2y 0602EQ® LyGSNBadAy3aIte Al K
B and M also containethe Ton box moti#. In 1989 the Kadner group performed
extensive mutagenesis (32 substitutions) within the Ton box region (residdid}y &

BtuB to find the residues necessary to transport vitamig B They found that only
mutations L8P and V10G/P were completely transport defective, whilst othgants

(T7N, L8R, V9G, V9P, T11IN and N13T) exhibited significantly reduced transport
efficiency. A similar finding was observed by the Braun group who performed a
mutagenesis screen on the Ton box of FhuA (I19P analogous to BtuB L8P had a reduced
transportphenotype but was still T5 sensiti¥®)The conclusion from both studies was

that TonB likely interacts with the receptor by a seconydstructure facilitated manner
(prolines being the most disruptive) rather than a sequence specific manner and that

TonB interacts with other residues other than jusetresidues within the Ton box.

During the 1990s to mi@000s, multiple biochemical ankiophysical studies were
carried out to find whether TonB does indeed interact with the Ton box motif. Tuckman
and Osburne demonstrated a synthetic Ton box pentapeptide {Gkvaltlle-Val) could

inhibit the growth ofEscherichia cailn low iron medum, prevent killing by colicin B and
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la and stopBacteriophagephi-80 infection, presumably blglocking the TonB binding
site®l. The Postle group used a combinationimfvivoformaldehyde crosdinking and
Westernblotting to show that TonB interacts with TowBpendent receptors by
forming a high molecular weight species of 195 kDa, which Wwssr when fepA was
knocked ou#?. They also created&rminal truncations in TonB and found that the final

48 residues were esseatifor an interaction with FegA Similar formaldehyde cross
linking experiments showed that the TonB interaction with FecA was enhanced by the
presence of the FecA ligand (ferric citréfe)n 1999, Cadieux and Kadner demonstrated

by engineering cysteines at specific positions within TonB (Q160C, Q162C and Y163C)
and each residue within the Ton box of BtUIBTLVVTA) that specific residues
preferentially reacted with each other. This demonstratttht the Ton box of BtuB

I & & dzY Stéandistrudture with alternating residue side chains in the same direction
NBfFGAGBS G2 ¢ 2tand adgrmehtdtion). THeldisidle foridgetformation

was also enhanced by the presence of vitamin, Buggesting thathe Ton box is
exposed upon substrate binditRyin 2005, NMR chemical shift perturbationgre used

to analyse the structural changeshen synthetic Totox peptides derived from FhuA,
FepA, and BtuB interact with To#BLarge chemical shifts all occurred within the same
NE3IA2Yy 27T ¢ 2sfrand, pedfigaly Fesidu&is160, Alal6Gly174, lle232,

and Asn23} indicating a common binding site. Isothermal calorimetry between the
structured Gterminus of TonEnd the FhuA Ton box peptide (FepA and BtuB Toashox
were insoluble at high concentrations) revealed a relatively weak bin#is)gof 36 +7

> &8, The weak binithg was unexpected as the NMR spectrum for the profeptide
interaction wasin the slow exchange regime, a feature of tight bindiigwever the
authors suspected this was due to a slow association and dissociation rate and that TonB
may undergo structtal rearrangers Y i 2 F G KS LINBSt@AdZedsdledin KA RRSY |
the solution structure (discussed the next section) before binding the Ton box. In
2006, Xray crystal structures of the-@rminus of TonB in complex with Fh#{Aand

BtuB® were solved at 3.3 and 2.1 r&solutionrespectively (Figure 1.18@pnfirming
GKIG GKS ¢2y ©02E Ayl S Nsrabd aldition adgientdtidryas o6& | LI
predicted by Cadieux and Kadner. The complex revealed that hydrogen bonds are
formed between residues-62 of BtuB and residues 2232 of TonB (Figure.10D). A
saltbridge between conserved TonB residues Argl166 and Arg158 witkGlub6 and
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BtuB-Asp7 respectidg was also observed. This shiidge was proposed to be
important for the intiatk y 2 F G KS A-gtrarSideiveeh TooRlahd rétéptor.

As the Ton box is essential for transport, it is important to understand hevgabstrate

bound TBDT signals to TonB to facilitate the binding. Crystallographic studies have
demonstrated that the conformation of the Ton box does not correlate wél the
presence of substrafé. Howe\er, electron paramagnetic resonance spectroscopy (EPR)
studies from the Cafiso group were able to demonstrate that substrate binding to BtuB
resulted in an disordered Ton box, whereas in the apo state the Tordisplays a
refolded conformation,forming part of the plug domaiff. It was also shown that

reagents used in protein crystallisation can prevéitis conformational switchin.

1.4.3 TonB, a multidomain periplasmic spanning membrane protein

TonB is presentwith equivalert forms) in all Grarmegative bacteria and has been
postulated as an energy transducer between membrasiese the midl970s. Little was
known about the gene product until 1983 when Postle and Good clonetbtiikgere

and acquired the DNA sequerféeevealng a protein of approximately 26 kDa (239
amino acids) with a 17 % proline content. The high proline content gave an anomalous
mass by SDBAGE of 3@0 kDaTheproline-rich region (residues 6600)was found to
containan unusual amino acid sequence (HPEPPKEAPVMKP3, a synthetic peptide

of this sequence was subsequently studied by proton NMR revealing an extended
conformation, which was proposed to hamegperiplasmic spanning functi&h In 1988,
direct evidence emerged that TonB remains associated with Ikhgfound in the
spheroplast fration)®), in agreement with the DNA sequence whishowed a
hydrophobic Nterminu®® Cdza A2y a 2 F LIadEmase to e RoaB-ALINE (-
terminus were still active, suggesting that thete@minus of TonB emains in the
periplasmic spad¥, rather than being associated with bottie inner and outer
membrane.IM attachment of TonB has also been shown to be necessary for-TonB
dependent function, as deletion of the-fdrminal transmembrane (TM) domain of TonB

0 ¢ 2 y-32) engineering a peptidas cleavage site near the TM domain or by
substituting the TM domain with a tetA geenicillinbinding protein 3TM domair{’

abolishesTonB activity. The residuegthin the TM anchor of TonB associate with an
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additionallM protein named ExbB (see next section) and conserved residues Serl6 and
His20 were found to be essential for TonB activity afwhB:ExbB heterodimer
formation®. The spacing residues betweeltSXXXH) can be substituted but not

deleted, mplying a spacing functioonly®®,

Residues 64.00 are described as the prolirgch region of ToB, functioning to span

the periplamic space as a 10 nm rigid Pgdlespitethis, deletion of residues within the
prolineNJA OK R 2 Y I Ac¥00)pigtfally capable of irreversible80 adsoption®.
However in high saline growth conditions (which résirt an expanded periplasnihe
ANNBOSNBEAOES &0GSL) @00k butingt KnAwnddlype TenB.Mymoré 2y . ndc ¢
recent spinlabel EPRdouble electromelectron resonance (DEER) study was used to
make long range distance measurements witthia proline-rich domain of TonB°. Six
double cysteine mutants were engineered between residuedZ® of TonB (59/69,
59/76, 69/76, 69/84, 88/106, and 106/120) for spin label attachment. This resuited

an average spHabel distance of 0.26 nm per resigl and a full length of 14.4 nm. it

a periplasmic space size of ~20 nmder physiological conditiond}, this length would

be sufficient for TonB to reach the OM when the structurede@ninal domain is
included. Circular dichroism ofonB residues %326 shows a strong signal for a
polyproline type Il (PPIl) helix, which were also in agreement with the EPR
measurements. The EPR data also indicated some flexibility of the prisindomain,

rather than a completely rigid rod.

The Germinal domain of TonB (residues 1889) that interacts withthe outer

membrane receptor® has been studied by-day crystallography and NMR. The first

structure of TonB (rsidues (1658239) solved in 200%° revealed a strangixchanged

dimer (Figure 1.10A), however this was later found to be a consequence of construct

truncation within the structured region of thedomain'® In 2005 a TonB construct

(residues 15€@39) was solved by-day crystallogrphy!®* and solution NMP, which

were almost identical (RMSD 0.9 A)(Figure 1.10B and Figure 1.10Chegnioth

contained a3-stranded antiparallel -sheet packed againstn " -helix. The difference

gl a GKFG GKS baw a0NUHzOGdzZNBE 4 & -ai2WM 2 MRS N On ZF Y R
residues 236239 (Figure 1.10Q)i K| & T2t R& ol O] 2y (2 TheKS ¢2y 0 2FE

same region in the crystal structueesidues 226236) extends outwards and hydrogen
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bonds to an adjacerit drom another moleculef TonB, fornmgahomaodimer (Figure

1.10B) Interestingly the crystal structure of TonB (residues -233 are visible) in
complex with BtuB lacks electron detysfor the final Germinal 6 residues that are
visible in the NMR structule ¢ KA & & dz3 3-Stréanid fromithe NNR siréctBre 1 n
has been replaced by the Ton box of BtuB (purple strand, Figure 1.10D), implying a
conformational rearrangement before Mmobox binding,explainingthe low binding

I FFAYAGE Oo0oc p T >ametry®2dzyR 0@ AA20KSN)YI

Figurel.10 ¢ Cartoon representatios of the various Xay crystal and solution NMR structures
of the Gterminal domain (CTD) of TonB) The first crystal structure of a truncated TenRB

(residues 168239), the individual subunits of the intertwined dimer are aolkd in orange and

purple (PDB: 1IHR). B) Crystal structure of Tas{Besidues 15€239) which formed dimers in

the crystal environment (PDB: 1U07). C) NMR solution structure of monomerigrb@aBidues
150H0p0v X GKS I RRAGAZ2YIE in A& NBazt 3SR et 5. Y
(residues 151 o X &St 260 o62dzyR (2 .(0dz 6¢2y 062E &K:
structure has been replaced by the Ton box.

TonB dimeriation has been proposed to have physiological relevaneévd®® despite
a monomeric solution structu, monomeric forms in the crystalrsictures bound to
BtuB and Fhu&’3, and the authors of the crystal dimer structure (residues -230

(Figure 1.10B)) show that the dimer was only present in the alrgsivironment, not in
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solutiont® Double electrorelectron resomnce (DEER) has demonstrated that a
significant population (~50 %) of dimeric TonB (residue238 missing only the TM
domain) exists in solution, however when associated with the TBDT the dimer is
converted to the monomeric for#%. This monomedimer interconversion has also
been proposed to be important in the transport cycle shownirbyivoformaldehyde
crosslinking'®”. In vitrostudies investigating a fdléngth TonB construct (including the
TM domain) are yet to be reportedherefore the biological relevance of the TonB

homodimer still remains questionable.

1.4.4 The accessory proteins ExbB and ExbD

While TonBhas clearly been shown aghe energy transducer, two additiondM
proteins, ExbB and Exbiave been shown to be important for energy transduction in
TonBdependent processes. Exb functiongofcoliare related to TonB as the presence
of Exb @hances TonBlependent functions. Exb was initially identifiedancolresistant

to colicin B and reducesensitivity to group B colicit$. The Exb locus d&. coliwas
cloned and sequenced in 1989, revealing two open reading frames (hamed ExbB and
ExbD) which encoded proteins of 244 (26 kDa) ahdl (17.8kDa) amino acids
respectively®®. The proteins were found to contain homologythe TolQ and TolR gene
products9which are involved in the uptake of colicins A;E4nd K. The sequence of
ExbB/D revealed extensive hydrophobic regions implying that both are intégral
proteins which was coirined by ellular fractionatior®®. The transmembrane
topologies of both proteins have been determinedth ExbD possessing a single
transmembrane (TM) domain near thetBrminal (similar to TonB)! whilst ExbB has
three TM domains, oriented sthe majority of the protein located in the cytoplasm
(Figure 1.1)12,
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TonB ExbB ExbD

239 1
141

cytoplasm

Figure 1.11 ¢ Simple schematic of the transmembrane topologies of the TonB energy
transduction complex in the IMthe N and Cterminal domains are shown by the residue
number (image taken fromeference!d).

Early evidence indicated that ExbBdbBd TonB are found as a compie®1>, with ExbB
appearing to stabilise both TonB and ExbD. The existence of a membrane complex was
further supported byin vivoformaldehyde crostinking experiments which found TonB
interacts with &bB by its tansmembrane domaif®and both the periplasmic doains

of ExbD and TonB interatt Point mutations within ExbD revealed that when the single
charged residue in the TM domain (D25) was mutated to DZ®N related activity was

lost!?®, The D25 residue is believed to fesponsive to thepmf.

The only structural information currently available on ExbB/D is the periplasmic domain
of ExbD, where the NMR solution structure revealed that residues 64 to 133 form-a well
defined folded globular domain (two alpHelices that ardocated on one side of a
single betasheet) where the surrounding residues (43 to G3dal34 to 141) are
unstructured!’. Thestructure was solved at pH 3 due to a high propensity to aggeega
therefore the physiological relevance is questionable. Using the ExbD construct studied
by NMR, peptides representing the TonB PE (residue83jand PK (residues 8402)
repeats, along with the TonB-t€rminal domain (residues 15P39) were tested fo
binding by chemical shift perturbations. Only weak binding was found in the PE peptide
to the structured domain of ExbD. In contrary to this,vivodisulfide crosdinking
experiments have shown the periplasmic donsaof ExbD and TonB to inter&iétand

the absence of TonBafours ExbD homodimer formatid'i.

Despite no structural information available, ExbB has been shown to have a functional

role in the stabilisation oTonB and Exb®, acting as a scaffold for ¢hTonB:ExbD/B
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complex formatioA?!, and does not utilise thegmf?2 ExbB TM domain (TMD) 1
interacts with TonB TM domain, whilst ExoB TMD2 and TMD3 (highly conserved) are
believed to be involved in signal transductiaonrh the cybplasm to the periplasmic
spacé??. Quantification of the stoichiometry of the TonB:ExbB:ExbD complex has been
performed by several researchayps yielding different ratios. The first quantification
used both ironrich and irondepleted growth conditions where the complex was found

to exhibit a stoichiometry of TonHEXbD-ExbB'?%. More recently the full
TonBExbB:ExbD complex was-parified and analysed in DDM detergent by size
exclusion chromatography with multinglelaserlight scatteing (SE@®IALLS) revealing

a stoichiometry of TonBExbB-ExbD. This reported stoichiometry was further

complimented by adw resolution negave stain EM topology structuté.

A study by mass spectrometry found the formation of subcomplexes of ExbBD without
TonB, with major sgcies being ExleBxbD and ExbB (with a minor amount of
ExbBExbD alsoobserved).Importantly, ExbD dimers eve neve observed?®. Despite
these findings,in vivo formaldehyde crosdéinking has shown the presence of ExbD
homodimers, and ExbD homodimerisation has even been suggested to be of functional
importance to the transport cycl€’. Therefore the exact stoichiometry remains
uncertain, although the presence of multiple copies of Eab8 a single copy of TonB

in the complex is consistently observed.

1.4.5 Structural features of ToB-dependent transporters

The first crystal structures were solved in the late 1990s of BvacoliTBDTS, the
ferrichrome transprter (FhuA26'2%) and ferric enterobactin transporter (Fep#9),
which revealed that TBDTs contain a®2i NJ- y-hargeRwith a unexpected globular

plug domain folded into the interior of thé I NNBXf 2 O00f dzZRx40AR G KS

diameter) pore of the barrel (Figure 1.12).
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Figurel.12 - Revealing the novel structure of the TedBpendent transporters: the first-kay

crystal structure of FhuAblue and pink cartoon) in complex with ferrichrofiten and a
molecule of LPS (stick representations, with labels) (PDBR)2REStrand residues 621 to 723

are hidden to allow visualisation of the interior globular plug domain (pink), the extracellular
loops involved in substrate binding are shown at the top of the barrel, encaging the ferrichrome
iron ligand. The dashed liréndicate the positions of the upper and lower aromatic girdles
which sit on either side of the lighibilayer. B) Top view of FhtfA

In 2005, a comprehensive structural analysfisour TBDT structures froila. coliFhuA
(apo/liganded), FepA, BtuB (apo/liganded) and FecA (apo/liganded)) was perféfmed
The four TBDTs contained thersa domain architecture with ligand binding sites in the
f2y3 SEGNI OSt f-hmrdl ahdl dxtBagelldtar fatifig rasi@uss of the plug
domain. ThelTon boxwas located Nerminally and is found at the periplasmic side of

the plug domain either fold& within the barrel or disordered and not visible in the
structures (ligand bound FecA and both apo and liganded FhuA). The ordering of the Ton
box did not correlate well with either substrate bound or apo fsrnfrom
crystallographic studié& A structurebased sequence alignment has revealed that most

of the conserved residues were found at the plug barrel interface and this interface is
also highly solvated resembling a transient protein complex (Figure J1.EaBrel
A0NF yWVREAAKMg y2 aSljdzsSyOS -Bxohtaif Nihe storyly T & |
conserved residues, most of which face the lumen of the barrel. An interesting feature
2T (GKS o0l NNBt ¢4l a NBOSIt SRI f-cattilede (Figue2 T &
1.13A, blue strands)) folds towards the barrel lun@eaking the regular intestrand
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hydrogen bonding of the barrelar®i2 NYa SEGSyaArAdS AyGaSNI QiAzya

of the plug domain (Figure 1.13A and Figure 1.14). The latch regntly irgteracts with
O2yaSNIWWSR NBaAARdSa SGAUGKAY a0NryRa i o

FhuA

Bridging water @ Non-bridging
water

Figurel1.13 - Comparative structural analysis of TowBpendent transporters(images taken
directly fromreference!?®). A) Membrane and extracellular view of thiee vitamin B, receptor

. U dz. ocantifeder ($trands 13 and 14, blue) tilting from strands 11 and 12 (red) and the latch
motif within the plug domain (yellow) are shown. B) Intracellular view of the structures of BtuB,
FepA, FhuA, FecA (labelled) with bridging (green, prataiter-protein hydrogen bonds) and
non-bridging (blue) waters at the plgbarrel interface.

Some highly conservedatifs other than the Ton box were discovered within the plug
domain which are also noted in a more recent structbesed sequece alignment of

12 unique TBD?$ These include the TEE, PGV, IRG box, LID&PdgXx, latch and
lin O0CAIdINE mModmMnOd ¢KS tDx Y2UAFT FT2N¥A
(PGV and IRG are strictly conserved in TBDTSs), forcing a subétditey loop 1 (SB1)

of the plug domain to extend toward the extracellular side of treamsporter. Similarly

the IRG motif forms a sharp turn producing the second substratding loop (SB2).

&
w»

g .

Substrate binding loop 3 (SB3) is formedbythe tdDGE ® | i n 61 F GOK o £ G SNy I

F2NJ G KS LlstaBd 4Rférnvd-the yiyalrophobic core thfe plug domain.
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Substrate binding
loop 1 loop 3

\ loop 2 \
()

Linker

hp3

'Switch\helix'

N hB1
Structure motif Sequence BtuB FepA FhuA FecA
Ton box DTLXXTAN 6-12 12-18 7-13 80-86
TEE TXEE 30-33 32-35 5457 108111
PGV box PGV 5052 5355 74-76 128130
SB1 Gly G 58 64 82 139
IRG box IRG 68-70 74-76 9294 149151
LIDG box LDG 79-82 85-88 105108 163166
RP box WEO9. . wl 106113 121-128 128135 191-198
latch xYG 117119 132134 139141 202-204
I I n GGVVNxxT 124131 139146 146-153 209216
x=norO2y aSNIWBSR>Z . I' K&@RNRBLIK206AO

Figurel.14- Comparative structural analysis of TomBpendenttransporterplug domairs (plug

domain schematic taken directly fromeference!?®. The table sbws structurally conserved
Y2UAFa G6AGKAY (GKS LJ dzZ3 R2YlF Ay [|-stréhdslas puhle 3 SO 2
I NNZ #elices ds cylinders and substrate binding loops in red) of the plug domain of TBDTs
with conserved motifs highlighted.

There are cuently (May 2016) 58 -Xay crystal structures of Tonependent
transporters, representing 15 unique transporters, substrateind or apdorms and in
complex with Ton888 or colicin EZ° and E33%. All share the features highlighted
above, however despite a wealth of structural information, the exact transport

mechanism still remains unceiia
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1.4.6 Proposed mechanisms of transport

Despite structural and biochemical evidence of the TonB interaction with the-TonB
dependent transporters, it is still unclear how this interaction results in the transport of
the substrate. The first hypothesis (Figdr&5) was proposed in 1980 by Bradbeer when
both TonB and themfwere known to be required for the uptake of vitamieBirough

BtuB inE. coland TonBvasalsoknown to bean M protein. TonB was proposed to use

the pmf to either generate a secondampessenger, or gmf-dependent efflux of a
secondary messenger into the periplasmic space. The hypothetical secondary
messenger molecule then antiports exchanges with vitaminoB energigs BtuB for

substrate transpoi2,

Acetyl PO,

Figurel.15 ¢ Diagram of the first suggested model of Ted&endent transport of cobalamin
(Cbl, black hexagohsefore structural or genetic information of the gene products were
available (image taken fromeference®®?) Xrepresents a hypihetical messenger molecule
generated in the periplasm by TonB using fimef, the messenger was hypothesised to bind to
the OM receptor and facilitate transport by either an allosteric effect or antiport with the
substrate.

In 1982, TonB was postulatedlie a periplasmic permease, either by acting as a positive
regulator of a permease associated with the TBDTSs, or TonB itseffeisreease and
modifies the TBDT&. The shuttle hypothesis emerged in 1997 when sucrose density
gradient fractionation of cell lysates revealed that TonB wagsidiged between both

the IM and the OM in a 60:40 ratio respectively. This led to the idea that TonB shuttles

32



between the IM and OMs to transduemergy for substrate transpot®. The propeller

model was proposed in 2001 when the accessory proteins ExbBD were shown to be
homologous to tle flagella motor proteins MotAB® along with he crystal structure of

the intertwined dimer of TonB ésidues 16439) (Figure 1.10A¥. The authors of the

dimeric crystal sucture speculated that ExbBD provides torsional motion of TonB and

two proline-rich regions would provide a stiffer structure to directly transduce torsional

force to the plug domain of the TBDThe application of mechanical force by TonB to
remodeltheLJt dzZ3 R2YFAY 2F GKS (NI yaLR2NISN 6 WLdz
singleY2t $OdzA S T2 NDS & LIS O sthiddadpeoleins®s § avhateth Y Sy (
was found that paralleli -strands serve as a force resistant clamp in an orientation
dependent manner (perpendiculadirected forcesbeing significantly weaker than
parallel(see Section.5.4)). Chimentoet al performed comparative structural analysis

on the available crystal structures of four TBBY¢he plug domains were noted to

contain acore fourd (i NJ y:9Re®tRf a force by TonB was applied perpendicularly (ie.

away from the receptorfo the strandghen onlya very modest mechanical forgeould

be sufficient to cause substantial conformational change or unfolding of the plug domain
(Figure 1.18A and B)

The three main hypotheses (shuttle, propeller and pulling) will be each discussed in

depth.

1.4.6.1The shuttle model (1992011)

As mentioned above, the shuttle model was initially postulafenn the results of a

cellular fractionation wheg TonB was fand in both IM and OM fractiod¥’. In the

shuttling model (Figure 1.16), TonB is initially in an unenergised conformation in
complex with ExbBD in the IM. Tipenf is used by ExbBD to convert TonB to an
WSYSNHAASR O2yF2NXNI GA2Y QY 4gKAOK GKSY RA&:
and associates with the OM transporters to transfer the energy to drive transport. TonB

has been shown to crodimk in vivoto OmpA and Lp{8 therefore could temporarily

dock at these proteins waiting for TBDTs to signal ligand occupancy (Ton box exposure).
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Discharged
TonB

Charged M
TonB

Uncharged
TonB

Figurel1.16 ¢ The shuttle model of TorBependent transport cartoon representative of the

crystal structure TonBlependent receptor FepA is shown in the OM, whilst the other

components (with no structure at the time of publication) al@®n as coloured blobs. (1) A

Wdzy OKF NASR ¢2y. Q 00f dzS0 A a prafasingtBeNEkb8/B coinlex OKF NESR ¢
(green). The charged TonB (yellow) leaves the cytoplasmic membrane (CM) and shuttles to the

OM where it may dock with netransporterproteins (such as OmpA or Lpp) until FepA binds its

substrate (enterochelin) (3). Substrate binding results in a conformational change in FepA

causing an interaction with charged TonB which releases the stored potential energy to drive

substrate transpor{4). Image taken fromeference 2,

¢tKS WSYSNHAASRQ adGrasS 2F ¢2y. 4| desistamlILI2 NI SR 0«
wild-type TonB from spheroplasts when carbonylcganim-chlorophenylhydrazone

(CCCP) was used to inhibit tpenf'*°, Additionally, in vivo labeling experiments

demonstrated thata fluorescent label (Oregon Green(R) 488 maleimide) that is

permeable to the OM but not the IM could label an engineered cysteine (L3C) on full

length TonB. This implies that the extreNgerminal domain ofwild-type TorB was

exposedat some pointto the periplasmand supports tle notion of TonB leaving the

IM14C. The shuttle model received its first major criticism when GFP was fused te the N

terminus of TonB to prevent it from leaving the IM, full Teddpendent activiy was

observed and the authodeclared TonB does not shuttfé. The shuttle model was then
RA&AYA&daSR Ay Hnmm o0& (GKS 2NAIApdathofthelzi K2 NJ Ay
TonB Shuttle Hypothesls ¢ KSNB (G KS& &K 2térBiRus af KdnBitothedza A y3 (K S
cytoplasnic domain of ToxR was capable of 100 % specific activity (ferrichrome uptake)

as wildtype TonB (ie. does not leave the IM). It was also shown that Oregon Green(R)
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488 maleimide (the strongest evidence of the shuttle model) was able to cross the IM
and ld St Oe 2L lavYaAo t20FGSR ¢2y. pc¢as5 [ol
concluded to be tightly associated wighTBDT and was artificially pulled out of tié |

during cellular fractionatiot?.

1.4.6.2The propeller/ROSET model (20ptesent)

In the propeller model, TonB undergoes a rotary motion that is initiated by ExbB, ExbD
and thepmf (Figure 1.17)When TonB associates with the ligand boun®TRhe rotary
motion initiated at the IM causes conformational change to the plug domain and causes

the release of the bound ligand into the periplasmic space.

OM FepA

Periplasm / TonB

@ 4

¢ ExbD

IM

ATP )
ADP+P, ExbB

|

Figure 1.17 ¢ The first schematic depictinghe hypothesis of TonB rotation driving
conformational change to the plug domain of a TBDT (the propeller moddigr the

intertwined dimeric crystal structure of TonB(:239) (Figure 1.10A) was solved, TonB (pink)
was proposed to exist as a dimawivowhere it associatewith the plug domain as a dimeand
torque is applied by the ExbBD (blue and green) complex usingntifieThe substrate is then

delivered to the cytoplasm by FepBCDCG compondéaitel(ed. Image taken frommeference
102

The idea of TonB rotation originated from the discovery aiblogy between ExbBD

and MotAB?3®, however supporting evidence towards the model was not investigated
until 2013 when a GFIPonB fusion construct was created for the analysis dP GF
anisotropy in living bactert&®. Fluorescence polarisation measurements demonstrated

motion of TonBn vivg the motion(predicted to be rotationalpf GFPTonB was slower
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than that of free GFP in the cytoplasnowkver, dissipation of themf by exposure to

CCClIred to furtherreductiornsin motion of GFA onB.Deletion ofexbBDrendered TonB

motion insensitive tdhe same metaboliinhibitors, suggestg a dependency of TonB

motion on ExbBD and themf. The motionwas not directly shown to be rotational in

this study, however due to rapi®.6 ns)reorientation of the fluorescence transition

dipole of GFP, other types of membrane protein motions such as lateral diffusion and

rigid body motion are excludééf. In a recent review,KS WLINR LISt f SNJ Y2RSt Q
originating from the herrant dimer crystal structulé? ¢ & NXRBdatdhay RSR W
surveillance angnergytNJ y & T S NJ 0 wH TodR i®proorerd & in@ract weakly

only as a dimer with peptidoglycan (PG) (due to structural homology between the
aberrant dimer structure of TiB to the PG binding motif Lys#4). Moving laterally as

a complex with ExbBD in the JMonB scanshe OM until a exposed Ton bos i
encountered, the dimer then dissociates to a monomeric form (no longer able to
associate with the PG) forming a complex with the Ton box. Using the constant
rotational motion generated by ExbBD, kinetic energy is then transfaodtie plug

domain of the TBDT creating a conformational change, and transporting the substrate

into the periplasmic space. The notion of a pulling force to facilitate transport is not

dismissed in this revised model.

1.4.6.3The pulling model (200%present)

Thepulling model proposes that TonB reaches across the periplasm using the extended
proline-rich domain and binds to the Ton box of a ligand bound TBDT. The TonB:ExbBD
complex then applies a foraan the plug domairby extension away from the receptor

by an tnknown mechanis® ¢ KA OK LJ- NI 7steétd obthegiyigid@niaiRand (0 K S
allows for the translocation of the substratéhe high resolution crystal structure of the
Gterminus of TonB (residues 1233) and vitamin B non-covalently bound to BtuB
confirmedthat i KS ¢2y 62EY¢2y. A& -shehdrduinfertiafidd o6& | LJ
rotated ~90° with respect tok S -stfands of the plug domaigFigure 1.18C5. The
authorsspeculated that only partial unfolding by mechanical force of the plug domain

by TonB would be sufficient for substrate transport and the degree of unfolding may be

a function of substrate size.
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Figure1.18 ¢ The mechanical unfolding of the plug domain by Tomh@ pulling model).A)
Singlemolecule force spectroscopy experiments demonstrated that the direction of force
applied2 y (i 2 -siiefétS coirelates with the amount of force required to unfold théh The
structures of TBDT plug domains indicate that if force was applied by TonB perpendicular to the
i -sheets (yellow arrow) of the plug domain (green) by the Ton box tether (red) then remodelling
would occur under a small amount of force. C) Cartoorreegntative of the Xay crystal
structure of TonB(residues 1589) (pink) bound to the Ton box (blue) of BtuB (PDB: 2GSK). The
plug domain is shown in green, vitamim B red and blue spheres and the barrel domain is
transparent for clarity. The Ton kads perpendicular to strands of the plug domain, indicating
that the unbinding of the Ton box will require more force (if extended in the direction of the
black arrow) than the remodelling of the strands of the plug domain. Image A and B taken from
reference!?°,

In silicosteered molecular dynamics (SMD) was performed on the crystal structure of
BtuB bound to TonB (vitaminiBwvas excluded due to lack of paraters at the time)

The BtuB:TonBomplex was inserted into a POPE lipid bilayer and TonB was extended
away from the receptor by applying constant velocity (2.5 A/ns) to tHe SINY A y | §
atom (Pro153pf TonB TonB and the Ton box remained tightly bound (Féng.58and
BtuB-Asp6 salt bdge was maintained during extension and oriented TonB so that the
Ton box was parallel to the plug domain straras)onB was extended by 9 nm. Longer
extension could not be performed as a larger system would requnahibitive

¢ K S -a % NNF &helix dvnstream of the Ton box
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unfolded during the 9 nm extermn (Figure 1.19Awhilst the TonB:Ton box interaction
was maintained. After this time, the simulation was extended by cycles of deleting the
unfolded Nterminal residues and extending with the newt&minus of BtuB. This was
performed until a sufficieneamount of plug residues were unfolded to accommodate
substrate passage, which was found after 20 nm of exten@tagure 1.19B)SMD was
also applied to the centre of mass of the plug domain testing the feasibility of intact plug
removal from the barrel; bwever biologically inaccessible amounts of force (~4500 pN)

were required for complete dislodging.

A)

B)

Figure 1.19 ¢ Steered molecular dynamics (SMD) study of applying force to the TonB:BtuB
complex.A) Patial unfolding of the plug domaihy TonB TonB (red) was extended away from

BtuB (blue, barrel shown as light blue and transparent with the front strands removed for
visualisation of the plug domain) by itst&fminal residue (yellow sphere). The parttbé plug
domain remodelled during the simulation is shown in green (residue&8) 2States of unfolding

are shown at (left to right) 0 A, 55 A, 70 A, and 90 A of extension. B) Continued SMD unfolding
of the plug domain of BtuB (extracellular view, loopmpved for clarity). The cofesheet is
shown in red, the substrate binding loops in yellow and the latch domain (See Figure 1.14) in
green. The states shown are after approximatédyt) 150 A andr{ght) 215 A of pulling. After

215 A of unfolding cyanocobalam(blue sticks)s placed to scale in the open space created in

the transporter. Images taken froneference'*.

The possibility oTonBgenerating a pulling motion was suggested in a studyhan

proline-rich region of TonB, were the rotatory motion provided by ExbBD causes the
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predominant polyproline type I(PPII) helix to form an unstable PPI conformatibims
conformational changés accompanied by a contraction of up to 40% of the length of
the prolinerich segment, generating an inwards for€@her than the study mentioned
above, there is currently nm vitro or in vivoevidence supporting the pulling model
(with the ability of TonB to mechanically remodel the plug domain or the origin of the

pulling force).

1.4.7 The Btu system: transport of vitaminiBin E. coli

E. colicannot fully synthesise vitaminBandit is not an essential nutrient, however it
is advantageous fdE. colto acquire vitamin B because the synthesis of methionine is

100 times more efficient if vitaminiBis utilised by the methyltransferase Mef#f.

As vitamin B is large (> 700 Da) and scarce, it fulfils the specifications for transport in a
TonBdependent manner. The Btu-@&elve uptake) (Figure 1.20) system consists of the
OMPBLtuB, periplasmic cobalamininding protein BtuF and dM ATRbinding cassette
complex BtuB£D;, (which also forms complex with BtuF). Bifi@hctions to span thévi
(Figure 1.20, green) by forming 20 transmembrane helices grouped around a
translocation patkvay, whilst BtuD serves as a nucleotide binding domain to hydrolyse
ATP (at the dimer interfacelrivingthe conformational change required for transport.
Initially, vitamin B binds the extracellular side of BtuB, where Tat#gpendent activity
translocaes it across the OM. Once in the periplasm, vitaminbBds within a large
cleft in the periplasmic protein BtuF which shuttles it to the Bix&omplex. BtuF
binding to the periplasmic side of Bt initiates hydrolysis of ATP by BtuD, which
opens thke dimer, pulling the TM helices apart. The passage of vitamirthBough
BtuGD» has been described as peristaltic, whereby the helices fdreestibstrate into

the cytoplasm®”’.
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Figure1.20 ¢ Schematic of the Btu system &f coli Vitamin B is shown as red sticks, the
structures of BtuB and BtuF (labelled® shownin cyan cartoon representation, BtuC in green
(different shades of green show the individual monomebuwuits within the dimer), BtuD in
blue (again, different shades show the monomeric units) and deiBcomplex with BtuB
shown in yellow. Image taken froraference!®,

1.5 Study of forceinduced remodelling of proteins and their complexes
One of the primary goals of this thesis is to test whether mechanical force applied by
TonB is able to remodel the plug domain of a T-dlePendent transporter (in
accordance withthe pulling model), therefore in this section the application of force to

study biological systems will be covered.

The first mechanical unfolding experiments were performed over 20 years ago on the
giant muscle protein titin usingtomic force microscop (AFM}*°, since this study our
understanding of protein and protein complex mechanical stability has improved by
multiple methods developed to investigate biological forces. As mechanical remodelling
is now knownto play a crucial role in manyiologicalprocessessuch as enzymatic

activation, protein degradation, ion channel opening, translocation, cellular adhesion,
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signal transduction and so on, it is important to gain insight into the mechanisms at the
molecular leveln vitroif we want to understand the functiom viva Three techniges
that have been extensively used to explore the effects of force on proteins are AFM,
optical tweezers and patch clamping, the former being extensively used in this thesis.
Each technique has different force ranges and resolution which are summarisadie

1.2

AFM Optical Tweezers Patch clamp
Temporal 1 0.1 0.001
resolution (ms)
Spatial resolution 0.1 (vertical) 0.1 50
(nm)
Force range (pN) 1-10,000 0.1-100 -

Tablel.2 ¢ The force range and resolutiof techniques used to explore the role of mechanical
force on biological molecule¥alues taken fromeference!*.

1.5.1 Atomic force microscopy (singimolecule force spectroscopy)

Due to the dynamic range of forces-10,000 pN), high positional accuracy (0.1 nm),
high sensitivity (~1®pN)and operational compatibility under physiological cdiwhs,
AFM has been amvaluableand extensively employed technique to measure intra
molecular unfoldig forces of individual proteid%' and the unbinding of nomovalent
molecular interaction®2 A typical AFM instrument comprises of two major
components, an optical head and a XY stage scadndrin (10>m) flexible cantilever
composed of gold coated silicon nitride with a sharp stylus is used as thesencdive
probe which is attached to the AFM optical heAddiode laser is focussed onto the end
of a flexible cantilever probe, and movement of tlexér leads to the position of the
reflected spot changing on a position sensitive phditode, and hence the deflection of
the lever can be measured with picometer sensiti{ifygure 1.21). The known spring
constant of the cantilever allows force to be mé& dzZNBER | OO2NRAy 3 i+
(Equation 2.13)As the stiffness of the spring affects sensitivity, spring constants-of 10
40 pN/nm are ideal for singlmolecule force spectroscopy (SMFS) experiments of

proteins. The AFM probe is positioned on theas by piezo expansion, which
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approaches and retracts the cantilever to and from the surface at a constant velocity.
The cantilever is pushed against the hard surface (Figure 1.21Bii) until a defined load is
reached; the withdrawal velocity defines the amouwitforce which is loaded onto the

molecule or complex of interest.

A) . B) i j i)

O
' detector
AFM probe L]

binding partners

—— retract

PEG linkers approach

silicon nitride
surface

i) (red)

separation

Figure 1.21 ¢ Studying proteirprotein interactions under force by singteolecule force
spectroscopyA) Schematic of th&FMset up fa singlemolecule force spectroscopy (SMFS)

experiments to identify the strength of interacting partners such as a protein:protein
interaction. The silicon nitride AFM probe contains a triangle flexible cantilever which is coated
with a layer of reflectivegold, linkers are used to covalently attach biomolecules to the
cantilever. A laser is positioned onto the back of the cantilever which detects the deformation
caused by the resisting force. B) Step by step of an ideal simgkrule unbinding event in a
SMFS experiment between two binding partners and a fesdension trace. i) The cantilever is
initially away from the surface, the piezo causes the cantilever to press against the surface (ii)
which brings a single complex together, the complex is thetereled by retracting the
cantilever (iii) until a force (which bends the cantilever (iv)) that breaks the interacting partners
(the rupture force) is reached. The cantilever returns back to its original position (v). This is called
an approackretract cyde.

For SMFS measurements ofie mechanical strength of a proteprotein or
protein:ligandinteraction, the substrates areovalentlyattached tothe AFM probe and
surfaceby the use of polyethylene glycol (PEG) linkers derived with a maleimide at one
end. The use of PEG linkers is also advantageous as it preventpeaoific protein
sticking, enables substrate flexibility and has a signattesisting force when
stretched®3. The SMFS proceduresolvesbringing the AFM probe into contact with the

surface to form a complex between the substra{gsgure 1.21B)The AFM probe is
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retracted from the surfacandif the interaction has formedanentropic restoring érce

will be initially observed, which increases in a parabolic fashion until the interaction
breaks and the force sharply drops to z€éiarce extension trace Figure 1.21Bhe force
required for dissociation (rupture force) is the force at the apexhef parabolic curve
(Figure 1.21BEMFS is a powerful technique to study protein:protein/ligand complex as
it allowsestimation of the unbinding forces (Table 1.3), dissociation rate constants (see
Section 1.5.3energy landscapes, the nature of forceistéant bonds and the length of

the complex before dissociation (by using the Wdike chain (WLC) model (see Section
1.5.2)).

Molecular partners Pulling velocity Unbinding

0>Ykat force (pN)

Avidin/biotin 5 173 +£19
Streptavidin/biotin 5 326+ 19
Human serum albumin(HSA)/anti HSA 0.2 244 + 22
antibody (Ab)

Intercellular adhesion molecule 4.7 100 £ 50
(ICAM1)/anti-ICAM1 Ab

Actin/Myosin 0.03 25+1.4
Nitrilotriacetate(NTA)/hexahistidine 0.09-0.27 150194
(His)

Lactose/lactosébinding 1.2 364

immunoglobulin G (IgG)

Recombinant FBelectin/Rselectin 2.8 ~165

Table1.3 ¢ Examples of the séingth of molecular complexes studied by Sivi#&3ues taken
from reference'®2

1.5.2 Worm-like chain model

The force extension data collected from SMFS experiments in this thesis are analysed
using a model for polymer elasticity called the welike chain (WLC) model. The WLC
model (Equation 1.1) waderived empirically fsm the stretching of DN&*1%° and

predicts that entropic restoring force (f) iemerated upon extension (x) of a polymer:
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where Lis the contour length (the length of the biomolecule under study when fully
extended), T is temperaturegis Boltzmay Qa O2yadl yd FyR LI A& (GKS
(describes the decay in correlations of the tangent vectors of the WLC model (or the

typical lengthscale over whicla polymer bendy). The persistence length for a protein

Aada GKS f Sy 3 GdarbansSaiwd Sriinbd acids (8.4 rivy.

The WLC model has been extensively used in thedystof protein domain
unfolding®#1491%7 and also usedof protein-protein interaction$®1%° as the force
extension profiles are well defined by the modéhrranceet aldemonstrated that the
WLC model gave accurate measurertse of the contour length of various
protein:protein/peptide complexes when extended by AE¥I The contour length is
important for identifying whether an inteiction between two binding partners is
specific, as the expected: tan be estimated from structural information. Contour
lengths greater than the expected value give good indicatioprofein remodelling
under force.tlisalsopossible to calculate themount of protein unfolded by subtracting
observed Lfrom the expected dand by using disutfe crosdinks to prevent unfolding.
Other than finding the 4. a differential WLC model (Equation 2.14) can be used to
calculate the instantaneous loading rdtae rate of force applied to the complex) which
is strongly affected by the: bf the complex under study. The differential WLC calculates
the slope (WL&epe Which is the change in force per change in distancéhgestiffness),
which when multipliedy the retraction velocity, allows the loading ratg for a specific

single event to be calculated.

1.5.3 Dynamic force spectroscopy

For most interactions, force acts to decrease the stability of the folded or bound state
of a protein or complex relative tthe unfolded or dissociated state. The unfolding or
unbinding of a protein or complex can be considered as adiate process, a low
energy conformation which represents the folded/bound state and a -eigérgy

unfolded/unbound state. Between the states an energy barrier that has to be
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been demonstrated by Evans and RitcHi€'? that an externally applied force lowers

the energy barrier between the lovand highenergy states (Figa 1.22). Additionally

the force required to unfold a protein or break a protein complex depends on the
loading rate, and in general the higher the velocity, more force is required to
unfold/break the complex, therefore a linear dependence is usually eesewhen the

most probable force (F*) is plot as a function ofdn(See inseFigure 1.22 and Equation
1.2)163;

QYl il w (1.2

whereksAa . 2f G1T YIyyQa 02y islhy distancé from dhe idvd Y LIS |
energy state to the transition state arld is thespontaneous unfolding when no force

is applied.

Pulling a protein or a protein complex at various velocities (dynamic force spectroscopy),
allows the quantification of parameters that are uséal describe the freeenergy
landscape (energy barrier heightéwidth), such aspand the freeenergy of activation
6nbDX KS KSAIKG 2F GKS GNryaAdazy aidldSo
spontaneously unfolds gkor complex dissociateX) ) under no applied force ¢k

1/toexpen D KT). bis the diffu® relaxation tme.
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Figurel.22 ¢ Simple freeenergy landscape of a folded protein under externally applied force.

In this two-state unfolding model, a single barrier separates the folded (f) and unfolded (u) states

of a protein (back trace). The activation frenergy of unfolding is given ky D while x,
NELINBaSyita GKS RAadGlryOS 060SGsSSy GKS F2f RSR I yR
coordinatex. The energy barrier is spontaneously crossed at a transitiorksdte in the case

of a protein ligand complex unbindin®( )). Application of an external force tilts the energy

landscape (red trace), lowering the energy barrier. The inset depicts a theoretical dependence
of the most probable rupture force on the loading rate: the dynamic force spectrum, which is
governed by &ingle linear regime, with a slope proportional tol/The yintercept allows the
extrapolation of theko or Q

The application of force to a complex tilts the egylandscape reducing the fremergy
barrier to unbinding of the complex (or indeed unfolding of the protein). So the
probability of the complex breaking apart or protein unfolding inse=s with the
application of forceln the classic BelEvans model, it is assumed that the energy barrier
is so deep that its position does not change during tilting, where only the height of the
energy barrier is lowered by force, the shape of the landecdoes notchange (red

trace, Figure 1.229%

The Bell model describes interactions that show an exponential dseria lifetime with

increased force (slip bonds), however not all biological interactions display this
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behaviour, in some cases moreath one energy barrier can exi& and some
interactions are strengthened by force (catch bonds). A slip bond is an interaction that
dissociates at a higher rate when subjected to force, which is commonly observed for
protein:protein interactions. In catch bonds, the interaction lifetime increases with force
(mechanical activation adhesion), which was initially observed in fluid flow experiments
where cellular adhesion wasnhanced by shear flo\*. The first direct demonstration

of catch bond behaviour was by SMFS eselectin the bond lifetime wagound to be
longer under low forces, but acted asshp bond at high force¥®. Catch bonds are
predominantly found in cellular adhesion proteins. Trip bonds are found in tight protein
interactions which have very large dissociation lifetimes amdero force (> days),
however upon the application of a small force, the binding partners rapidly dissociate,

exemplified by the colicimimunity protein complex, Im9:E%,

1.5.4 Protein structure and mechanical siality

As all proteins have evolved to provide a specific function to a cell, it was therefore likely
that the fold (secondary structure) of a protein with a mechanical role will influence its
ability to either withstand force or be susceptible to forchisTquestion was addressed
soon after the first application of SMFSstudy titin unfolding in 199%°. The conclusion

0 S A y 3 -hélidllpridteirts are force sensiti¥s -sheet proteins force resistant and
mixed topology proteins show various responses to force. The array otovalent

AY G SNI Ol A 2 ysheetédKprotigins prdidl much more stability under force
O2YLJI NBR (2 (KS K ea-heiBswickunibldin Oseegligelmannegr. 2 T

The mechanical strength of a protein is not only dependent on the tfpecondary
structure. The direction of the force application relative to the topology of the secondary
structure has also been found to show a siigant effect. In a study by Brockwel al,

| -stranded protein E2lip3 was shown to resist mechanical deformation when force
gl & I LI A SR -dtdanbsof thie Protein&7 + (0K at 700 nmyhowever

if the geometry of the force was appliggerpendicular to the strands, the unfolding of
the protein became undetectable by AFM (< 158 Similar observatiamhave been

found for ubiquitit®” and GFP’. The reason for this effect can be rationalised by an
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whereas breaking all the bonds simultaneously requires much more force.

Proteins with parallel -strands that are directly bonded are moneechanicallyrobust

than antiparalleli -strands. Brockwellet al provided evidence of this mechanical

RdzNJ 6 A f A ( @straddéd proteia With Gifpleitopology Y R LI NI £ £-Sf G SNXNAY
strands®8, It was shown that although this protein has no known mechanical function,

the parallel strandsvhere the force was directly propagateendered the protein to be

mechanially strong when extended by AFM (152 pN, 700 Hm®©ther structural

features of proteins which confer mechanical strength include hydrophobic packing,

solvent accessibility of the hydrogen bondsnHgatterns and sequence motis.

1.6 Thesis aims
The principal aim of the work dedoed in this thesis is to provide molecular insight into
the mechanism of TonB dependent transporters and their fonciced remodelling

both in vitroandin viva

As discussed in this chapter (Section 1.4.6.3), force induced remodelling of the plug
doman of TBDTs by the Ton box tether is an attractive model for substrate transport.
Whilst this model is well received, there is no direct experimental evidenegroor in

vivo supporting the pulling tether model and more generaligr other membrane

proteins predicted to function by a ther gating mechanisi®1’%,
Therefore the work in this thesis airtts provide evidence for:

1. Membrane protein gating bgroteinaceous tethers

2. Periplasmignside-out energy transduction mechanisms

3. Whether the extent of mechanical plug domain unfolding is dependent on the
substrate size

Alongside this, biophysical methousll also be used to address structural features of
the periplasmic spanning protein TonB, especially the poorly charactered praline

linker domain.

The first results chapter provides an extensive analysis of , TiociBding measurement

of the mechantal strength and bond properties of the TonB:Ton box complex. Structural
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and biophysical features of the prolimeh domain will also be exploreduch as the

effects on binding, dimerisation and stability of the protein.

After demonstrating themechanial durabily of the TonBon box interaction, the
second results chapter uses SMFS to validate that TonB is capable of partially unfolding
the plug domain of two TBDTSs, BtuB and Fhil#ese findings arsupported by cross

linkingexperimentsandin silicomethods.

Finally, the physiological consequences of partial plug domain unfolding are exjplored
vivo. A variant of BtuB is engineered to allow complete plug unfolding andyusin
antibiotic sensitivity assayis is revealed that TonB is capable of unfoldthg entire

plug in this variant.
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2 Materials and method

2.1 Materials

2.1.1 Centrifuges

Bench top centrifuge: GenFuge 24D (Progen Scientditjon, UK).
Centrifuge:Avanti J25Beckman Coulter, CA, USA).

Ultracentrifuge:Beckman Optima X20 (Beckman Coulter, CASA).

2.1.2 Incubators

Stuart SI500 Shaking Incuba{&ibby Scientific, Staffordshire, UK).

bSg . Nlzyhdowaldd Eppendorf,aiburg, Germany).

2.1.3 Protein purification equipment

AKTAprime plus (GE healthcaBeickinghamshirgUK)

Resourca S 6 mL cation exalnge column (GE healthcaiuckinghamshireUK)

{ dzLJS NR Bilead 2616pgel filtration column(GE healthcareBuckinghamshireUK).
{ dzLJIS NR S E n  gepfiltration celumk @EnhealthcareBuckinghamshireUK.

{ dzLJS NjpeptiBetHR 10/30 gel filtraion column GE healthcareBuckinghamshire
UK.

HiTra@®DEAE FF 5 mL anion exchange coluthl{ealthcareBuckinghamshireUR.

Superdex 200 increase 3.2/3Dgel filtration column GE healthcardBuckinghamshire

UK.

2.1.4 Spectrophotometers

NanoDrop 2000 WVis SpectrophotometefThermo Scientific, MA, USA).
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Ultrospec 2100 prdJV/Visible spectrophotometer (GE Healthcare, Buckinghamshire,
UK).

2.1.5 PCR thermocycler

T100 thermal cycler (BioRad, CA, USA).

2.1.6 AFM

MFRo 51 { (I y R (Asflutn\R&earcBurkinghamshireUK).

2.1.7 AFM probes

MLCT silicon nitride with reflective gold AFM probe (Bruker, CA, USA).

2.1.8 Chemicals

A Supplier

Acetic acid, glacial Fisher Scientific, Loughborough, UK
Acrylamide 30 %v/v) Severn Biotech, Kidderminster, UK
Agar Fisher Scientific, Lougblough, UK
Agarose Melford Laboratories, Suffolk, UK
Ampicillin sodium Formedium, Norfolk, UK
L-(+)Arabinose Sigma Life Sciences, MO, USA
Arginine

(3-Aminopropyl)triethoxysilane (APTES) Sigma Life Sciences, MO, USA

Ammonium persulphate (APS) SigmalLife Sciences, MO, USA
AlexaFluor&488 G maleimide Fisher Scientific, Loughborough, UK
B

Benzamidine dihydrocholride Sigma Life Sciences, MO, USA
Bacitracin zinc Bio Basic In®ntario, Canada

C

Cyanocobalamin (vitamin g Sigma Life SciencedO, USA
Chloroform Fisher Scientific, Loughborough, UK
Calcium chloride (Cafl Melford Laboratories, Suffolk, UK
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D

Disodium phosphate
Dithiothreitol (DTT)
Dimethyl sulfoxide (DMSO)
E

Ethidium bromide

Ethanol

Ethylenediaminetetraacetic acid (EDTA)

F

Ferrichrome iron

G

Guanidine hydrochloride

Glycerol

H

Hydrogen peroxide (1)
Hydrochloric acid (HCI)

I

Imidazole

Isopropanol

L & 2 LINR-1-tliidgalaictopyranoside
(IPTG)

L

Lithium 3,5diiodosalicylate (LIS)
Lithium chloride (LiCl)

M

Monosodium phosphate

Methanol

N
N-HydroxysuccinimidePEGs-maleimide
(SM PEG)
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Fisher Scientific, Loughborough, UK
Formedium, Norfolk, UK
GE Healtcare, Buckinghamshire, UK

Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA
Fisher Scientific, Loughborough, UK

EMC Microcollectiond tibingen,

Germany

Sigma Life Sciences, MO, USA
Fisher Scientific, Loughborough, UK

Sigma Life Sciences, MO, USA
Fisher Scientific, Loughborough, UK

Sigma Life Scieas, MO, USA

Fisher Scientific, Loughborough, UK
Melford Laboratories, Suffolk, UK

Sigma Life Sciences, MO, USA

Sigma Life Sciences, MO, USA

Fisher Scientific, Loughbargh, UK
Fisher Scientific, Loughborough, UK

Fisher Scientific, Loughborough, UK



N-HydroxysuccinimidePEGs-methyl (MS Fisher Scientific, Loughborough, UK
PEG)

N,N-diisopropylethylamine (DIPEA Fisher Scientific, Loughborough, UK
N-octyH -D-3 f dzO2 DERS 061 Avanti Polar Lipids Inc, Delfzijl, NL
Nickel nitrilotriacetic acid (NNTA) GE Healthcare, Buckinghamshire, UK
P

Phenylmethanesufonyl fluoride (PMSF) Sigma Life Sciences, MO, USA
Potassium chloride (KCI) Fisher Scientifid,oughborough, UK
S

Sodium azide (Naj\ Sigma Life Sciences, MO, USA
Sodium chloride (NacCl) Fisher Scientific, Loughborough, UK
Sulphuric acid Fisher Scientific, Loughborough, UK
Sodium hydroxide (NaOH) Fisher Scientific, Loughborough, UK
Sodium doeécyl sulphate (SDS) Severn Biotech, Kidderminster, UK
Streptomycinsulfate Sigma Life Sciences, MO, USA

-

Triton %100 Sigma Life Sciences, MO, USA

Tris Fisher Scientific, Loughborough, UK

Tetramethylethylenediamine (TEMED) Sigma Life Sciences, MOGA
U
Urea MP biomedicals, Loughborough , UK

2.1.9 Gel ladders and dyes

1 kb, 100 bp DNA ladder (Promddampshire, UK
Precision plus protein dual color standards protein ladder (BioBAdUSA).
Blue/orange 6x loading dy@{omegaHampshire, UK

2.1.10Kits

Wizard@PIlusSV Minipreps DNA Purification System (Prontéganpshire, UK
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Q5® Higiridelity DNA Polymerasét (NEBHertfordshire, UK).
QIAquick Gel Extraction Kit (Qiag&manchestey UK).
PGEMET Easy Vector System (Promdgampshire, UK

Q5® SitdDirected Mutagenesis K{NEBHertfordshire, UK).

2.1.11Buffers

2.1.11.1 Imidazole wash buffer

20 mM TrisHCI pH 8.0, 300 mM NaCl, 20 mM imidazole, 2 mM DTT, 0.025 % (w/v)
sodium azidel mMPMSF, 2 mNbenzamidine

2.1.11.2 Imidazole elution buffer

20 mM TrisHCI pH 8.0, 300 mM & 250 mM imidazole, 2 mM DTT, 0.025 % (w/v)

sodium azidel mMPMSF, 2 mNbenzamidine

2.1.11.3 SDSPAGE resolving gel buffer

1 M TrisHCIpH 8.45, 0.26 (w/v) SDS, 15 % (v/v) acrylamide, 13 % (v/v) glycerol, 0.7 %
(w/v) APS, 0.07 % (v/v) TEMED.

2.1.11.4 SDSPAGE stackingel buffer

750 mM TrisHCI pH 8.45, 0.07 % (w/v) SDS, 4 % (v/v) acrylamide, 0.32 % (w/v) APS, 0.16
% (v/v) TEMED.

2.1.11.5 SDSPAGE loading buffer (x2 concentrated stock)

2 % (w/v) SDS, 10 % (v/v) glycerol, 0.1 % bromophenol blue, 100 mM DTT.

2.1.11.6 SDSPAGE cathode bugf

1 M Tris, 1 M Tricine, 1 % (w/v) SDS.

2.1.11.7 SDSPAGE anode buffer

2 M TrisHCI pH 8.9.
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2.1.11.8 TAE buffer (x25 concentrated stock)

1 M Tris, 25 mM EDTA, 2.8 % (v/v) glacial acetic acid.

2.1.11.9 1.5 % agarose gel

40 mM Tris, 1 mM EDTA, 0.1 % (v/v) glacial acetic acid, MBWaeaarose, 2.5 M

ethidium bromide.

2.1.11.10 BtuB purification buffers

Buffer A- 10 mM TrisHCI pH 8.0, 0.25 % (w/v) lithium diiodosalicylic acid (LIS)
Buffer B- 10 mM TrisHCI pH 8.0, 0.25 % (w/v) LIS, 2 % (v/v) Tritd@0x

Buffer C- 10 mM TrisHCI pH 8.0

Buffer D- 10 mM TrisHCI pH 8.0, 1 % (w/v)attyH -D-3 f dzO 2 LJ&@ NO@)258nmMR S ¢ |
EDTA

Buffer E-50mM Trisl / £ LJ T ®dpXZ p Ya-085¢! 2 ndpn 2 0O
Buffer F-50mM Trisl / £ LJI T1T®pX~X p Ya 95¢O&G ™M a [ A/ f:

2.1.11.11 Liposome detergent free dialysibuffer

10 mM TrisHCI pH 7.5, 300 mM KCI, 400 uM G&001% (w/v) NaN

2.1.12Enzymes

Restiction enzymesXfiol Ndeland Nco), quick ligase, alkaline phosphatase &hd
Taqg polymerases were purchased from NHe&tfordshire, UK. Lysozyme and DNAse |

were purchased from Sigma Life Sciences, MO, USA.

2.1.13Lipids

E. colpolar lipid extract (Avanti Polar Lipids Inc, Delfzijl, Netherlands).
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2.1.14Peptides/DNA oligios

All DNA primers were purchased frogurofins MWG OperqrEbersberg Germany.
Peptide oligos were puhased fromGenscript, NJ, USA.

2.1.15E.colistrains

E. coliXL1Blue Competent cells (efficiency: >1 x® t@u/t g) (Agilent technologies,
Berkshire, UK).

E. coliBL21(DE3) Competent cells (efficiency: >1 &cti@¥t g) (Agilent technologies,
Berkshire, UK).

E.coliDH5h / 2 YLISGSyd OSftfa 6b9. 3 I SNIF2NRAKANBZ |
E. coldM109cells(Stratagene, Cambridge, UK).

E.coliRK5016MC4100btub metE70 argHrecA cells were kindly provided by Niclas
Housden, University of Oxford, UK.

E. coliTNEO12 (K12sx¥ompAompB) were kindly provided by Nicholas Housden,
University of Oxford, UK

2.1.16Plasmids

pPAGL1 (wildtype BtuB fromE. colunder a native promotor, pUC8 vectavaskindly
provided by Nicholas Housden, University of Oxford, UK

pPNGH15 (wiletype BtuB fronE. colin a pBAD expression vectevaskindly provided
by Nicholas Housden, University of Oxford, UK

pSH11 (wildype FhuA from E. coli in a pBAD expression vector)

His-TonB ¢ a pEF234+) (E. colHis-tagged TonB withouthe transmembrane

domain (esiduesl-33) inanexpression vector)

His-TonBtppETF23a+) (E. colHis-tagged TonE>terminaldomain (esiduesl44-239)

in anexpression vector)
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His-TonB ¢ a §V32CPpETF23a(+) (E. coliHis-tagged TonB withouthe transmembrane

domain ¢esiduesl-33)with N-terminally located cysteing an expression vector)

His-TonB1p(K144CpETF234+) (E. coliHis-tagged TonBGterminal domain (esidues

144-239) with N-terminally bcated cysteinén an expression vector)

2.2 Methods
2.2.1 Molecular biology

2.2.1.1Preparation of competen€.colifor transformation

10 mL of LBnediumwas inoculated with a desired strain Bfcoli; this was grown at

37¢/ X Hnan NLIY F2N mc K 2usEodnoqulatefJ0 me & LB K S
mediumand was grown to moptical density at 600 nm (Q#) of 0.45 beforethe cells

were harvesed by centrifugation &4,000 rpm for 10 minutes at@ /Epp&ndorf 5804R
Refigerated Benchtop Centrifugeyhe supernatant was discarded and the pellet gently
resuspended il0 mL of sterile prehilled (46 / 0 M n n 2 Tharesudpengion was
incubated on ice for 10 minutes before centrifugation to-pellet the cells. The
supenatant was discarded and the pellet was gently resuspended in 2 mL-chpled

(4 / O wmMnnz 0& (W ghicerd yR mnn >[ FfAljd20&a 6SN

Eppendorf tubes sat on dry ice. Once frozen, the competent cells were stor8d @t/ P

2.2.1.2Extraction ofE. coligenomic DNA

The genome oE. colwas extracted by inoculating 5 mL of LB broth with a subculture of
E.colicells; the culture wathen incubated at 200 rpm, 3 until an OBy of 0.25 was
recorded. 20 pL of the culture was trdaged to 980 uL of sterile purifiedB and
boiled at 983C for 5 minutes.

2.2.1.3Q5®High-Fidelity PCR

For Q®PCR the following reaction was set up in 0.2 mL PCR tubes:
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Q5®5X master mix 10.0
dNTP (10 mM) 1.0
C2NB I NR LINX ) 2.5
Rever§ LINRA Y S NJ 2.5
Template DNA 10.0 (~<Ing1> 30
Nucleaseree water 23.5
Q5®polymerase 0.5

This was then subjected the following thermal cycle:

Temperature (°C) Duration (s)
98 30
98 5-10
Primer T 30 X35
72 30
72 120
4 K

2.2.1.4Vent PCR

For Vent PCR the following reaction was set up in 0.2 mL PCR tubes:
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Volumed > [ 1

¢CSYLX UGS 5b! 2
C2NBI NR LINRY 2
WSPOSNBES LINRY 2
Nucleasefree water To final 100
MgSQ (100 mM) 0,2o0r4
DMSO 1

Vent polymeras 0.5

4 X PCR master mix* 25

* ThermoPol Raction Buffer (4X), 10 mM dNTP

This was then subjected to the following thermal cycle:

Temperature (°C) Duration (s)
95 30
95 30
Primer T 30 X 20
72 120/kb
72 600
4 K

The primer melting temperatures (T,) were calculated using théNEB online o

calculator(www.neb.com/toolsandresources/interactiveools/tm-calculato).

2.2.1.5Restriction digest

+2f dzvyS
5b! o6d9o0nn y3Ak>| 6
[ dzG { YI NIinw 0 dzF F¢ 2
Ndel 1
Xhol 1
Nucleaseree water 10

The readbn mixture was incubated at 3T for 2 hours and enzymeg&re removed by

1.5 % agarose gel electrophoresis of the products.
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2.2.1.6Site-directed mutagenesis

Sitedirected mutagenesis was performed usthg reagents and protocol frorthe Q5®

Site-Directed Mutagnesis Kit (Section 2.1.10Primers were designedising the

NEBasechanger softwarehtip://nebasechanger.neb.con)/ and purchased from

Eurofins MWG Operon. The PCR set up was identical to tRdPQR (SectioR.2.1.3

however only 25 cycles were performeather than 3% m >[ 2F GKS
added top > [ xKiBhase, bHigase & DpiLD) bufferm > 10 x EL'D enzyme mand
o ofpurified HO andmcubated for 510 minutesat2®/ ® p >[ 2F GKS NBIF Ol A 2

was transformed into DH5cellsby heat shock (42C for 30 secondsYhis was then

plated onto antibiotic selection agar platester an hour incubation at 37C, 200 rpm

in SAGC medium provided with the kit.

The mutagenesis primers for BtuB are listed in Table 2.1:

Primer name: Forwardsequence: Reverse sequence:

BtuB L8P p-QCC GGATACTCC CG p QTG GTATCC TGT
CGT TAC T&:Q GCC CAA Q

BtuB L23C p-QAG CACTGT GTG TG p-QGC GGC TGT TCA
ACC AAC CAO AAA CG6G Q

BtuB S374C p-QTG GCAAAC CTG CG pGTT CCATGA CGA
CGGTT®B Q CCAACTGT®G Q

BtuB V29C p-BAC CAC CGT TTG CAl p-GGT GCA AGC ACA
CCG TCAGGATATCBAI GTGCT®B Q

BtuB V45C p-GGT CAATGATTG CC p-GAG GTC GAC TGC
GCG CCG TCT TCCB6GG CAG CGB Q

BtuB T27C p-DGC ACC AAC CTG CG pAGC ACATe CTG
TGT GAC CCG TCAGH: CGCGGE Q

BtuB Y109C p-QGT GTT GAATGT ATC p-QTG GAC AAG CGC

BtuB I80A/L85A

BtuB L96A

CGT GGG Q AAT AG@ Q

5-GTA CGC GCG AAT CT 5-GCC ATC AGC TAA

GCG GGG GTG ABT CAC CAA CAC ATG AC
GGCE3

5-TTC TGC CGA CGC TA( 5-CCA CTC ACC CCC

CCA GTT CCC TAT TGC ( AGA3'

Table2.1 ¢ Primers for BtuB mutagenesis
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2.2.1.7Preparation of plasmid DNA for sequencing

Single colonies were picked from antibiotic selection agar plates and used to inoculate
10 mLof LB medium with the same selection antibiotic as the agar plate (100 pg/mL
ampicillin). The inoculated medium was incubated for 16 hours &C3200 rpm and

the cells weresubsequentlyharvested by centrifugatioat 4,000 rpm for 10 minutes,

4 ¢ | Eppendorf 5804R Refrigerated Benchtop Centrifud¢sing awizard® Plus SV
Minipreps DNA Purification System I8gection 2.1.1)) the plasmids were purified from

the bacteria and the concentration in water was calculated usimga@odrop 1000
spectrofhotometer using the optical density at 260 nfAcs0) 0 O2 Y OSY G NI G A 2y
pn > 3 ke.[15 HE of the plasmid DNA (50 ngd/) was then prepared and sent for

sequencing (Beckman Coulter Genomics).

2.2.1.8Agarose gel electrophoresis

1L of 1x TAE buffer (Sext 2.1.11.8) was prepared, 150 mL was transferred to a conical
flask with 2.25 g agarose (1.5 % gel) and heated in a microwave until the agarose was
fully dissolved into the TAE buffer. This was allowed to cool for 10 mibefese 15uL

of 10 mg/mL ethdium bromide was added, mixeahd poured into a sealed gel mould

with a comb inserted. Once the gel had set, the seals were removed and the gel mould
containing thegel was submerged into an electrophoresis bath filled with the remaining
1x TAE buffer. Thomb was removed an20 uL DNA samples were loaded with 4 pL of
Blue/orange 6x loading dyd0 pL of kb or 100 bp DNA ladder was applied to a single
well for size (bp) determination. The gel was electrophoresed at 100 mV for ~45 minutes

and DNA stainedith ethidium bromide and visualised with a UV transilluminator.

2.2.1.9Extraction of DNA from agarose gel

Agarose gel electrophoresis was used to resolve DNA specied&fte and restriction
digests. h order to purify the target DNA and other BNragments fron the gel itself,
DNA bands were extracted using a scalpel ar@lA&quick Gel Extraction KiBection
2.1.10)was used to purify the DNA. The DNA concentration was then determined using

ananodrop 1000 spectrophotometé6ection 2.2.1.7).
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2.2.2 Protein expressan and purification

2.2.2.1Starter culture

200 mL of sterile LB medium containing 0.1 % (w/v) ampicillin was inoculated with a
single colony from an ampicillin selection plate of freshly transformed expression cells
(BL21 (DE3) for TonB constructs and TNEO12t¢kbd2npAompB) for BtuB and FhuA

The inoculated medium was incubated at €7, 200 rpm for 16 hours.

2.2.2.2Protein expression procedure for TonB constructs

1 L (x10) of sterile LB medium containing 0.1 % (w/v) ampicillin was inoculated with 10
mL of starterculture and grown at 37C, 200 rpm t@n ODsp0 0f 0.7. Protein expression
was then induced witha 2 LINR-D:EtHiiogalactopyranosidgIPTG) to give a final
concentration of 1 mM. After 16 hours incubation, selvere harvested via
centrifugation at 15,00 rpm (4°C) using a contifugeContifugé stratos) or 4,000 rpm
(4°C) for 20 minutes using a Beckman Avat#6 XP centrifuge with aLA8.1 fixed

angle rotor The cell pellet was either frozen for stora@®0 °Q in a plastic zip bag or
directly resupended (10y/50 mL) into precooled 4 °Q imidazole wash buffer (Section
2.1.11.1).

2.2.2.3Protein expression procedure for Toaependent receptors

1 L (x10) of LBiedium containind.1 % (w/v) ampicillin was inoculated with 10 mL of
starter culture of TNEO12etls transformed with pNGH15 plasmid (Section 2.1.16), or
derivatives of the plasmid expressing either mutants of BtuB or FhuA. This was grown at
37°C, 200 rpm to an @y of 0.7 and protein expression was induced with 0.15 % (w/v)
L-(+)yarabinose. Afteiinducing protein expression, the temperature was decreased to
15°C andhe culture wasncubated for a further 16 hours with shaking at 200 rpm. The
cells were harvested by centrifugation at 15,000 rpfiC4using a contifuge or 4,000 rpm

in aBeckman AvainJ26 XP centrifuge with aLA8.1 fixed-angle rotor The cell pellet

was either frozen for storage80°C) in a plastic zip bag or directly resuspended BtuB

purification buffer A (Section 2.1.11.10) at@.

62



2.2.2.4Cell lysis after protein expression

Cells wee disrupted by sonication (Sonics Vimell, 6 mm Microtip, Amp 70 %) on ice
for 10 sec on / 20 sec off for a total process time of 4 minutes. After cell disruption, the
cell debris was removed via centrifugation for 20 minutes at 10,000 rg@,(Beckran
Avanti 326 XP centrifuge with dA25.50 FixedAngle Rotor) The supernatant was
collected for protein purification, whilst the pellet was subject to subsequent rounds of

sonication which increased the yield of protein significantly.

2.2.2.5Purification ofHiss-TonB constructs by nickel affinity

The followingsteps were all carried out at@C and in the presence of 1 mM PMSF and
2 mM benzamidineThe supernatant from cell lysis was mixed with 6 mINTNA resin
(GE Healthcare) in 30 mLFalcon tube preequilibrated with midazolewash buffer
(Section2.1.11.). The Histagged protein was hand to the resin by inverting to
suspend the resin in theleared cell lysatand incubatedon rollers for 20 minutes at
4°C. The protekbound resin was pelleted bgentrifugation at 4,000 rpm, 2C for 5
minutes (Beckman Avanti2b XP centrifuge with 4S5.3 swinging bucket rotoykhe
supernatantwasdiscarded and 40 mL dahidazolewash buffer was added, mixed by
inverting and centrifuged at 4,000 rpm, “€ for 5 minutes. This wash process was
repeated three times and was followed by two elution stepsing imidazole elution
buffer (Section2.1.11.3 giving a total elution volume of ~30 mChe midazole was
removed by dialysis intpre-cooled25 mM TrisHCI(pH 8.0), 128 mM Nadl mM PMSF,

2 mM benzamidineisinga 3.5K MWCO SnakeSkin dialysis tul§irfigermo) followed by
centrifugation (4,000 rpm4e ) and sterile filtration(0.22 pm filter)to remove any
insoluble aggregate or resin. Further purification was perfornvét gel filtration using

a Superdex75 26/60 gel filtration column (GE Healthcare)(TerBconstructs)
equilibrated with25 mM TrisHCI pH 7.5, 128 mM NaClmM PMSF, 2 mM benzamidine
For TonB ¢ a gonstructs anion exchange chromatography with mL Resource S
column (GE Healthcarejuilibrated with25 mM TrisHCI pH 7.5, 128 mM NaClmM
PMSF, 2 mM benzamidirveas usedandthe pratein waseluted with a linear €0.5M
NaCl gradienbver 16 column volumesThe fractions were pooled and concentrated to

1 mg/mL (after dialysis into 25 mM THECI| pH 7.5, 128 mM NacCl) with a vivaspin column
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with an MWCO of 5 kDa (Togconstructs) andlO kDa (TonBe¢ a €onstructs). The

purified proteins weresnap frozen in djuid nitrogen and stored at20 °C.

2.2.2.6Purification ofFhuA, BtuB and BtuB mutants

The supernatant from cell lysis (2.2.2.4) was centrifuged at 45,000 rpm for 1 ht@ir, 4
using a BeckmanTOultracentrifugewith a Beckman 45 FixedAnglerotor. The pellet

(total membrane fraction) was retained and the supernatant discarded. The membrane
pellet was resuspended in 56 mL BtuB purification buffer B (Section 2.1.11.10),
homogenised by hand then uétcentrifuged at 45,000 rpm for 1 hour, °€ with the
same rotor. The supernatant (containing extracted inner membrane proteins) was
discarded and this step was repeated. The pellet was then resuspended in 56 mL BtuB
purification buffer buffer C (Section1211.10), homogenised by hand, ultracentgéd

at 45,000 rpm for 1 hour, 4C and then the supernatant discarded. (This step decreases
the amount of Triton XLOO carried over to the next stages of purification). The pellet
was then resuspended in 56 mLuBt purification buffer D (Section 2.1.11.10),
homogenised and ultracentrifuged at 45,000 rpm for 1 hour &4 The supernatant

from this step contained the extracted outer membrane proteins.

A disposablds mL DEAESepharose column was equilibrated in ®0BtuB purification
buffer E and 10 % buffer F (Section 2.1.11.10) at room temperature usigTaA prime

plus. Variation of the detergent by 0.04 % at this stage had adverse effects on the
purification; therefore was crucial. Theigernatant containinghe outermembrane
proteins was loaded onto the column and washed with 40 mL 90 % buffer E, 10 % buffer
F. A gradient of 90% buffer E /10% buffer F to 50% buffer E / 50 % buffer F was then run
over the next 65 mL. A further 30 mL of 100 % buffer F washmaugh the column
which causes the target protein to elute from the column. The chromatogram from the
DEAESepharose column gave two major absorbance peaks. The first peak eluted from
the column as soon as the gradient started and contained the majdrityeampurities.

The second peak eluted upon switching to 100 % BtuB purification buffer F. This peak
contained high purity BtuB that precipitated immediumtely after elution. To enhance
precipitation, the elited fractions were stored at 4C for 16 hoursThe precipitate was

then pelleted by centrifugatiofor 20 minutes at 4,000 rpm, 4C.
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For FhuA purification, the protein eluted with impurities at the DiSAgharose stage.
Consequently, the FhuA precipitate was pelleted by centrifugation, dissolved. i#o
6 ¢ K @G, and further purified using &uperdex 75 HR 10/30column pre

equilibrated with25 mM Tris / € LI y ®n X wMHYy -OGaThdrajorfp&ak m 272

contained pure FhuA and was used for the SMFS experiments.

2.2.2.7Growth and purification of"®N-labelled TonB for NMR

A 100 mL overnight culture in LB medium with selection antibiotic (100 pg/mL ampicillin)
was set up from a single colony of freshly transformed BL21 (DE3) with th23pE)
expression plasmid containing the TonB construct. 7.5 ntheobvernightculture was
used to inoculate 2_(x8)conical fasks containing prevarmed (37aC) 500 mL (x 8) of

M9 minimalmedium

Component g/L for 5 x stock
NaHPQ (anhydrous) 34

KRPG 15

NacCl 2.5

NH,CI 5

A 5 X stock of the M9 minimal medium salts was initially prepared and used to make 500

mL of 1 X medium in 2 L conical flasks wiak autoclavedbefore use

Before themediumwas inoculated with the overnight culture, it was supplemented with
sterile filtered 0.5 mL 100 mg/mL ampicillib mL 1 M MgSQ10 mL 20 % (w/u)-
glucose and 50 uL 1 M CacCl

The cells were grown to milbg phase (Okyo = 0.7) before 0.5 mL of 1 M IPM&sS
added to each flask to induce protein expression. The induced cells were then iedubat
for a further 16 hours at 3@C, 200 rpm before the cells were harvested by
centrifugation at 4000 rpm¥é ¢ And stored at80aC. TheN-labelled TonBonstructs
were purified as described in Section 2.5.2he protease inhibitor cocktail (1 mM pmst,

2 mMbezamiding was presenttiroughout the entire purification and the buffelused
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were all precooled to 4eC. The total yield from 4 L was ~50 mg/30mg for fenBand

TonBprespectively.

2.2.2.8Quantification of protein concentration

To calculate protein concentrations after purifiat the absorption at 280 nnwas
measured (using @&anoDrop 2000 UVis Spectrophotometdrand the estimated
extinction coefficient(M* cm?) from the protein sequenc€ExXPASy online software

Protparam) was usedReadings were typically taken in duplicated the average used.

2.2.3 Biochemistry techniques

2.2.3.1SDSPAGE

SDS resolving and stacking gel solutions (Section 2.1.11.3 and 2.ivétedfreshly
preparedand APS and TEMED were added directly before pouring the gel mixture into

a sealed clean casting chambénce the resolving gel had set, the stacking gel was

added and a comb inserted into the top of the casting chamber. Excess stacking gel was

removed using a Pasteur pipette. The rubber seals were remomedthe gel had set

and the casting chambeaontaning thegel was inserted into the cathode chamber of

an electrophoresis cell, which was then filled with 1x cathode buSec{ion2.1.11.6.

The anode chamber was then filled with 1x anode buf#edtion2.1.11.7. 10> [ th2 T

protein samplewasmixed in a 1:Xatio with 2x SDS loading buffer (Sect®i.11.5 and

02Af SR T2NJ p YAydziSaod wn >[ @ffhesinékihgigela2f dziA2y
p >[ 2F 5dzr f - GNJI wS Qatrolddgetwysialsalddd@it8a y { G yRIF N
single well for molecular weiglitetermination. The electrodes were then connected to

a power supply and 35 mV per gel was applied until the stained sample rested at the

surface of the resolving gel. The voltage was then increas&8 taV per gel and was
electrophoresed until the stain left the bottom of the resolving gel. The gel was removed

from the casting chamber and submerged into Instantblue coomassie stain (Expedeon)

and incubated on a rocking table for ~2 hours before sampkssame visible for

analysis.
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2.2.4 Surface functionahation (for singlemolecule force spectroscopy)

2.2.4.10xidisation of silicon nitride AFM probe and surface

To oxidise the surfaces of the silicon nitride AFM probe and surfaces?@utfmrom a
silicon nitride déc (Rockwood electronic material)), piranha soluti®r 0.5 M (>95 %)
H.SQ to 30 % (v/v) H.Op) was prepared and surfaces were submerged for 5 minutes
whilst the solution was still hot (and most active). The piranha solution was removed
from the surfacedy washing with purified ¥0, and dried with N The AFM probes
were submerged in the freshly prepared piranha solution for 30 seconds, washed with
purified BO then dried with M The surfaces and AFM probes were then placed on a
microscope slide inside petri dish with a hole in the lid and placed under a UV lamp

(UVllite UVItec) set to 254 nm for 30 minutes (ozone cleaning).

2.2.4.2 Aminosilanisationof silicon nitride

Oxidised AFM probes and surfaces were placed into a desiccator along with 80 4L of (3
amingpropyl)triethoxysilane (APTES) and 20 pL eldiisopropylethylamine (DIPEA)

held in separate 1.5 mL Eppendorf tube lids. The desiccator was evacuated using a
vacuum pump for 1 minute and left to incubate at room temperature for 2 hours. After
the incubaion, the APTES and DIPEA solutions were removed and the desiccator was

flooded with N and left to cure for 48 hours.

2.2.4.3Attachment of NHSPEGs-maleimide linkers

Aminosilanised AFM probes and surfaces were immersed in ~1 mL chloroform
containing 20 pL of 3 mM N-hydroxysuccinimidd’EGs-maleimide EM PEG linkers

(in DMSO) and left to incubate at room temperature for 1 hour. Both AFM probe and
surface were then washed with chloroform and dried with hh the proteoliposome
experimentsa 1:9 ratio of SMPEG:N-hydroxysuccinimidd’EGs-methyl MSPEGwas

used to reduce the fregency of multiple binding events, by reducing the amount of

available maleimide groups on the surface for the protein to react with.
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2.2.4.4Protein attachment

Protein (0.51.0 mg/mL) or ofjopeptide ligand (1.0 mg/mL) both containing an
engineered cysteine residue were deposited over the surfaces or AFM probe and left to
incubate in a covered container for 30 minutes at room temperature. Unreacted
protein/oligopeptide was then washed from e¢hsurface and AFM probe with the
reaction buffer (25 mM TrisICl pH 8.0, 128 mM NaCl).

2.2.5 Microbiology techniques

2.2.5.1Davis minimal agar plates for vitamin:Buptake assay

A sterile concentrated stock of Davis and Mingioli minimal medium salts was added to a

volumetric flask, and made to volume with purified® (the total volume of the

supplements (antibiotics, glucose, amino acids and vitamins) was subtracted from the

total volume). Agar was then added and autoclaved together with the minimal salts. The

autoclased minimal alts and agar were cooledto 0/ Ay | gl G SNJ ol G K F2NJ |
and then concentrated stocks of the supplements were added to give a final

concentration shown in Table 2.2. Once all the supplements were applied, the medium

was poured into sterile petri dishes next to arfle and allowd time to set.

Component | 2y OSY (NI GAZY

Thiamine 1

Arginine 5

Glucose 2500

Ampicillin 100

Streptomycin 25

Vitamin B2 0.1¢ 100 nM
Methionine (Control plates only) 5

Table2.2 - Davis and Minigli minimal medium plate supplements for the methionine assay

2.2.5.2Phenotype growth assay

To assess the effect mutation of BtuB upon substrate transport, the plasmid pAGL (

(or mutant) under a native promotor) was transformed into competent RK5016
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(MC4100btub metEzOargHrecA E.colicells by heat shock at42/ F2NJ on &4S02
LX I GSR 2yG2 [. &aStSOGA2y L} I GS&a &adzld)d SY¢
AO0NBLII2Y@OAY Iy Rerg2housefnfubdticdBt8AT AXy S & alARiBEE S
was selected and grown for 16 hours in 5 mLddBtaining thesame concentration of
ampicillin, streptomycin and argininethen 0.5 mL was mixed with 0.5 mL of 50 % sterile
glycerol and snap frozen in liquid nitrogen. Using a sterile pipette tip, a bead was taken
from the glycerol stock and plated onto LB seleciiates using a sterile loop. &ft42

hours of incubationat3 / = f I NHS O2f 2yAS&d 09Y9H YY RAIY
f221L) FYyR &aLINBIR 2yi2 5F@A&a YAYAYlLf YSRA
FYLAOAEEAYS wup >3kY[ &adNBLING2YBOAYZI p >3
concentrations of vitamin 8 (0.1-:100y a0 2NJ p >3k Y[ YSUKAZ2YyAy
Davis minnal plates were incubated at37/ F2NJ nH K2 dzZNE 0 ST2NB
final streaked area was analysed. Colonies that were >2 mm in diameter were
considered to have robust growth arsinaller cobnies were considered to have partial

or reduced growth.

2.2.5.3Bacitracin sensitivity growth assay (plate reader method)

Single colonies of RK5016 cells transformed with pAG1 containing eithelypéldtuB

or its variants were used to inoculate 96 well platells containing 200 pL LB
supplemented with ampicillin (100 pug/mL), streptomycin (25 pg/rbD), 100, 150 or
200 pg/mL bacitracin and for a control where TonB activity is preve@@@ug/mLTon
box pentapeptide (ETVIWas added to the mediunThe plats (Corning Costar® assay
plate, 96 well, black with clear flat bottom, ndreated, 1 cm pth length) were
incubated at 37C with 200 rpm shaking for 24 hours with @00 reading every 4
minutes (CLARIOstar® high performance monochromator multimodeptate reader

(BMG LABTECH)).
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2.2.6 Biophysical techniques

2.2.6.1Circular dichroisn{CD)

To gainsecondary structurahformation of the purified proteins, Far UV (3260 nm)
circular dichroism (CD) was performed in a 1 mm path length curvette (Hellma) using a

Jascal715 CD spectropolarimeter

200 pLof 0.05 mg/mL protein solutiowas placed intdhe cuvette and incubated &
256 / 0 S ¥-HWED spectirh Wds acquired using a 1 nm bandwidth, 1 nm timestep

and an average of 2 scans (3280 nm) was taken per sample

BtuB, BtuB mutants and FhuA were resuspended in 15 mMRakH 7.5, 1 % (w/v)

i -OG and theprotein concentration adjusted to 0.05 mg/mL.

2.2.6.2Huorescence spectroscopfequilibrium denaturation)

Forthe TonB constructa9 M urea, 25 mM TrisiCl pH 7.5,28 mM NaCl stockolution

was prepared along with a 1 mg/mL solution of the protein being analysed in 25 mM
TrisHCI pH 7.5, 128 mM Na@l0.5 MadditionalNagth CA @S ai201a 2F wmnn >3
containing 0, 2, 4, 6 and 8 M urea were prepared and usext@¢ate 40 1 mL solutions
increasing in urea concentration by 0.2 M (betwe@B8 M). The samples were then
equilibratedat 15°C for 16 hours in a circulating water béhesLabbefore analysis. A
Photon Technology International (PTI) fluorimeter wasduto monitor the intrinsic
tryptophan emission fluorescence when excited at 280.nm order to identify the
emission wavelengtthat gave the largest change in fluorescence intensity between the
0 and 8 M urea protein sam@gean emission scan was cadieutby exciing at 280 nm

and scaming the emissionbetween 290-400 nmwith the slit width set to4 nm. The
protein samples were placed in a 1 mL quartz cuvette with a 1 cimlpagth and were
sampled at 15C. The largest emission change was used fonedrive scan. Each of
the 40 samples ereexcited at 280 nm and th@verageemission intensityvasrecorded

for 60 secondswith 1 second interval The average signal was calculated for each
denaturant concentration and plot as a function of urea cartcation. A two state
transition chemical denaturant model (Equati@ril) was fit to the data using Igor Pro
6.32A (wavemetricgoftware
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where Spsis the observed signad andc are the native and unfolded bakee gradients
respectively,b and d are the native and unfolded-intercept respectively[D] is the
denaturant concentration (molarityRis the ideal gas constant (0.0083 Kdriol?), T
is the temperature in Kelvin (288.15 KJQ isthe urea-induced unfolding freenergy
(kJ mot) andMunis the denaturant dependence 8O (correlates with the amount
of protein surface exposed to solvent upon unfolding) (kJ'ivbt). The observed signal

and fit was normalised to fraction of natilyefolded protein (f) using EquatioR.2:

Y »0 Q (2.2)

Q@ To & oo

To assess the tertiary fold of OMPs (BtuByatsantsand FhuA), the OMP concentration
wasa@ dza G SR (2 n®dnnp -O6D2E MY Trikl@ pHB.0,>1280mVKNE. |
A separate protein solution was created where the buffer contained 8 M urea. Each
sample was allowed an hour at room temperature to equilibr&ie emission scan was
carried outby exciting at 280 nm andcaming the emissiometween290-400 nmwith

aslit width of 4 nm. The protein samples were placed in a 1 mL quartz cuvette with a 1

cm pah length and were sampled at 2&.

2.2.6.3Dynamic light scattering (DLS) of proteoliposomes

Theproteoliposomes from the dialysis (Section 2.2:@ye suspended by pipetting and

I w >[ &FYLXS 6Fa&a I RRSR (2 MpHCIPH 752300 FAL |
Ya Y/ X nBAniG2adaABBtl FAYlLIf fALAR O2yOSyil
I aAyYARFgyun ¢NB2at o2&l Gid 10RMIT&TCipHNB,AY 0
onn Ya Y/ t Xbuifer was mjacted ihtd ttie flow cell (prewashed with 0.1 M

nitric acid followed byurifiedHh 0 G KNR dzZ3 K | 1 ®Abaselnelin thed NA y

DLSwith fluctuations within four decimal placesasrecorded for 5 minutes beforthe
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sample ofproteoliposomes was injected into the flow celight scatteringof the
proteoliposomeswvasrecordedfor 5 minutesbefore the buffer was injectedbackinto
the flow cell for a possample baseline readinghedata was analysed using the Astra

6.1 software (Wyatt Technology).

The correlation function for a monodisperse sample is given by:

Q t 6 t A@bcaz (2-3)

where Bis the baseline of the correlation function at infinite del#jis the correlation
function amplitude at zero delay, aralis the decay rates can be convertd to the

diffusion constanD by the relation:

o = (2.4)
n

whereqis the magnitude of the scattering vector. The diffusion coefficient can be used

to calculate the hydrodynamic radiuB4 accading to theStokesEinstein equation:

o XY (2.5)

where Tis the temperature of the systeisA & . 2f G 1T YI $isDavisévgity ad !l y i =

of the medium and D the diffusion constan

2.2.6.4Size exclusion chromatograplymulti-anglelaserlight scattering
(SEEMALLS)

Size exclusion chromatography in combination with rrauttgle laser light scattering
(SEEMALLS) was performed at Diamond ligdurce beamline B21. A 2.4 mip8rdex
200 ircrease 3.2/300column connected to an Agilent 1200 HPLC system was

equilibrated with 25 mM Tri#iCl pH 8.0, 128 mM Na@b pL of 464 uM TonR awas
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injected onto the column at flow rate of 0.075 ml/min. The NMBlinstrument used was

an 18 angleDAWN HELEOS II with an OPTILab rEX refractive index monitor (Wyatt
Technology). The MAS data was processed using the ASTRA 6.1 software (Wyatt
Techrology).

The molecular weight (V) of a protein from the light scattering cdre found by the

Zimm expressiotZ

(2.6)

CO W

CY4©
l

0°®
Yy 0

whereK*is an experimental constant dependent on the square of the solvent refractive
index increment and the inverse fourth power of the incidemtvelength, c is the solute
concentration, R is the Rayleigh excess ratio of the solution (function of scattering angle
(‘ ) and solute concentration), Ms the average solute molecular weigR(, ) describes

the angular dependence of the scattered ligimda4 is the second virial coefficient in

the virial expansion absmotic pressure.

2.2.6.5Microscale thermophoresis (MST)

MST was carried out using a Monolith NT.115 series instrurfidsmoTemper) using
Alexa Fluor@88 as the fluorescent probe and a blue LHPBrf{excitation 46Q480 nm
and emission 5130 nm). The fluorescently labellecrT Boxswe peptide (Section
2.2.9)was adjusted to a final concentration of 500 nM (optimal fluorescextt@0 nM).
TonB constructs were concentrated to 1 mM using a 3MBCO Vivaspin colunmand

centrifugation at 15,000 g. The concentration was determined by ultraviolet absorbance

spectroscopyat 280 nmand an extinction coefficient of 5,500 McmL (calculated
usingthe ExXPASY ProtParam tool). A serial dilution over I®eotrations was set up
for TonB in 25 mM THEICI pH 7.5, 128 mM NacCl. This dilution series was mixed with
equal parts of the500 nM Dn BoxswsAlexa fluo® 488 and incubated at room
temperature for 5 minutes. The samples were then loaded into capidafi€002

MonolithTM NT.115 standard treated capillaries) and analysgi the LED power set
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to 95 % and MST power {IRser) set to 40 %. The normalised fluorescence frgump

and thermophoresis orm):

o

(2.7)

o) p }ﬁ YooY

<

O6KSNBE 1 Ckit¢ Aad GKS Ffdz2NBSaOSyOS OKIy3aS RdzS
in temperature and $is the Soret coefficient) was then plot against theilag the
protein concentration and theata was fitwith the Nanotemper analysis softwausing

Equation 2.8 to yield thip 173

(2.8)

where Spsis the observed signaly is the signal from unbound stat& is the signal

from the bound state[A¢] and [Bo] are the total concentrations ok and Brespectively

2.2.6.6Small angle Xay scattering (SAXS)

Size exclusion chromatography in combination with siaadjle Xray scattering (SEC
SAXS) experiments were performed at Diamond light source beamline B21. A 2.4 mL
Quperdext 200 increase 3.2/300 column connected to an Agilent 1200 HPLC system was
equilibrated with 25 mM Tri$iCl pH 8.0, 128 mM Na@l @.5 M NaCl). 55 uL of TonB
construct(10 mg/ml wasloaded into a well of a 96 well plate; the amount loaded onto

the column was 45 L. A fixed wavelength of A.(12.4 keV) was used with thera§/
detector (PILATUS 2M) placed 4 meters from the sample (suitable for particles with an

Ry <200A), the flow rate through the detector was 0.075 mL/min.

The buffer contributios were subtracted using the program SCATTER (version 3.0a) and

a Guinier approximation (Equation 2.9) of the scattering ve(iofl(q)] vs §) where

I(q) is the background corrected intensity and g is the momentumtradgsfer ' n~ aAy o' 0K
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<, where 2 isthe angle between the incident and scattered beam and the beam
wavelength) was used to estimate the radius of gyratiog)(By limiting q x i< 1.3.

Loy 1 for Y?aﬁ 29)

The pair-distance distribution function(P(r)) (Equation 2.10) is an indirect fourier
transform (due to a limited range of 1(q)) of the scattering intensity). The distance
distribution is a real space representation of the scattering data andwallthe

generation of a scattering envelope of the solute.

Al o— O nOEfiQn @19

N

where: r is thadistance vector. The maximum dimensiomgfis the vale of r at P(r) =

0174

2.2.6.7Ensemble optimisation method (EOM)

To gain structural information of the intrinsically disordered domain of fenBrom

the SAXS experimental data, the software EOM (versiort’2\@as used. EOM fits
averaged theoretical scattering intensity from an ensemble of conébions into
experimental SAXS data. A pool 19,000 independent models based upon the
sequence of TonB: a {see Appendixwith structural information (PDB: 1XX3) was
initially generated. As the prolinech linker is predicted to be intrinsically disorddrto

some extent, completely random configurations of the akglaabons (residues 3850,
including the Histag and Nterminal methionine) were created based upon the
sequence provided. A genetic algorithm compares the averaged theoretical scattering
intensity fromthe independent ensembles of conformations against the experimental

SAXS data. The conformations that best describe the experimental data are selected.
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2.2.6.8Nuclear magnetic resonance (NMR) spectroscopy

All NMR experiments and data processing weegf@grmed by Dr Theo Karamanos

(University of Leeds).

HSQC spectra of TonBa or its truncated variant (TorBg (both 10 mg/mL) were
recorded on an AVANCE Il Bruker spectrometer (600 MHz) equipped with a cryogenic
probe in the presence of 25 mM T##ECIpH 8.0, 128 mM NacCl (+ 0.5 M NaCl). 2048 and
256 complex points were detected in the direct and indirect dimension respectively.

Spectra were processed in NMRPipe and analysed in CCPN analysis.

Chemical shift perturbations (CSP) for assigned residues wa&i@ilated by the

formulal’®:

6°Y6 WO Yo (2.11)

GKSNBE pl IyYyR pb IINB GKS OKSYAOFf &AKAFAH G NRI

conditions in the proton and nitrogen dimensions, respectively.

2.2.7 Atomic force microscopyAFM)

2.2.7.1Cantilever calibration

The AFM probe (MLCT with reflective gold, Briukéth attached oligopeptide ligandr
TonBconstructwas inserted into a cantilever holder and secured. $iieonsurfaces
with attached proteinwere attached to a microscopslide with Loctite superglue and
secured to the XY scanner with magnetic bm.the proteoliposome experiments, a 1

cm mica disc was attached to a metal disc.

A droplet of reaction buffer was appligd the silicon or micasurface and was held by
surface tension. The AFM probe in the holder was mounted to the 8IBFhead
(Asylum)and approached towards the surface until the probe was fully submerged in
the buffer droplet. Using theuilt in optics, the laser was positioned to the tip of
cantilever D rhanufacturersspring constant: 30 pN/nm) and the deflection was set to
zero using the PD disc. The cantilever was engaged using the Asylum Research software

(MFP version 11), engagement cauZgsezovoltage maximg+150),an indicationof
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full Zpiezo extasion andzerosurface contactUsing the thumb wheel on the MED

head (Asylum), the cantilever as approached to the surfaceh@ zvoltage was
adjustedto70z | A adzNAy 3 (GKFdG GKS LIAST 2 gla Ay O
constant calibratia was carried out as a twstep procedure: determining the slope of
contact from a force curve to find the sensitivity of the cantilever (nm/V) and then
performingthe nondestructivethermal tune to determine resonant frequency of the
cantilevet’’. A single forcextension plot was recorded with the trigger (amount of
deflection the cantilever undgoes before retraction) set t80-40 nm, which yes a
quantifiable deflection slope. The slope of the contact region (inverse optical lever
sensitivity (InvOLS)) was measured by a linear fit. The cantilever was withdrawn from
the surface and the deflean wasset to 0. A thermal tune was carried out to detect the
natural thermal fluctuation of the cantilever by performing ~50 frequency sweefis (0
MHz). Thenaturalfrequency (first major resonance peakasselected and a Lorentzian
function was fit. Thearea of the thermal fluctuations (P) is used to find the spring

constant k) using Equatio.12

w 0Y (2.12)

¢KS aLINAy3a O2yaidlyd ol a Ftglea ogAidokeAy SN
RFEGF O2ttSO0A2yd | 221SQa [g 09ljdzr GA2Y H

(P to the cantilever with a known spring constant by the deflection (or extension (

“O '?'Q (b (2 . 13)

2.2.7.2Datacollection for Ton box peptide unbinding experiments

Thefeedback loogriggerpoint was set to 10 nnthe retraction distancewasset to600
nm, approach velocitwasa S & (i 2duning dat¥ &ollection and kept constamhilst
usingvarious retractionvelocities and sample rased mn 1 | 1s? vieléciy). Bhy

buffer on the sample surface was replenishieztjuentlyto prevent evaporation, which
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wouldvaryi KS bl / f O2yOSY iGN} GAZ2Y I YR 2RiMBOGKS &l YLIX
(100x6 arrayppproachretract cycles were taken to maximiseirfacecoverage, and
between force maps thé&FM probewas repositionednanuallyusing the XY scanner.

The retraction velocities used this studywere 200, 500, 1000, 3000 and 5000 nms

2.2.7.3Data collection for proteolimsome experiments

Thefeedback looptrigger point was set to3-4 nm with a 0.51 s surface dwellthe

retraction distancewasset t0 0.50.6> Y= | LILINE wask S@ S i ZOuking& Y a

data collection and kept constanthilst usingvarious retraction velocitie$200, 500,

1000 and B00 nms?, (wildtype BtuB only)anda sample rate2 ¥ wmn {IsT LISNJ >Y
velocity. For thecrosslinked BtuB ariants,destabilised plugubdomainand FhuA the

retraction velocity used was 1000 nrhsForce maps ofi 1 2with 500-1000 force-

extensions were taken to maximiseirfacecoverage

2.2.7.4Data processing

Allforce spectroscopgata was analysed using IGOR @r@2Awith an Asylum Research
extension(MFP3DXop v30)

The hard contact (0 nm) and baseline (0 pN) of all the festension retraction traces
were manually setby taking a section of the hard contact or the retraction with no
events and setting the ze to the centre of the data (force baseline has a thermal noise
of £ 10 pN)The WLC model (with a fixed persistence length of 0.4 nm) wasafitially

to allunbinding events that arparabolicby inserting locks at the apex and the base of

the curve andecording the contour length §Land extension (X)Figure 3.1Q)

Forceextension profiles were binned for analysislif the data fited to the WLC model
(single molecule events should display WLC like behaviour where thedistesmce
profile is notlinear)and 2) the contour length wagreater than theengthof the PE&
linkers used. Foboth the TonB ¢ a:§on Boxws and TonBrsTon boxws experiments
fewer than 0.1% of force curves showed more tlwaye event. This indicates that there
are nodetectableunfolding events for either protein domain prior to dissociation of the
bound complexSingle Gawsan distributions were fit to unbinding force and contour

length histograms in order to determine the most probable force and contour length at
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rupture for each retraction velocity investigated. For each pulling velocity used, data
were collected in triptate (using a freshly prepared cantilever for each repeat) to

calculate the modal value and its average error.

Loading rates were calculated by fitting a WLC model to the rising edge of each
unbinding profile when plotted as foec versus tipsample sepation. The
instantaneous gradient of this fit at rupture (Wdsge) was calculated by inserting the
derived contour length and extension at rupture into a differentiated form of the same
equation (equatior?.14).The loading rate at rupture was then obtah by multiplying

this value by the retraction velocity.

QY P P (2.14)
v

where; p is the persistence lengthgis the contour lengthxis the extensionkBis the

Boltzmann constant andi$ the temperature.

The natural logarithm of the mean loading rate {iNat each velocity was plot against
the mean rupture force (N) which gives a linear relationship (dynamic &peetrum).
The BeHEvans modéf? (Equation 1.2yvas rearranged to use the gradient of the linear
fit to calculate the distance from the transition state)) (Equation 2.15) and the-y

intercept for the off ate at zero forceQ ) (Equation 2.16).

0 "Y (2.15)

P l')‘ Y AN 2.16)

To calciate the error of Q  and thex,, manual bootstrapping was carried out, where

a single data point was withdrawn from the triplicate results and a linear regression was
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used to extrapolate théQ and x,. This was performed for allf the data set, the

average was taken for the values and the standard deviation was used for the error.

2.2.8 Formation of proteoliposoms and mica immobilisation

TonBdependent receptors were inserted into a lipid bilayer at a high density by
solubilising the pecipitated receptor (0.1 mg) in 200 pL 25 mM “HGI pH 7.5, 128 mM
NaCl, 1 % (w/\M)-OG as previously describg8l The lipids (0.2 mg. colipolar lipid
extract (Avanti)) were dried from a chloroform stock (10 mg/mL) using a nitrogen flow
and solubilised with the protein and detergent by pepitting. The ligand for the receptor
(cyanocobalamin (synthetic vitamindgBfor BtuB and ferrichrome for FhuA) was added
to the buffer to be in 100 molar excess of the receptor. The components were then
placed into a 200 pL 1?4 kDa MWCO dialysis bag-t(ibe dialyser mini,(Merck
Millipore)) and dialysed against 300 mL of detergémte adsorption buffer (Section
2.1.11.11) for 7 days at room temperature with daily buffer changesattach the
proteoliposomes to micathe concentration of lipid was diluted to 0.1 mg/mL in the
detergentfree | R4 2 NLJi A 2y 0 delaFpSdet dvef B 1 enpdisc of freshly
cleaved (using scotch tape) mica and incubated for 30 minutes at room temperature.
After the incubation, the unbound proteoliposomes were thoroughly wasinech the
surfaceby pipetting 25mM TrisHCI pH 8.0, 128 mM NacCl over thea

2.2.9 Covalent labelling of proteins

The Ton box peptide from BtuB (sequenP&TLVVTANESWSCTon box residues in
bold) was fluorescently labelled witAlexa Fluor® 488 Galeimideby creating a 1
mg/mL solutiorof the peptide in 25 mM TrBICI pH 7.5, 128 mM NaCl and titrating 100
pL of 10 mg/mL dye dissolved in DMSO. This was then stirred for 16 hours at room
temperature in the dark. The reaction mixture was then loaded onto aegpglibrated
Superdex peptideHR 10/3Qyel filtration columrequilibratedwith 25 mM TrisHCI pH

7.5, 128 mM NaCl. Thaeaks from thechromatogramwere then analysedy liquid

chromatography electrospray ionisation mass spectrometry5041S)
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2.2.10Molecular dynamic simulations

All molecular dynamics (MD) simulations in this study were performed using NAMD
(v2.1037° and the CHARMMZ27 force fiéfd The systemwas prepared usingyMD
(v1.9.238L.  1-palmitoyt2-oleoytsnglycere3-phosphocholine (POPQyas used to
model the lipid bilayer, the pameters for vitamin B were obtained from Gumbait

al'®?, whereas the TIP3P force field was used for wéteThe Xray crystal structure of

BtuB in complex with TonB and vitamin, DB 2GSK), including calcitons and
crystal waters, was inserted into the homogenous POPC lipid bilayer placed in the XY
plane. The dimension of the simulation box was 100x100x300 A. A total of 100211
molecules of TIP3P water, 1492and 141 C& were then used to fill the simulatn

box. The total system comprised 342,843 atoms. The simulations were conducted using
periodic boundary conditions. The bonds between hydrogen and heauypsatvere
constrained with SHAKE The rRESPA multiple time step meth&t was employed

with 2 fs for bonded potentials, 2 fs for shadnge nonbonded potentials and 4 fs for
longrange nonrbonded potentials’®. Longrange electrostatic interactionswere
treated with the mrticlemeshEwald (PME) methd®. The distance cut off for nen
bonded interactions was set to 10 A, and a switching function watieabto smooth
interactions between 9 and 10 A. All simulations were conducted in the NPT ensemble.
The temperature was set to 300 K and regulated vieaagevin thermostat’; the

pressure was set to 1 atm and regulated via atr@uic Langevin piston manostét.

A multigage equilibration was used to relax the system. Initially all of the atoms except
water and ions were fixed. 2000 steps of conjugate gradient geometry optimization
were initially conducted. After energy minimization, the system was simulated for 1 ns
to equilibrate the solvent around the protein and membrane. Next, the membrane was
relaxed around the protein by removing the restraints on the fatty acid tails for 1 ns, and
keeping the protein and vitaminBatoms restrained to their initial positions by glging

an harmonic potential on the heavy atoms using a force constant of 1 kcalAfhorhe
protein and ligand was then gradually released over the next 3 ns by decreasing the
force constant to 0.5 kcal/(mbR). Finally, all restraints were removed aihe system

was equilibrated for 10 ns. The final structure from the unrestrained MD trajectory was

used as the starting point in the pulling simulations. The pulling was performed by using
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the steered molecular simulation (SNBodule as implemented in NAD"®, In a SMD

simulation, a selection of atoms are connected to an ideal spring with an elastic constant

and pulled apart at a constant velocity. The SMD utaion was performed by

restraining the phosphate head groups of the upper bilayer leaflet to its initial

coordinates (to prevent the membrane being dragged) and extending a harmonic spring

FddGF OKSR (2 SAGKSNI GKS ¢2y VR&az2ZFF. Gd2z/. 06 NB D
residues of TonB). The spring constant was set to 0.5 kcatABownhile the pulling

velocity was set t®.5 A/ns along the-direction. The trajectories of the simulations

were analysed using the software: wordom, VMD, MEWigin ¢ 1.1) and MDAnalysis.

The Root Mean Square Deviation (RMSD) is defined as:

) ® ©® ® ¢ « (2.17)
YO YO

wherei refersto the atom, x, y and z are the atom coordinates and N is the total number

of atoms.

The Membrane Thicknessol of the MEMBplugin softwareneasures the distance (A)
between two density peaks, formalised as the first and second central moment of the
massdensity profile of phgshorus atoms along the membratfé The position of the
membrane protein within the membrane (centre of mass (COM) difference) was
calculated using script kindly provided by Bob Schiffusing theMDanalysisoftware

The centre of mass of the protein (BtuB) was calculated and the average centre of the
membrane. The average difference between the two centres was thkulated over

the trajectory.
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3 Biophysicaknalysis of TonB and the influence of the

proline-rich linkerdomain

3.1 Objectives

The primary objective of this thesis is to test the feasibly of the pulling model of-TonB
dependent transport. The known biophysical properties of the periplasdomain of
TonB (residues 3339) are limited, therefore in this chapter a thorough structural and
biophysical characterisation is performed on TonB constructs with and without the
proline-rich linker domain. lngsidethis characterisation, the strenlgtof the TonB:Ton
box interaction is testedn vitro using singlemolecule force spectroscopy, providing
evidence thatthisnot®2 @ £ Sy & Ay G SNI O Astrahd aa@riRriatian S R

can withstand forces that can remodel folded proteins.
3.2 Results
3.2.1 doning and purification of TonB constructs

3.2.1.1Cloning recombinant TonB fror&.coli

PCR was used to amplify Taa (TonB missing the transmembrane domain (residues
1-33)) and Ton&rp(the structured @erminal doman of TonB (residues 14739))from
the tonB gene ofE.coli BL21(DE3Figure 3.1)
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i ls proline-rich linker domain
on
ATMD TonBCTD

Figure3.1 ¢ Sequence and structural schematic of TonB finaoli The blue text indicates the

TM domain, black text the prolirech linker domain and pink text the structuredt€@minal
domain. The bold red textlenotesthe start position of each construc{TonB ¢ » 4433 and
TonBpP145). The schematielowshows the location of the truncation sites, TM domain (pink
cylinder), the PE/PK repeats (pink box) and the NMR solution structure (PDB: 1XX3) of the
structured Gterminal domain is shown by cartoon represation.

Primers were designed to include an-t&fminally located cysteine for surface

attachment for force spectroscopy expments. Constructs containingysteine are

designated TonBwvo(V32C) and TorB{K144C) The primers also includeddeland

XholreA G NA OGA2Y aA0Sa G pQtag af Re NefmindsBai LISOG A BST &
purification. The primereqguences are shown in Table 3.1 and the protein sequences

are shown in the Appendix (Section 7.1).
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TonBr{K144C) Forward | PRATTTACABARTCGATCACOEACCATCGGAGTCGGT
TACCAGTGTGGCTTFCA

Reverse | PEGAATTTEGN CGAG ACTGAATTTCGGTGGTGCCETT,
TonBm(V32C) Forward | PRATAATTABARTGCATCACCATCACCAGBGGUEGTATCA
GGTTATTGAACTACCTGC
Reverse | PEGAATTTEGN CGAG ACTGAATTTCGGTGGTGCCETT,

Table 3.1 - DNA Primers used for PCR gene amplification of TonBtroots for force
spectroscopy experimenttlnderlined text indicates the restriction sites, green text is the start

codon, blue text is the Higag sequence, red text is the engineered cysteine and italic text is
the sequence ofonB.

Q5® PCR was usetbr TonBt{K144C) (Figure 3.2A) and Vent PCR was used for
TonBrvo(V32C) at three differeniMgSQ concentrations (Figure 3.2B). PCR products
were analysed by a 1.5 % agarose gel stained with ethidium bromide to confirm
successful amplification. Topkin(V32C) was initially ligated into a pGHMEasy vector
(Figure RC), béore insertion into a pER3a(+)vector (Figure 3.2D). TosB{K144C),

was directly ligated into a pEZ3&a+) vector from the PCR amplification. The constructs

were confirmed by DNA sequenciaging T7P primer
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Figure3.2 - Agarose gels (1.5 %) stained with ethidium bromide showing the stages of cloning
of the tonB gene product fromE. coliand insertion into pER3a(+) expression vectof) The

amplification of TonBrp (312 bp) by Q® PCR, L is théadder. B) The amplification of
TonB ¢ a(}/32CJ678 bp) by Vent PCR under increasing concentrations of M@®® 4 contains

no MgS@. C) The cleavage of pGHMEasy vectors containing protein inserts. Lanes 1 and 2
contain pGEMI Easy3015 bp)with TorB,rmo(V32C) insert digested with Ndel/Xhol restriction
enzymes.The unlabelled lane contains a construct not used in this thBgighe cleavage of
pEF23a(+) vectorg3666 bp)with TonBrmp(V32C) inser{678 bp) Lane 1 contains pEZBa(+)

with TonBrmp(V32CYligested by Ndel/Xhol restriction enzymes.

To prevent the engineered cysteines in the TonB constructs for AFM attachment forming
covalent homodimers during biophysical characterisation, ®Q%itedirected
mutagenesis was subsequently used to delete tlysteine in both TonBux(V32G and
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TonBtdK144Ctonstructs. Table 3.2 shows the DNA primers designed for mutagenesis.
The constructs without cysteine are designated T,anBand TonBtp Sitedirected
mutagenesis was performed using the &SiteDirected Mutagenesis Kit (&&n

2.1.10) and the method described in Section 2.2.1.6.

TonBrmon O& & Forward | CATCAGGTTATTGAACTACCTG
Reverse | GCCGTGATGGTGATGGTG

TonBmn O& & Forward | CCGGTTACCAGTGTGGCT
Reverse | TCCGTGATGGTGATGGTG

Table3.2 ¢ DNA mutagenesis primers for the removal of the engineered cysteine in the TonB
constructs for AFM attachment.

3.2.1.2Expression and purification of TonB constructs

TonBconstructs (both with and without the f&rminally located cysteine) in pEBa(+)
were transformed intde.coliBL21 (DE3) cells and protein expression was carried out as
described in Section 2.2.2.2. The proteins were purified usifg batch purification

as described in Section 2.2.2.5. At each step of the purification, a samplakeasfor
SDSPAGE analysis (Figure 3.3A and C), which confirmed the presence of the TonB
constructs. After removabf the imidazole by dialysis, centrifugation and filtration to
remove any insoluble material, the TgnBa eonstruct ¢ cysteinelas furtherpurified

after NENTA purification using Resourca S 6 mL cation exchange colurffrigure
3.3B). The purity of the eluted protein was confirmed by-8BSE (Figure 3.3A, lane 7).
For the TonBrpconstructs £ cysteine)a { dzLJS NR $Hiord 26/§0gel fitration
columnwas usedor further purification (Figure 3.3D). The purity was assessed by SDS

PAGE (Figure 3.3E), confirming the successful isolation oonB
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Figure 3.3 ¢ Analysis of TonB purificatidinom E. coliBL21 (DE3)A) SDSAGE of TonBo
purification steps: Lanes3 are the three wash steps in imidazole wash buffer (Section 2.1.11.1)
when TonBruwpis bound to the NNTA resin, lanes 4 and 5 are two elution steps using imidazole
elution buffer (Section 2.1.11.2) and lane 6 and 7 are peaks 1 and 2 respectively from cation
exchange chromatography (B). Tanlis 23.6 kDa in size, however the presence of the preline
rich linker domain (residues: 710D2) gives an apparent mass of 36 ¥DB)Cation exchange
chromatography of TonBwousing a Resouree6 mLS cation exchange column and eluting with

a 1 M NacCl gradient. Peak 2 from the NaCl gradient contains purg §e8B) SDBAGE of the
purification steps offonB:s Lanes 1 and 2 contain the cell lys§1#10 dilution) lanes3-5
contain wash steps and lanes 6 and 7 containittieazole elutiorsteps. TonBrpis 11.7 kDa in
size.D) Size exclusion chromatography andIB)SPAGE analysis of the peaks from the final
stage of TonBrppurification. TonBrpelutes in peak 4) and pd& 5, which is confirmed by SDS
PAGE (numbers over the gel correspond to the peak number in the gel filtration chromatogram

in (D)).
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3.2.1.3Spectroscopic analysis of protein fold

To ensure that the TonB construat®re correctlyfolded (only constructs withouthe
engineeredcysteine were analysed) after purification and were in agreement with
previous findings secondary structure analigs was carried out using Fav CD

spectroscopy (Figure 3.4A).
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wavelength (nm)

Figure 3.4 ¢ Qrcular dichroism ofTonB constructsA) FafUV CD spectra of purified TonB
constructs (TonBe a ked, TonBrpblack) with HT below. TopRipcontains a distinctive minima

at 205 nm, which is representative of a polyproline helix type Il (PPII) from the periplasmic
spanning domainThe spectra foifonBrpis distinct from TonB¢ » &nd is consistenwith the
YAESR h ki the RNVB2soldich&tru@ufe. B) FarV CD spectra of TonBegidues 56

126 (prolinerich linker domain)), taken fromeference'®. C) FatJVCD of a truncated TonB C
terminal domain (residues 17239), which is five residues shorter than the construct that gave
the intertwined homodimer Xay crystal structure (see inset), spectra taken fr@ference*..

The results of the fatJV CD secondary stoture analysis show that the TonBas
spectra is dominated by the signal @PPIl helix, represented by the signal at 205 nm
(Figure 3.4An agreement with the CD spectra of the periplasmic linker doraline
(residues 56126) (Figure 3.4B%. Thespectra of theGterminal domain (TonBm
residues 147293) isdifferent to the truncated @&erminal domain construct (residues

170-239)(Figure3.4C).The signal at 208m is not visible for th& onBctpconstruct used
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in this studyg KA OK K I dhelital cbrnest $hatd thie truncated intertwined dimer
(Figure 1.10).

To investigate whether the TonB constructs maintain tertiary structure after
purification, intrinsic tryptophan fluorescence was monitored using a Photon
Technology Insument (PTI) fluorometer. TonB contains a single tryptophan (W213)
within the hydrophobic core of the periplasmiet€minal domain. Usinghe method
described in Section 2.2.6.2n emission spectrum (2900 nm) from a 280 nm
excitation was carried odor both TonB constructs8 M urea (Figure 3.5). The decrease
in fluorescence in 8 M urea and redshift ¥ 322 to 348) was indicative that W213
was no longer packed into the hydrophobic core of the TonB globttkmn@nal domain

in both constructs. The spectroscopic data provides evidence that Botigtpand

TonB ¢ agoONnstructs retain secondary and teaty structure after purification.
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Figure3.5 ¢ Intrinsic tryptophan emission spectra to assess the folding state of the structured

Gterminal domain in both TonB constructs after purificatibnd ¢ 2 ¥ arqu 8)aronBCTD in
the absenceline) and presence of 8 M urea (dashes

3.2.2 Binding affinity of TonB constructs to Ton box from BtuB

Before carrying out singimolecule force spectroscopy experiments on the interaction
between TonB and the Ton box peptideorfr BtuB ((Ton baxg sequence:
PDTLVVTANEBRSWSQesidues in bold are the Ton k), microscale thermophoresis
(MST) was performed to ensure the purified TonB construee capable of binding
the synthetic peptide.
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TheTon boxwes peptidewas fluoresently labelled with Alexa Fluo#B8 G maleimide
using the method described in Section 8.2ZThe chromatogram frorthe gel filtration
chromatography step of peptide labellihgd two major peaks (FiguB6A), peak 1 was
analysed by liquid chromatogrhp electrospray ionisation mass spectrometry-g.&
MS). The masspectrum (Figure 3.6B) containéd/o major species: a 2303.86 Da
specieswhich was the correct mass of the Ton kapeptide (160476 Da) attached to
Alexa Fluor@&88 G maleimide (698.6 Da). The other speciesntained an additional
53 Dain mass and accounts foR5 %of the sample. This additional weiglikely arises
from metal ions (possibly Fe) chetey to the peptideAlexa Fluor&88 G maleimide

conjugate, as Alexa FlWis knavn to bind metal ion¥.
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Figure3.6 ¢ Purification of the Alexa FIlu@488 labelled Ton bexes peptide. A) Size exclusion
OKNR Yl (2 3NJ LIK& dza Ay BR 10/30{gdklfiBandr Sdiumn (S&stlalii A 205
column ofthe Ton boxws peptide labelled with Alexa FluB488 G maleimide. The labelled
peptide eluted from the column at 13 mL and is represented by the first absorbance peak in the
chromatogram. B) LE$MS of the first absorbance peak in the chromatogram (A), the major
species corresponds to the correct size of the labelled peptide (2303.7 Da), the second peak is
likely an adduct on the Alexa Fl®r

The binding affinity of the fluorescently labelled nTboxwe peptide to both TonB
constructs was assessed using MSéction 2.2.6.5)The results are shown in Figures
3.7 and 3.8 with th&pvalues in Table 3.3. The results demonstrate that the JanB
construct has a similar binding constant to the TefBonstruct, indicating that the
proline-rich linker does not affect the binding properties of the structurete@ninal
domain. TheKp values reported are within the same order of magnitude tottha
previously found with isothermal calorimetry with Ton B@xand the same TonBo

construct (36 M),
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Figure 3.7 - Normalised MST fluorescent signdlED: blue, 95 % power) for different
concentrations of the TonB constructs (labelled) and 250 nM of ToxaFluor&488. The

IRlaser (40 % power) is activated at t =5 s, and is active for 30 seconds ipefcireation at t =

op a® ¢KS RATTdza A 2rvheh th& dordpeNiSfandedy OS0 A a 3INBL G
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Figure3.8 ¢ Measuring the binding constant of the Ton beaxto TonB constructslot of the
Form[1/1000] (see Section 2.2.6.5) over the log of the TonB construct concentration (nM). The
solid lines show the fit using the law of mass actiéquation 2.8)o yield theko.
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Ko (LM)
TonB ¢ as 8.4+ 0.3
TonBTp 14.1+0.8

Table3.3 - Equilibrium binding constant values from MST

3.2.3 Assessing the mechanical strength of the TonB:Tonga@x

interaction
¢tKS ¢2y.Y¢e2y o02E Ayl SNI Odirand gugniedtation $h& sk § SR
predicted to be forceaesistant To test this hypothesis a singi@lecule force

spectroscopy experiment (SMFS) was desigRaglre 3.9.

laser

O
“ detector
AFM probe .

proline-rich linker domain

silicon nitride
surface

Figure3.9 ¢ Schematic of the SMFS experimental set up to assess the strength of the TonB:Ton
boxswe interaction. The complex will be brought together by approaching the AFM probe

towards the surface which is covalently labelled with TonB{pink) byheterobifunctional
PEG linkers (black). The Ton hax (blue) is attached to the cantilever ing the same
chemistry. Withdrawing the AFM probe will propagate force onto the interaction, and the
amount of force required for dissociation will be investigated. The cartoon structure
representationof the TonB:Ton bexscomplex is from PDB: 2GSK.

TheTon boxwspeptide was immobilised onto a silicon nitride AFM probe using flexible

heterobifunctional PEG linkers (SNPEG) (see Section 2.2.4). The TonB constructs
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(containing cysteine) were attached toderivatisedsilicon nitride surface using the
same chemistry. The binding partners were brought together by approaching the AFM
probe in buffered solution (see Section 2.2.7.2) towards the labelled surface (trigger 300
pN, dwell O s), and then the interaction was mechanically pulled apart by withdrawing
the probe from the surface at various velocities (ZD0 nms). To ensure sufficient
surface coverage, 20m? force maps with 600 force cycles (approach and retract) were
taken, and the cantilever was repositioned to a new area between force mapsgtmesn
adequate surface coverage and maximise the number of unbinding eiretite data

set). A typical data set at a single retraction velocity contardd@ce maps, depending

on the hitrate. Approximately 1 in 10 approagietract cycles resulted in #rue
unbinding even{(Figure 3.10A)All detected eventsvere manually fit to the worrdike
chain (WLC) modéEquation 1.1)where the persistence length was fixed (0.4 nm), the
hard contact was used to identify the zero distance and the retraction lpeseias used

to zero the force (Figurg.10A.
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h 50 nm

Figure3.10 ¢ Example forceextension traces from SMFS experimet$An annotated force
extension trace with the WLC fit from the SMFS of fenByvith Ton boxws. The hard contact
(probe pushed againshe silicon surface) was used the zero for the extension scgfem) and

the zero force level was set to the retraction baseline after rupttitee WLC model with a fixed
persistence length (0.4 nm) fi$ to the curvature of the rupture peak by applying locks to the
apex and the base of the peak (green circles). From the fit, a contour leRp#m(Lstiffness
(WLC slope, see Section 2.2.7.4) are extrapolated. The amount of force required to break to
complex is shown. The WLC fit was performed manually using lgor Pro 6.32A (wavemetrics) with
an MFP3A AFM software add on (Asylum ResedByhx exampleforce-extension trace with

no events C) An example of nspecific tipsample interactions with a lime forcedistance
profile.

Detected events for tggample separation values of less thBdnm were in general
found to be consistent with nospecific tipsample interactions and displayed a linear
force-distance profilgFigure 3.10CJorceextension pofiles were analysed if the foree
extension profile was parabolic and fit well to the WLC model with a fixed persistence
length of 0.4 nmTheTonB, ¢ a:3on box experimendisplayedewer than 0.1% of force
curveswith more than a singleupture peak Thisindicates that there are no detectable

unfolding eventsn TonRB ¢ a prior to dissociation of th&on boxws

Analysis of ~400 of the foreextension profiles (per velocity) allows quantification of
the mechanical strength and the enid-end length of tle complex (Figures 3.11, 3.12
and 3.13and Table 3.1
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Figure3.11 ¢ Example dissociation events for four different retraction velocities (200, 500,
1,000, and 3,000 nrhY from the SMFS of TopB » with Tan boxswes Black lines show the WLC

fit, red traces are from the approach and blue traces are from the retraction. The extrapolated
contour length for each fit is shown. The dashed grey vertical lines represent the average
contour length for the whole daset.
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Figure3.12- Forcefrequency distributions for th&onB ¢ a:3 on boxwedissociation eventwith

fits to a single Gaussian distribution for the five pulling velocities (200, 500, 1000, 3000, and
5000 nm&?) used in this study. Histograms contain the full triplicate data collected.
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Table3.4 ¢ AFM data of the unbinding of TonRofrom the Ton box of BtuB at various retraction
velocities Forcevalues were calculated by plotting the distribution of events and fitting with a
Gaussian to obtain the mean valu€he error on the average is the range of the triplicate
averages.

200

500

1000

3000

5000

NEFPFWNREFPWONPWONEWDNPRE

w

97



200 nms” 500 nms”

100
47 nm 44 nm
§ = 75
o 80 nm nm
-
9 0
. A‘ /X(\
1000 nms™ 3000 nms™ 5000 nms™
100 49 nm ”
nm 45 nm
e
o 50 79 nm 72 nm )/fn}\‘m
o 69 nm
=) 1 i
o
o
[

0 20 40 60 80 100120 0 20 40 60 80 100120 O 20 40 60 80 100120

contour length (nm)

Hgure 3.13 - Contourfrequency distributions for th@onB ¢ a:3on boxws dissociation events

fit to a doubleGaussian distribution for the five pulling velocities (200, 500, 1000, 3000, and
5000 nm&') usedin this study. Individual Gaussians are shown below. Histograms contain the
full triplicate data collected.

Combining these data in a scatterplot allows the specificity of the interaction to be

assessed by the presence (specific) or absencegpenific ¥ -4 KRG Ay RAOI 0AGS
correlated forces and distances (Fig@a4). A bindingdeficient variant of Ton bexs

(L8P} was used as a control to assess thedficity of these measurements. In
experimentswith Ton boxwgL8P) random events at a lower hit rate were observed

with no hotspot observable in the scatterplot (Figudel4 bottom panels
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Figure3.14 - Force spectroscopy data (rupture force and contour length) pletagerplotsat
three different retraction velocitiesf Ton boxwsor the Ton boxws L8P peptide unbinding from
TonB ¢ a.sEach contour map contains all filtered data reflecting simyédecule dissociation

events after 1200 surfage LILIN2  OKS& 2@SNJ I fF NBS &adzNFI OS
unbinding events are lost in the L8P mutant which confirms that thetyjid data is specific to

the TonB ¢ a:d0on boxwsinteraction The hit rate (HR) is shown in the inset of each geamh
denotes the percentage of approach/retract cycles that result in f@xtension profiles that

meet the criteria discussed in Sectior2Z.4.The points were binned by a contour length of 5

nm and force of 10 pN, the number of points that occupy a quadrant are indicated by the colour
of the contours.

Loading rates were calculated by fittitige WLC model to the unbinding event of a
force-extension plot (Figur@.104). The instantaneous gradient of this fit at rupture
(WLGiope) Was calculated by inserting the derived contour length and extension at
rupture into a differentiated form of the same equatioBg{ation 2.14). The loading

rate & rupture was then obtained by multiplying this by the retraction velodtiy: each
retraction velocity used, force and loading rate frequency histograms were used to
obtain modal values, and the average of triplicate values was taken for each velocity.
The natural logarithm of the loading rate (Ysplot against the rupture force (Nagea

linear dependence of force against loading rate (Figure 3.15). A linear fit was used to
extrapolate the off rate at zero forcé& ) using Equation 2.16 and with Equation

2.15, the errors were calculated using the bootstrapping met{telction 2.2.7.4)
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Figure3.15 - The dynamic force spectrum (a plot of rupture for@¥sus the natural logarithm
of the force loading rate (pN$ of the TonB ¢ a:30n boxwsinteraction.The error bars show the

range of measurements from the triplicate mean. Data is fit to a linear regression (red line). The
dynamic force spectrum ohined for the highly avid E9:Im9 (E9 crbisked between residues
20-66) is shown fo comparison (dashed blue liff8) The units forx, andQ are A and &
respectively.

The resultant dynamic foecspectrum reveals that rupture occurs at-832 pN (Figure

3.15) at the relatively high loading rates applied using AFM. This is a remarkably strong
interaction for a complex with a relatively low affinity. For examplesimilar loading

rates, the dissoiation of E9p66:lm9 (o = 1G4 M)!%8 and an antibody and its epitope

(Ko = 10° M)*®* occurs at force of ~100 pN and ~160 pN respectivellyhas been
LINS QDA 2dzat & &adza33SadSR - iskand in Rel28VR (stauctuieko§ | RRA G A 2
TonB o (Figure 1.10C)the association rate could be slow (as conformational
rearrangement would be required for Ton box binding), which is whykiheor the
interaction is in the micromolar range (slassociation, slow dissociatidf) Using the

AFM derived dissociation rate and the MST derived binding constant fds, ta,sthe
calculated association rate of the Ton baxis 1¢ M st which is 4 orders of magnitude

slower than the theoretical diffusieiimited biomolecular collision raté

Interestingly, the forceextension profiles, distance histograms and scatterplots of these
data all reveal that while dissociation occurs at a single force, two distributions are
evident for the endto-end length of the complex at rupte (see Figres 3.13 and 3.14

with Gaussian fit valuesf 47 + 2 and 76 = 3 nnThesemeasuredengthssuggest the
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presence oboth a compact form and extended form of the prolinieh linker domain

of TonBwithin the structured ensemble.

As shown in Fige 3.16, the lengthsfathe PEG linket8® and the structured TonB-C
terminal domain in complex with the Ton box of BtuB (PDB: 2GSK) are known, therefore
by aubtracting 24.5 nm from the most probable contour lengths observed gives the
length of prolinerich linker domainunder extension The data shows that the linker
domain predominantly exhibits a22 nm length under force; however the less
frequently observd longer linker length is 45nm. The linker domain contains 118
amino acids, if this assumed an unstructured chain; the length wougtBenm in good

agreement with the observed contour length distribution.

9.5 nm
| 9.5 nm 55 nm
=
5.5 nm ©
proline-rich
I linker domain
c
B 51.5 nm
proline-rich
linker domain 22.5nm
PEG; 9.5 nm 9.5 nm
F —— Se——

Figure3.16¢ Individual lengths of each component of the syst@ime known length of the PG
linkers (9.5 nm), TorBsTon box complex (5.5 nm) are shown. Additional length observed will
be from the prolinerich linker domain, the two lengths obwed are shown which are
consistent with a compact and extended form.

To confirm that this bimodality did arise from the prolirieh linker domain, rather than

the structured @erminal domain being unfolded at a force below the sensitivity of the
AFM eyeriment (~20 pN), the TorB{K144C) construct missing the linker domain
(Figure 3.1)was used for the SMFS experiments using the same method as for

TonB ¢ a(¥32C). The results clearly show that the bimodality is lost when the linker
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domain isremoved;however the rupture force is the same, indicating that the proline

rich linker domain does not affect the strength of the interaction (Figure 3.17).

301
200
257 22.4 nm
1501
20- =
> Sio0] e 5
o
= 15+ _
= 50 I
g :
101 08 20 40 60 80 100 120
contour length (nm)
5_
0-I 1 I

0O 20 40 60 80 100 120
contour length (nm)
Figue 3.17 - Contourfrequency distribution fothe TonBrsTon Boxwsdissociation eventat a
pulling velocity of 500 nmisfit to a single Gaussian. The inset shows a scatterplot of contour
length vs ruptue force for the same data set. Points were binned by a contour length of 5 nm

and force of 10 pN and the number of points that occupy a quadrant are indicated by the colour
of the contours.

As the prolinerich linker contains PE and PK repeats (see Figine an electrostatic
interaction within the linker was suspected to be stabilisinipr@e-resistantcompact
conformation. The effect of disrupting these potential salt bridges using high

concentrations of NaCl was investigated using SMFS.

3.2.4 The influenceof salt on the contour length oéxtendedTonB, ¢ a 5

at dissociation
As the contour length distribution can give an accurate measure anhdlecules
extended under forc®®, SMFS was used to investigate &ifect of high concentrations
of NaCl on the length of the prolirgch linker domain of TonB. SMFS was carried out
using the same protocol as discussed in section 2.2.7.2; however after data collection in
Trisbuffered saline (25 mM THACI pH 8.0, 128 lwh NaCl) at a retraction velocity of
1000 nmg (Figure 3.8B andC);the buffer was changed 25 mM Tkl pH 8.0, 628

mM NaCl. Remarkably the contour length distribution changed so that the major species
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was the longer contour length (Figure 3.18Dxhould be also noted thathte different
lengths and presence of additional NaCl did not change the amount of force to break
the interaction (Figure 3.19), nor the binding constant (Sect®o®.6 which was
expected for an interaction mediated bylddnds. Ale no additional characteristics (i.e.
unfoldingevents) were found in the foreextension traces (Figure 3.18B).

PEG,, 45 nm /wn/\w.«m.-m
_— M&ﬂw
DX n‘ﬂ\

A)

5.5nm

C-terminal
domain

proline-rich

f) !
linker domain ’
/| wanp | 100 PN
. 9.5 nm | —
silicon surface il 50 nm

- 44 D _ 73
C) 30 ) 30 +0.5 M NaCl

254 254
5‘ 201 20 47
=
g 15- 15-
£ 101 72 104

5 - ] |

0 I Il 0 (1 h

0 20 40 60 80 100 120 O 20 40 60 80 100 120

contour length (nm) contour length (nm)

Figure3.18 ¢ The influence of NaCl on the contour length of TpnBsA) Schematic showing
the length of individual components of the Tgng £pink): Ton box.s (blue) complex with
PEG& linkers (labelled) used in the SMFS experiments. The prothdinker domain contains
118 residues. B) For@xtension curvesallected at ®0 nms! showingsingle unbinding evest

of TonB ¢ a With Ton boxwe The green traces are events that show a longer contour length of
~73 nm, and the blue traces are the shorter events that have a contour length of ~45 nm
Contour length dtribution with Gaussian fits below dfie TonB ¢ a:don boxwsinteraction
pulled apart by SMFS a8 nmst in 25 mM TrisHCI, pH 8.0, 128 mM NaCli&buffered saline
(TBY) and D) TBS + 0.5 M NaCl. Modalues from Gaussian fits are shown.
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Figure3.19 ¢ Force distributions othe TonB ¢ a:3on boxwsinteraction by SMFS at 1000 nis
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affect the rupture foce of the complex.

The results of this experiment imply that the prolinieh linker domain contains a
mechanically strong structure that is lost in more saline conditions. To further
understand the structural and biophysical properties of the linker domand its
influence on the @erminal domain, denaturation equilibrium, NMR and SAXS

experiments were carried out in the presence and absence of additional 0.5 M NacCl.

3.2.5 Effect of salt on the stability of the @rminal domain of TonB

To understand the ééct of high concentrations oNaCl on the structured-@rminal
domain of TonB antb investigatewhether the prolinerich linkerdomain affectsits
thermodynamic stability, a denaturant equilibrium study using urea was carried out
using the method desdyed in Section 2.2.6.Zhe stability of th&'onB constructs * the
proline-rich linker domain and + 0.5 Mdditional NaClwere monitored usingthe
fluorescence of the single buried tryptoph&V213) within the structured domain. The
resulting fit of a twostate transition chemical denaturation mod@tigure 3.203hows

that the prolinerich linkerdomainwas slightly destabilising to the structured domain,
& G &&I mob) was lowerfor TonB ¢ a 613.4 + 0.4) than the TorBoconstruct
(15.4 + 0.3(Table 3.5, where the nyn valuesdo not vary more than 10 %ndicating

that the linker domairdoes not significantly interaetith the globular domainHowever
upon the addition of 0.5 M NacCl, thet€minal domain of TonB containing the proline
AAAYATAOIyWH168 + Ginplyingt A & SR

rich linkerdomain (TonB ¢ a)s0 | a

that charged residues whin the linker domain contact and possibly destabilitke
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structured domairor that dimersation via the linker domaidestabilissthe Gterminal

domain (see Sectiod.2.9).

[urea](M)

Figure3.20- Urea equilibrium denaturation of the TonB constru@enB ¢ i blue and Ton&p
in red) in the absence (closed squares) and presence (open squares) of 0.5 M NaCl. Data points
arefit to a two state model (Section 2.2.6.2). The data was normalised using Equation 2.2

construct n Bn(kI mot) mun(kJ mof M)
TonB ¢ as 8.9+1.0 3.1+0.3
TonBto 124+ 0.6 3.6+£0.2
+0.5M NaCl TonB ¢as 11.4+0.8 3.2+0.2
TonBTo 11.3+0.6 3.0+£0.2

Table3.5 - Thermodymanic parameters of TonB constructs with and without an additional 0.5
M NacCl.

3.2.6 Effect of salt on the binding properties of TonB with the Ton

boxstws
As demonstrated ithe previous section, high concentrations of NaCl alter the stability
of the structured @erminal domain of TonB, and the presence of the prefiioh linker
domain in normal buffer conditionsvas destabilising. As the -t@rminal domain

functionally bing to the Ton box of ligand bound TBDTs, the effect of high salt
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concentrations on the binding of the Tbex was investigated using afeAaFluor&88

labelled Ton bauswith MST (Figure 3.21ror method, see Section 2.2.6.5)

A) 960- B) 9s0-
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S S 9401 "2
< 940- =
- =% 920
Ty ] T
30 900- :
o — 1., S ———
10° 10? 10° 10° 10° 10° 10* 10°
[TonB,pypl(NM) [TonB.;,](nM)

Figure3.21 ¢ The effect of 0.5 M NaCl on the binding of TonB constructs to the Taa.do0x
peptide. A plot of the Fom[1/1000] (see Section 2.2.6.5) over the log of the TonB construct

concentration (nM)s shown The solid lias show the fit using the law of mass action to yield
the Ko. Open circles show data from buffer conditions wattditional0.5 M NacCl.

construct Ko (UM)
TonB ¢as 9.5+0.3
TonBTo 11.5+04
+ 05M NaCl TonB ¢as 40.8+£1.3
TonBo 31.6x1.1

Tale 3.6 - Equilibrium binding constants in the presence and absence of 0.5 M NaCl.

The addition of 0.5 M NaCl to the buffglightlyalters the binding constant of TonB to

the Ton boxws The TonB¢ a €onstruct was 4 fold weaker at binding the Ton box in high

salt, whilst TonBrpwas 3 fold weaker (Table 3.6An explanation for this observation is

that a conserved salt bridge between TonB and the Ton box of BtuB5@wefTonB and

Asgb of BtuB) is believed2t 6S | ydzOf SI A2y aAids@®ndF2N (KS
augmentatiort*®, therefore in high salt conditions thi®lectrostatic interactionwas

equally dampened for both constructs. However in comparison to other avid protein

protein complexes (such as Im9#D ribonuclease inhibitor:angiogenitf and
Barnase:Barsta?), the effect of additional NaCl on the TonB:Ton dagcomplex is

minimal, highlightingthat the interaction is mediated by-Honds.
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3.2.7 NMR chemical shift perturbation demonstrates the prolifgch
linker domainhas an effect on the CGterminal domain of DnB in

high salt conditions

The NMR chemical shifts of thet€minal domain of ToB have previously been
assigneéP, therefore 'H-1°N HSQGwvas used to find anychemical shift perturbations
within the structured @erminus of TonB influenced by the prolunieh linker domain in
the presence of absence of 0.5 M NaCl. The FenBnd TonBrpconstructs were->N-
labelled using the procedure described in Section272and concentrated to 400 uM.
10 % RO was applied to the sample before data collection (Section 2.2.6.8). Figure 3.22
shows the HSQC of both Tong: @lack) and Ton&o(pink, with assignments) overlaid,
where the additional chemical shifts in the Teni spectrum correspond to the
proline-rich linkerdomainand are clustered around 825 ¢H) and 121127 ¢°N) ppm.
Thesechemical shiftshow a larger than expected 1H dispersionan unfolded protein,
consistent with the formation of a helical stiwre, in agreement with the PPII
conformation indicated by CD spectrometry (Figure 3.ZA¢. presence of the proline
rich linker domain @l not alter the structure of the @erminal domain as ncsignificant

chemical shifts were observed (Figure 3.22 kiglre 3.23).
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Figure3.22 ¢ HSQC spectra of TosBand TonB ¢ a s(labelled pink assignepeaksand black
peaksrespectively. No pertubations were found in the structuree&@minal domain when the
proline-rich linkerdomainis present(also ®e Figure 3.23)Additionalpeaks(no pink overlay)
correspond to the @sidues from the prolingich linker domain.

The presence of 0.5 M NaCl caused large chemical shift perturbd@sR)n the C
terminal domain of both constructs (Figure 3238nd ¢ Additional perturbations were
observed in the TonB: a gonstruct thatwere absent in the TorBoconstruct(Figure
3.23B) This indicates that the prolirgch linkerdomaininteracts with the @erminal

domain in more saline conditions, suggesting a collapse around the structured domain.
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Figure3.23 ¢ Chemical shift pertubations within thet€rminal domain of TonBaused by the
presence of the linker domain (&) additional0.5 M NaCl in constructs with the prolinieh
linker domain B, TonB ¢ a)sand without G TonBr). The dashed red line shows the average
global pertubation(from B) red bars show perturbations that are two standard deviations
greater than the average (residue names shown) and yellow bars are shiftd@thmbhverage
and are less than two standard deviations from the averddes secondary structure schematic
above the histograms shows the Ton box binding site in blue, which isturiped. Cartoon
structures of the derminal domain are shown(right) with the location of significant
pertubations coloured in redThe circles highlighthe shifts observed in TopR . shat are
absent in TonBmp

Global perturbations were also observed from the prolimeh linker domain (Figure
3.24) which indicates a conformational change in more saline conditions, in agreement

with the loss of structure in the SMFS experiments.

109



"N (ppm)

+0.5 M NaCl
L I | I L | LI | IR I LI | L | LI I |
9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6

'H (ppm)

Figure3.24 ¢ Chemical shifts from the prolineich linker domain of Tong . i the absence
(black) and presence (green) of additional 0.5 M NaCl. The global shifts sihggasisence of
asaltdependen conformational change within this region when 0.5 M NaCl is present.

3.2.8 SAXS reveals salt sensitive change of the prolicé linker

For more insight of the prolinech linker domain of TonB, sizexclusion
chromatographywith small angle Xay scattering(SEC SAXS) was performad
Diamond beamline 21 using the method described in Section 2.2.6tf ¢ a is known
to form dimers©s, therefore SEC was remed to separate the monomers prior ®AXS
evaluation TonBtpwas purely monomeric and eluted from the aoin as a single peak,
whereas TonB¢ a gluted astwo peaks(Figure 3.26A) corresponding to dimand
monomer (later confirmed by SERIALLS, see Section 39). The SAXS for the
monomeric species of both TonB constructs are shown in Figure 3.25A:TbshiBvs
an elongated globular structure in full agreement with the monomeric NMR solution
structure (Figure 3.25B inset), whereas the Kratky plot for fenidicates a globular
domain in combination with a disordered region (Figure 3.25A). By performingae6
approximation, the radius of gyrationglRvas found to be 19 and 4%for TonRB-pand
TonB ¢ a kespectively. Théarge R, value forTonB, ¢ a &grees with the notion of the

proline-rich linker doméan forming an extended PPII conformati§h
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Figure3.25 ¢ Small angle Xay scattering (SAXS) to determine structural information of the
proline-rich linker domairof TonB A) Kratky plot for both TonB constructs (T@nB, §purple)

and TonBrp(blue)). The features of a globular protein are shown by the Tay#BAXS whilst
TonB ¢ a shows a combination of globular and disordered domains aplbedisplays a clear
maximum, corresponding to the folded domain with a cootius rise produced by the presence

of disordered regionsB)Thepair-distance distributior(p(r)) of TonB g the additional shoulder

of the distribution describes the elongated structure of the globular domain. The inset shows
the scattering envelope r@nsparent light blue) over the NMR solution structure of TapB
(transparent blue surface and blue cartoon representation) which are in full agreement. The real
space Rfrom the p(r) (18.6A) matches the reciprocal spacg R9 A) from the Guinier
approximation.

In order to test whether the prolingich linker domain collapses in more saline
conditions, SEC SAXS was performed onploni the presence and absence@b M
NaClBy performing a Guinier approximation of the monomeric speciggales of 44

and 36 Awere found in the absence and presence of 0.5 M NaCl respectiTélis
suggests that under physiological saline conditions (128 mM NacCl) the proline rich linker

domain is more extended, which collapses in increased saline conditions.

To gan more structural information about the conformatiasf the proline-rich linker
domain from the SAX&n ensemble optimiation method (EOMvas used (Section
2.2.6.7). EOM generates a large pool of random structures using sequence and structural
information. A genetic algorithm thegompares the averaged theoretical scattering
intensity fromn independent ensembles of conformations against the SAXS data and
the conformations that best describe the experimental SAXS data (Figure 3.26B) are
selected. The rests show that under physiological conditions, TeRR populates a

more extended conformation (indicative of the highey distribution (Figure 3.26C))

where asunder increased saline conditions, a higher frequency of lgwdriinates.
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Figure 3.26D shows example conformations in physiological and high sahditions

that best descbe the experimental SAXS data.

A) . y B)
3001
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o D | 628 mM Nacl
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A { 128 mM NacCl
01 628 mM NaCl
0 5 10 15 20 25 30 35 00 01 02 03 04
time (mins) s (A7)
C) - D)
----- Random pool
. —— Selected
g 1 128 mM NaCl
g 628 mM NaCl
8- —

Figure3.26 ¢ SEC SAXS and EOM analysis of, kariB the presence and absence of additional

0.5 M NaClA) Chromatogram of the gel filtratn of TonB ¢ i the absence (red) and presence
(black) of additional 0.5 M NaCl. The two major peaks show dimeric (D) and monomeric (M)
TonB ¢ a species with a small proportion of aggregates (@nfirmed by SE®IALLS, Figure
3.287A). B) The experimentabAXS with the fit from EOM analysis (black) obtained for an
ensemble of 5 models (low sated) and 4 models (high salgrey). C)R, distributions from the
EOMselected ensemblelife) and that corresponding to the random pool (dashin the
presence (lack) and absence (red) aflditional0.5 M NaCl. D) Example conformasaf the
proline-rich linker domains from EOM analysis in low (red) and high (grey) salt concentrations.

The combined results from SMFS and SAXS suggest that under physiologieal sali
conditions, theproline-rich linker domain is more extended argppears to contain
structure when extended under forcdn high saline conditions, theroline-rich linker
domain is collapsed and structure is lost under force extension (summarisedune Fig

3.27).
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Solution Force

Low salt

High salt

Figure 3.27 ¢ Possible conformations of the prolireh linker domain under different
conditions. In low salt conditions, theroline-rich linker domain (black) is more extended,

however wherextended under force, the linker contains some structure. In high salt conditions
the proline-richlinker domain is collapsed and makes contact with ther@inal domain (pink),
however under force, the linker domain contains no structure and is a &H®hgnded
polypeptide chain.

3.2.9 Dimerisation of the TonB¢ a gonstruct

The dimerisation of TonB depending on the construct size has been well documented,
for example truncating the protein within the structuredt€minal domain (residues
150-239) results in an intertwined dimer artefact (Figure 1.10A). TonBtoacts are
monomeric in solution until residues containing the protimeh doman (PE/PK repeats)

are included®®, which leads to the presence of a sigrficpopuation of TonB diméf®,

This indicates that TonB dimerisation is driven by the PE/PK region, to confirm that the
two peaks in the chromatogram in Figur8A where indeed monomer and dimer, SEC
MALLS was performed on TonB: which conirmed the presence of a monomelimer
population in the concentrated464 uM)sample (Figure 3.28AThe molecular mass of
TonB ¢ a predicted from the static angle scattegnwas inaccurate by + 10 kDa which
wasevident from the poor fi{R = 0.84)o the data with thestandardZimm model (due

to the elongated nature of ToRR a)s however the doubling of mass in the dimer peak
gave confidence thad TonBhomodimer was presert (Figure 3.28A). Interestingly,
dynamic light scattering (DLS) of the monomer and dimer peak gave the same radius of
hydration (R) (Figure 3.28B), suggesting that although a dimer is present, the globular

Gterminal domain (visible by light scattering) dot contact each other.
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Figure 3.28 ¢ SEEMALLS of TonRB asA) Chromatogram of TonB revealing dimer (D) and
monomer (M). The calculated /Mrom the static angle light scattering is shown in black. The
true molecular weight of the Tong a gonstruct is 23580 Da. B) Regularisation plot of the
TonB ¢ a dimer plue) and monomer (orange) with radius of hydration)(hown. Each peak of
0KS OKNBYIF(G23aNIY O2yidlAySR | &aYlftf ljdzydaide
microbubbles).

To find if TonB¢ a dimerisation is concentration dependent, a concentratigration

was performed on Tong: agsing gel filtration. TonBs a €lutes as three distinguishable
peaks, the first being aggregates (confirmed by-BEACLS), followed by dimer and
monomeric TonB (Figure BR). Surprisingly, at concentrations between indl to 25

MM (incubated at room temperature for 16 hours), the amount of dimer in the sample
(calculated by the area under a Gaussian fit (Figure 3.29B)) remained constant (16.8 *
3.9 % dimer) at all concentrations tested (Figure 3.29C), less ttranpreviously
predicted by EPRI0O-50 %3%. Also the monomedimer conversion is dynamic as gel
filtration of the isolated monomer or dier fraction resulted in the rggpearanceof a

double peak.

As TonB ¢ adimer formation appears to be electrostatically driven by the PE/PK repeats
within the prolinerich linker domain, gel filtration was performed at various
concentrations of NaCl with 16 hour incubations at room terapgre. Although a
population of dimer was always present, the total percentage of dimer decreased with
increasing NaCl concentration (Figure 3.29D). This was not observed in Figure 3.26A as
the protein was buffer exchanged into higher NaCl dy&EC witho incubation period,

which implies the monomedimer equilibrium is slow.
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Figure 3.29 ¢ Finding the effect of dimerisation of TonBasA) Concentration titration of
TonB¢a@ NBR I' opTt I 2NIy3IS I' mopys &Stft26 I dpX 3
200 increase 3.2/3Dgel filtration column. Aggregates (A), dimer (D) and monomer (M) are
shown. B) Calculating the amountdifner by fitting multiple Gaussians to the chromatogram

(red). The sum of 4 Gaussians is shown in black. The individual Gaussians are shown below, the
dimer (D) and monomer (M) Gaussians are labelled. C) The % dimer at various concentrations of
TonB ¢ a ¢dculated from the area under the Gaussians. D) The % dimer at various NacCl
concentrations.

3.3 Discussion

3.3.1 Mechanical strength of the TonB:Ton box interaction

The results presented in this chapter have demonstrated several important findings
about TonB and thenteraction with the Ton box of a Torkpendent receptor.
Arguablythe most significant finding is that the interaction between TonB and the Ton
box from BtuB displays huge mechanical resilience when extended by AFM. When the
TonB ¢ a:30n Boxswg interaction was extended at retraction velocities of 2@C6000

nms? (corresponding to force loading rates of*110° pNs?) the resultant dynamic force

spectrum reveals that rupture occurs at-832 pN Figure3.15).
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These findings indate that the TonB:Ton box complex is mechanically rolasst
predicted. The | -strand augmentationmechanism, which underlies the complex
formation, is weltknown for being mechanicallfy & G NP y ekdmple, Al mitif is
present in the pili subunit FimGhare theextraordinarya | ésfré®d dugmentation
with neighbouring subunit FimF is necessary for immobilising uropatho@ergolito

host endothelium under hydrodynamic flow.

¢KS 1S& RATTS NBud GugraedtationSoSRMGIFikn and TBBB is

in the latter the interaction is facilitated by the docking of a strand (the Ton box in this
instance) to theleadingedge of the preS E A & {sHesf &f the protein (TonB). In the
CAY 02 Y Li¥stérddigatdic@nplements its binding partner tympleting the
core of theprotein fold (known as donor strand complementation). These difference
could be key in determining the strength of the interaction, wheris ibeneficial that

the Fim complex never unbinds, whilst for TonB:Ton box, eventuaindimy is

necessary to prevent the unfolding of the entire receptor.

These results provide the first evidencein vitro towards the pulling model of TorB

dependent transport, which will be developed further in the following chapter.

3.3.2 Conformation with the Inker domain

An unexpected but interesting finding was that TonB populates two distinct
conformations when extended by SMFS. Since the discovery of the primiménker
domain of TonB, little has been known about its structural organisation, otherithan
exists as a 15 nm extend&®Plirod to allow the @erminal domain of TonB cross the
periplasmic spad®. Here we find that the prolingich linker domainmust contain a
force-resistant structure as the observed contour length for the entire complexAPEG
Ton box:TonB¢ a-PEGs =~44 nm{Figure 3.18C)as much shorter than the expected
contour length (~74 nm) (Figure 3.16). This suggests that the pnadindinker domain

does not exist as a purely unstructured domain or a continuous PPII helix. Similar force
resistantcollapses within an unstructured polypeptide chain have also been observed in
PolyQ chains (asséciil SR 6 A G K | dzy ¥ATyiddcolApsed dandBri gloBuk & S 0
states in PolyQ were found to be so mechanically resilient that no unfolding was

observed when a forecelamp of 180 pN was used. MD simulation revealed that these
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forceresistant globules were extensivelyiidnded. The forceesistant structure within

the linker domain of TonB could have implications in its fundtovivo(seediscussion
below) The SAXS data in this chapter provides evidence of an extended pickine
linker domain as previouslghown by EPR spectroscéfy It is interesting that the
presence of an extra 0.5 M NaCl causes the collapse of this extended rod (indicative by
the smaller Rand EOM distribution), which implies that the elongatahformation is

also electrostatically driven.

A hypothetical possibility is that the PE and PK repeats fordoree-resistant
electrostatic hinge, whilst the rest of the linker domainstsias a PPII rod (Figure 3.30).
This forceresistant conformatiorgives an estimated linker length close to that observed

in the SMFS experiments (~22 nm), and together with ther@inal domain is almost
sufficient to span the length of the periplasmic space of the mid cell (estimates of 30 +

2 nm in ric» growth medium?®9).

C-terminal
domain

D

proline-rich
linker domain

EPEPEPEPIPEP
KPKPKPKPKPKP

TM domain

Figure 3.30 ¢ Predicted model of the prolindch linker domain offonB The helix shows a
continuousPPII conformation

The fact that the linker domain conformation is lost (or changes) in the presence of high
NaCl concentrations (indicative by the more abundant longer contour length and

chemical shift perturbations) supports the predicted model. The function of the hinge

remains purely speculative, however it could represent anafbn-state of TonB. é&r

example in the oftstate, the linker domain contains no structure allowing TonB to
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search for exposed Ton boxes. Upon binding to the Ton boxrttipossiblydrivesthe

hinge conformation (possibly by interactions with ExbD) causing a 28 nm retraction of
the Gterminal domain, driving a pulling force. The main evidence against this hypothesis
Aa 0K G-100)2wiichdgtks the PE/PK repeats is still functiomalvo under
physiological growth conditiod% There is also the possibility that the PE/PK driven
conformation acts as a lengthdaptor, where the saltdependent hinge opens allow
TonB to reach the OM when the bacteria are exposed to more saline growth conditions

(resulting in an expanded periplasm).

3.3.3 TonB dimer conformation

The construct used in this study (TenB:gesidues 38239) was found to form dimers
where TonBrp(residues 144239) did not,m accordance with other studig&'961%, This
strongly suggests that TonB dimers are formed by the pralicte linker domain
(specifically residues 3B12 which contain the PE/PK repeats). Although it is accepted
that TonB is monomeriavhen in contact with the receptdf41%, there is sufficient
evidence by formaldehyde crofigkingin uvo that TonB formshomodimersat some
stage during transpotf3195199 The combination of SEMIALLS, SAXS and analytical gel
filtration in this thesis has revealed a possible conformation of the TraBodimer.

The Rvalues calculated by MAR for dimeric TonB were the same as monomeric TonB,
suggesting thathe structured Germinal domains in TonBomodimers do not contact,
asthe Ry would double. The fapproximation from the SAXS on the dimeric TonB (50
A) was only slightly larger than the monomd# ), indicating that a headn-head
dimer is not present, as doubling of thgwbuld be expected. Therefore it is likely that
the dimer is aligned so tlid@he prolinerich linker domains are parallel. Analytical gel
filtration demonstrated that dimer formation is electrostatically driven, as the amount
of dimer decreases with increasing NaCl conditions; it is therefore likely that the PE/PK
repeats form tle TonB homodimer. A predicted model of the TdmBnodimer from

these observations is shown in Figure 3.31.
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Figure3.31 ¢ Predicted structure of the TonB homodimer from MB&Land SAXShe structure
of the monomeric @erminal domain is shown, whilst the prolisriich region (PE/PK repeats)
are shown by the pink boxes.

TonBpis purely monomeric, and has the same binding constant to the Togwbox
peptide as TonB¢ a éwhich contains a population of dimer@jigure 3.8), this indicates
that the homodimer formation does not affect the binding function of thedEminal

domain to the Ton box.
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4 Testing the pulling model mechanism of TonB
dependent transport

4.1 Objectives

In the previous chapter the unbinding dfe Ton box from BtuB (Ton ha) was found

to require a magnitude of force previously shownunfold many globular proteif.

In this chapter thenatively folded Ton#lependent receptors BtuB and FhuA will be
isolated from the OM oE. coliand reconstituted intoE. coli lipid extract liposomes.
SMFS will then be used to test whether TonB can remodel the plug domain by the Ton
box tether under mechnical force, therefore directly testing the pulling model of TonB

dependent transportn vitro.

4.2 Results

4.2.1 Cloning FhuA fronk.coli

An arabinose inducible expression plasmid (pBAD) containing theypwidotuB gene

from E.coli(pNGH15) was kindly providég Dr Nicholas Housden, University of Oxford.
The ferric hydroxamate uptake receptdhA) gene was cloned from the genomekf
coli(strain: IM109) using @#CR (Section 2.2.1.3) and the DNA primers shown in Table
4.1.

FhuA Forward P& CQ\TGCAGTTCCAAAACTGEC
CTCGAG /GAAACGGAAGGTTGCGGETTG

)

~

Reverse Pt

Table4.1¢ DNA primers for the cloning of the fhuA gene freincoliThe underlined text shows
the restriction sitesXholandNco), green text is the start codon, red text is the stop codon and
grey text is a random sequence preceding and following the start and stop codons respectively.

The amplified gene product (2270 bp) was confirmed by agarose gel electrophoresis

(Figure 4.1A) anextracted using the method described in Section 2.2.1.9. The BtuB

expression plasmid and amplififduAgene were cleaved witKkholandNcolrestriction

enzymes (Method described in Section 2.2.1.5)(Figure 4.1B) and the digested plasmid

was purified usinggarose gel electrophoresis (Figure 4.1B). The cleingdyene was

thenf A3 GSR Ayid2 GKS Ll !5 @SOG2NE GNIyaftz2N)XSR
ampicillin selection plates. Afténcubation for 16 hoursat33 / = A S@SNI f O2f 2y A S3
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randomly selected, a restriction digest was performed on the purified plasmidéaAd

insertion was confirmed by agarose gel electrophoresis (Figure 4.1C). The constructs

were further confirmed by DNA sequencing.

1500

Figure4.1 ¢ Agarose gels stained with ethidium bromide showing the stage®ning thefhuA
gene product fromE. coliinto an arabinose inducible expression plasmid (pBAY))The

amplification of thefhuAgene (2270 bp) by PGRis the DNA ladderB) Restriction digest of

the amplifiedfhuA gene and pNGH15 (pBAD vector wittnB gene insert). The yellow arrow
indicates the position of the digested pBAD vector without insert, and the white arrow indicates
the position of thebtuB gene. C) After ligation and transformation into competent cells, single
colonies were selected anti¢ plasmids isolated and digestedXigol Ncolrestriction enzymes
before agarose gel electrophoresis was used to confirm the insertion. The labelled arrows show
the correct band for the pBAD vector affilAgene.

4.2.2 Overexpression and purification of TonBependent receptors

4.2.2.1BtuB purification

BtuB was overexpressed from the pBAD vector (pbNGH15, kindly provided by Nicholas
Housden, University of Oxford) using a freshly transformed paeficient strain ofE.

coli (TNEO1ZK12ts¥ ompA ompB), also providedby Dr Nicholas Housdenjising the
method described in Section 2.232.After protein induction by 0.15 % (w/\g(+)
arabinose ad incubation for 16 hours at 1& /the cells were pelleted and lysed using

a sonicator (Section 2.2.2.4). The supernatartheflysed cells was ultracentrifuged at
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45,000 rpm to isolate the membrane fraction, inner membrane contaminates were

removed with TritorX 100 (Figure 4.2A) and the outer membrane pellet was solubilised

into a solution containing400 (i 8Ckgludopyranosie 6 I0G)(See Section 2.2.2.6). The
solubilisedOMPswere loaded onto eHiTrap DEAE FF 5 mL anion exchange column

(Section 2.2.2.6and impurities were removewith a 1 M LiCl gradient (Figure 4.2B).

BtuB elutes from the column when 100 % of the 1 M Lidfebis applied (Figure 4.2B,

peak 3 and Figure 4.2C) and forms a white precipitate containing pure BtuB. BtuB was

allowed D precipitate for 16 hoursatd / 06 SFTF2NB OSYUNATFdZaAFGAZ2Y |0 T
the precipitated protein. This wabenstored at4s / dzy G Af FdzNIKSNJ dzaSaod ¢ @&
10 L growth, ~5 mg of BtuB was isolated.
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Figure4.2 ¢ Rurification of BtuBA) SD$AGE of the initial centrifugation purification steps (SN
= supernatant)L is he protein laddeB) Anion exchange chromatography using a 5 mL HiTrap
DEAE FF column tbfe solubilised OM fraction, the impurities eluted in peaks labelled 1 and 2,
and pure BtuB elutes at 100 % 1 M LIiCl in peak 3. GPABGE of the peaks during anion
exchange, theexpected mass (66 kDaj) BtuB is shown by the black arrow.
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4.2.2.2FhuA purification

The purification of FhuA was carried out using the same protocol as for BtuB (using the
same expression vector and powieficient strain ofE. col). After the OMpellet was

sodzo A £ A & SR AOG, SIDEAGE doafikni@d thel presence of FhuA (Figure 4.3A)

in the supernatant. During anion exchange chromatography ustgné HiTrap DEAE

FF columpFhuA eluted from the column with the impurities during the 1 M gr@tlient

(peak 1 Figure 4.3B and Figure 4.30)tunately,FhuA began to precipitate in a similar
FlLrakKAz2y G2 . Q& coneeRtorton hieing sligktl$ below tI@MC). e
LINSOALIAGIEYG sl a AazfliSR o0& OSQGaNRF dAl
{ dzLUIS NR S E n gepfiltration columr equilibrated in 25 mM T#4Cl pH 8.0, 128

Ya bl /{3 +@Gias userkoduiher purify FhuA (Figure 4.3D and E). The total

yield of protein was ~ 2 mg.
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Figure4.3 ¢ Purification of FnuAM)SD$ ! D9 2 F G KS a2f dzoAf A &R ha FNI Ol A
with the expected mass (79 kDaf FhuA shown by the black arrow. B) Anion exchange

chromatography of the solubilised OM fraction using a 5 mL HiTE&EF column, FhuA eluted

with impurities in peak 1. C) SIPAGE of the labelled peaks from anion exchange (B) and the

precipitate formed. Thélack arrow shows the expected position of FhiDd Gel filtration of

the solubilised FhuA precipitate using @zSISNRSEn Tp |w mnkon 3ISt FAf GNI
eluted in the major peak (peak 1). E) SEXSSE of the three absorbance peaks from gel filtration

(D), the black arrow shows tlexpectedposition of FhuA.

4.2.2.3Spectroscopic analysis of protein fold

Toshowthat the purified TBDTsvere correctlyfoldedg KSy &2t dzoAf A-ASR Ay ™M 27
OG,secondary structure analigswas carried out using FaV CD(Section 2.2.6.1) and

the tertiary structure was investigated using intrinsic tryptophan fluorescéBestion

2.2.6.2. The CD spectra demonstrated that both BtuB (Figure 4.4A) and FhuA (Figure

4.4C) have a predominantsheet secondargtructure, which is in agreement with the

X-ray crystal structures of BtuB (Figure 1.18&)d FhuA (Figure 1.12). Tryptophan

fluorescerte emission (excitation 280 nm, emission 2280 nm) was used to monitor
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the tertiary fold in the presence and absence of 8 M urea for both BtuB and FhuA. Upon
the addition of 8 M urea, 15 minutes of equilibration was required before complete BtuB
unfoldind ¢ a8 204ASNIWSR O0CAIdzZNE non. 0 -BaBer2y ai
proteins. The decrease in fluorescence and red shift in 8 M urea in both BtuB and FhuA
(Figure 4.4B and D) is indicative that the proteins had unfolded, therefore in tleaeds

of denaturant; BtuB andHuA contain tertiary structure.
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Figure4.4 ¢ Monitoring the secondary and tertiary fold of BtuB and FhuA after purification and
solubilisation into detergentA) FarUV CD sgctrum of BtuB (below shows a plot of the high

tension voltage (HT), values greater than 500 indicate detector s&mjatB) Tryptophan
emission spectra (from an excitation at 280 nm) of BtuB (black trace). The protein was then
incubated irB M urea andhe various time points are shown (inset, coloured traces). The protein
was fully unfolded after 15 minutes. EarUV CD spectrurof FhuA D) Tryptophan emission
spectium (from an excitation at 280 nm) of FhuA (black) and after 1 hour incubation in 8a ure
(red).
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4.2.3 Insertion of TonBdependent transporters into proteoliposomes

To perform the SMFS experiments, the TBDTs were densely packed into
proteoliposomes composed oE. coli polar lipid extract using a dialysis method
previously described for the insesta of FhuA into liposomes for an AFMfaiding
study*’® (Section 2.2.8). After dialysis, a ikt sediment (large proteoliposomes)
formed at the bottom of the dialysis bag; this sediment was gently suspended by
pipetting and stored at4 / ® ¢2 | a4aS&da 6KSGKSNI GKS LINRPGS2f A
contained the protein (all analysis was perfathon BtuB proteoliposomes) SPAGE,

DLS and AFM imaging were carried out. To assess whether the protein was indeed
inserted into liposomes, a sampl®m the dialysis was boiled in SDS for 5 minutes whilst
another sample was left at room temperature. These skmpvere then loaded onto a
SDSPAGE gel and electrophoresed. In the sample that was not boiled, the protein could
not enter the stacking gel due being trapped inside the large stable proteoliposomes,
whilst boiling allowed the protein to be released from the proteoliposomes and enter

the gel with the correct electrophoretic mass (66 kDa) (Figure 4.5).

boiling

L + -
kDa G stacking
150
100
75 [ -

-
50 resolving
37

Figure4.5 ¢ SDSPAGE of BtuB inserted into proteoliposomes composeH. afolipolar lipid
extract using the dialysis method@he protein enters the resolving gel after boiling in SDS,

indicating proteoliposomes had been disruptesid BtuB unfold and has electrophoretic
mobility as expected for its mass (66 kDa). In the unboiled sample, the large stable liposomes
prevent the protein entering the resolving gel where it becomes trapped in the stacking gel.

Dynamic light scattering (DLS) measuresgbattered intensity over a range of different

angles, which can be used to reveal particle hydrodynamic radius distribution between
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0.001 to several micronis solution. Therefore DLS was used in order to measure the
size of the proteoliposomes formedoim the dialysis method. Aample of the
suspended proteoliposomes was diluteid give a final lipid concentration of

I LILINB EA YI ( $)6iry the methodadescribed in Section 2.2.6.3, DLS was
performed on the diluted sampléhe correlation curveaccumulated oveB minutes
were used to obtain a distribution of particle sizes (Figa 4.6, black trace)The
distribution of the hydrodynamic radii for the proteoliposomes indicates that there is a
large variation in size in the population (32000 nm), which was expected as the
proteoliposomes were not extruded through a filteFor anegative control, the
proteoliposomeswvere suspended in 1 % (w/v) SDS and boiled for 5 minatdssrupt

the proteoliposomes before DLS was performegon boiling in detergent, the large
structures are lost (Figure 4.6, red trace), which provides evielefiche presence of

large proteoliposomes in the sample.

frequency

0 500 1000 1500 2000 2500 3000
R, (nm)

Figure4.6 - Distribution of the hydrodynamic radius of vesiclesEofcolipolar lipid extract
containing BtuBbtained bydynamic light scatterig (black). Addition of SDS and boiling caused
breakdown of liposomes (red).
Finally, AFM imaging was performed on the proteoliposomes rolled onto mica to further
confirm that the receptor was densely packed into a lipid bilayer wad surface
immobilisedwhen placed on mica.he proteoliposomes wenesuspended by pipetting
YR RAfdziSR 2 | FAYylLf fALAR O2yOSYydNI GA
diameter disc of freshly cleaved mica and incubated at room temperature for 30
minutes. The surfacwas then thoroughly rinsed with 25 mM FHEI pH 8.0, 128 mM
NaCl. AFM imaging withFastSca®\FM (Bruker) equipped with last Scan (D probe)
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cantilever (Brukerjvas conductedat a scan frequency &0 kHzwhich confirmed the

presence of membrane paell with BtuB immobilised to theurface(Figure 4.7)

B)
o.limm 3.4
I height (nm)
-3.9
-5.0 nm

0.0 205.0
length (nm)

0.0 Height 5.0 um

Figure4.7 ¢ AFM imaging of BtuB proteoliposomes rolled onto mi&alL.ow magnification of
BtuB proteoliposomes on mica, the large white areas |y unwashed vesciles. B)igher
magnification of BtuB proteoliposomes on micendge taken by Jonny Burns, University of
Sheffield.

4.2.4 Singlemolecule force spectroscopy of the TopBa:BtuB
interaction

As shown irthapter3,the TonB ¢ a:3on boxwscomplexis able toresistforcesthat are
usually associated witthe unfolding of moderately mechanically robust proteins at
similar loadingates Therefore it idikelythat the plug domain, which is contiguous with
the Ton box, may fully or partially unfold@o directly test this hypothesis, he BtuB
proteoliposomes were surface immobilisedto a freshly cleaved mig&ection 2.2.8
and TonB ¢ a(¥32C)was immobilised to the AFM probgSection 2.2.4)Figure 4.8

depicts a schematic of the system.
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Figure4.8 - Schematic to describe the singi@olecule force spectroscopy (SMFS) approach used
in this study.TonB ¢ a goink)isattached to the AFM probe byeterobifunctional PEG; linkers

and BtuB (blue cartoon structurépund to vitamin B (red)is inserted intoE. colipolar lipid
extract liposomes and immobilised to a mica surface. The fobetween the interacting
partners and any remodelling will be measured using\&ivi

Pressing the TonRB a-kabelled AFM probe against the surface with@DpN of force,
dwelling for 1 second and withdrawing at a velocity of 1000 ‘hifigrce loading rate
~10 nNS) led to distinctive forceextension profiles displaying two rupture events
(Figure 4.9A) at forces of @14 and 91+ 23 pNand contour lengths 068 £ 3 and 77 +

7 nm(Table 4.2)These events indicate that the complex undexgpartial unfolding
before dissociation. As TopnBagoes not unfold at these forces, force would
presumably be propagated into the plug domain via the contiguous Torntdibgr.
These data thus suggest that the strength of ifi@ypeptide interactions in the plug
domain are slightly weaker than thosé the inter-polypeptide interactions between
TonB ¢ a @nd BtuB, allowing unfolding before unbinding to occur in the majority of
cases.As the mechanical strength of proteins and their complexes is kinetically
controlled, the loading rate may affect unéishg and unbinding differently.
Interestingly, analysis of the speed dependence of the putative unfolding and unbinding
events demonstrates that the relative strength of intend interprotein interactions

at the same loading rate remains constant acrdss dynamic range of experiment

(Figure4.9B. For a negative controEMFS of a BtuB L8P variards performed which
produced no detectable events. Interestingly, SMFSilof-type BtuB in the absence of
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vitamin B> resulted in events at a similar rate that of the substrate bound receptor
which implies that the Ton box of BtuB was alwagsessiblefor TonB binding,

independent of the substrate.

Figure 4.9 ¢ Pulling on the TonB aBtuB complexin the presence of vitamin B8 A)
Representative forcextension profiles show two rupture events (the leading edge of each
event is coloured green and blue, respectively) fitted to the WLC model (black). B) Dynamic force
spectrum of unfolding (green) and umbling (blue) events at 200, 500, 1,000 and 5,000hms
error bars show the range of the mode of triplicate data sets.

To quantify the extent of unfolding, foreextension profiles showing two events ree
analysed further by fitting the worrike chain mdel (Section 1.5.2p the unfolding
(Lc1) and unbinding ¢R) eventsas the difference in these valudalf) revealshow much

of the protein complex becomes unfolded at the first rupture event (Figud®A.
These data in the form of a histogram are siman Figured.10Bandthe distribution for

n { (red histogram)reveab a modal value 020 £ 1 nm that isndependent of the
retraction velocity used (Tabk?2), or importantly, the presence or absence of the TonB
linker domain (Figurd.11and Table4.3). Asthe length of an extendedmino-acid is
known (0.4 nm) thiglistancecan be directly translated tthe unfolding of 50 amino

acids,approximately half of the residues within the plug dométigure 4.10B inset and
Figure 4.10D)
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