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ABSTRACT

Membrane proteins represent the majority of therapeutic targetisefantibodybased
drugsavailable today Theseare routinely identified via fpage display screening, but
traditional antigen presentation methods require membrane protein taogdis
detergentsolubilisedin order to preserve theirative conformatiors postpurification.
Unfortunately, detergersolubilisation camot only lead to graduahrgetdenaturation
over time, butthe detergent micellesan also occludemportant epitopes on the

extramembranousopsandthuspreventthe discovery oantibody binders.

The current thesis aimed wemonstratethat, by reconstitutingourified membrane
proteirs into sphericasupported bilayer lipid membrandSSBLMs) depositedon
nanosized substraeversatileplatform can beonstructed foperformingphage display
screeningagainst membrane protein targeigile not only presenting these within a
nativelike lipid environmentbut also eliminating detergents from $&eeningohase
altogether For providingprod-of-concept,100- and 200 nrrsilica nanoparticlesvere
coveredwith POPC SSBLMs embeddirtige bacteal nucleoside transporter NupC. Full
substrate coverage and the correct faromaof the lipid bilayer compnents were
establishedvia spectrofluorometryusing fluorescent labellingnd smdtlangle xray
scattering (SAXS)respectively, while Western blotting and higffinity antibody
binding confirmedthe presence of SSBLYdmbedded NupC

Theplatformwas therused to screetlesigned ankyrin repeatqieins (DARPinsagainst

a His-tagged construct oNupC across different screening formats as to offer a
comparisorto the classi®6-well plateantigen presentation methdebllowing that the
DARPIn bindersshowing the highest potential affinity for NupC were purified and
subjected to further binding validation assays agamstotherconstructs detergent
solubilised double StrefaggedNupCandSSBLM-embeddedintaggedtild-typeNupC

i in order toidentify anybinders targetingextramembranouspitopes that wouldbe
accessiblan vivo as well Ultimately, the results presented throughtndicatedthat
SSBLMsconstitutea promisingmeans of screeningntibody bindersigainst membrane

protein target@mbeddedn a closeto-native format
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CHAPTER 1

Project Aim and Introduction

1.1. Background and Aim

Membrane proteins represent a vital category of cellular membrane constituents
responsible for facilitating a multitude of processes involved in homeostasis, including
cell-to-cell interactions, nerve excitation and signal transduction, ion and nutrient
transmembrane transport, cell respiration and photosynthesis, as well as the elimination
of unwanted cellular bproducts and waste (Patching et al., 2005). Members of this
protein class includé but are not limited t6 G-protan coupled receptors (GPCRs
ligand and voltagegated ion channels (Ovagton et al., 2006)protein kinases,
phospholipases and biochemigateptors of all kinds (Johnsa@and Cornell, 1999).
Regardless of whether they span the full thickness dfgitebilayer (i.e.fintegrab) or

are only attached to one side of their native membranesigeeipherab) (Cho and
Stahelin, 2005), membranegteins are encoded by approximatd02o of the genomes

of ardhaea, eubacteria and eukaryotesa proportion clearly underlining their
indispensabilitytowards sustaining lifen its manydifferent forms (Wallin and von
Heijne, 1998).

1.1.1.The present focus othe pharmaceutical industry

Given that darge number of debilitating diseases such as Bartter syndrome, osteoporosis,
myotonia congenita, cardiac arrhythmia, hypertension, congenital deafness and epilepsy
(Hubner and Jentsch, 2002) or cystic fibrosis and polycystic kidney disease (Aperia,
2007) are caused by the incorrect function of speciflasses of membrai®und
proteins, it isunsurprisingthat a majority of the therapeutics that are commercially
availabk today target membrameoteinsexclusively (Hopkins and Groom, 20020f
these,anibody-based drugs representajor drives of the pharmaceutical industry,
capable of binding virtually any biological target with high affinity and specificity, while
also provoking less sideeffects compared to small molecule therapeutics (Imai and
Takaoka, 2006). In an attempt at discovenayv therapeutic antibodies, the industry
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relieson the use of higthroughputn vitro techniques such as phage display screening
in order toscan millionstrong bindeicandidatdibraries against thenembrane protein
targets of interestHowever, the identification of highlgpecific antibody binders
demands a similarly high level of puriftypm the targetthemselves and this is where the
botlenecks inpeding membrane protein screengtgrt to arisérom.

1.1.2.The issues surrounding the study of membrane proteins

As opposed to cytoplasmic (i.e. soluble) proteins, only very few membrane proteins ever
see high levels of expression within biologioambranege.g.aquaporins (Zeuthen et
al., 2013),rhodopsins (Schertler, 2015) AiTPases (Andersen et al., 20L@ndthese
have already been studied at length and have had their structures detasranesult.
Since circular dichroism (CD), kinetic ral ligandbinding characterisation, nuclear
magnetic resonancéNMR) or X-ray crystallography studies cannot be performed
directly on native membranasformationonclasses of membrane proteghowng poa
native expression gseverely limited by not only the difficulties inherent to the production
of enough recombinant proteitbut also by theiisolation with the high purity and
conformationaktability requiredfor meeting the rigours of the abewgentionedesearch
techniges (Seddon et al., 2004).

Whether thigs due b various differences ithe membrane protein biogenspathways
(e.g. cellular chaperones, foldases, signal recognition and translocon compons)
xenobiotic toxicity levied onto the host expression system (Mancia and Love, #840)
overproduction of specific classes of membrane proteins will almost always\bw
(Bill et al., 2011). Thisis certainly the case with mammalian membrane proteins
expressed irbacterial (e.g. Escherichia col systems (Tate, 2001whose cellular
membranes caanly expresdimited amouns of recombinant proteiaven in the best
scenariogRahman et al., 200.7Furthermore, membrane proteins are notoriously averse
to standard purification techniqussch asydrophobic interaction chromatography and
ion exchange(Manda and Love, 2010), and even when employing {affmity
chromatography methodscilitated by the introduction of specialis¢el.g. Strep or
polyhigidine) tags (Mohanty and Wiener, 2004heir purification to a higlenaigh
standard to support rigorossibsequent studies also met wh considerable hurdles
includingpooroverallyields andpostpurification denaturatiofYang et al., 2014 One
important contrilating factor to thidatter impedimenis undoubtedlyrepresented bghe

traditional reliance on detergergolubiisation for counteracting theonsiderable
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hydrophobicityof membrane protein targeasidtheir tendency to aggregate in stun

once they are removed from thaativelipid membrare environment (Bill et al., 20)1
1.1.3.The detergentsolubilisation of membrane proteins

Owing to their particular structurepnsisting of goolar (i.e. hydrophili head group
attached to aonpolar(i.e.hydrophobi¢ al ky | c(Riguiehl.3dydetérdests | 0O
are amphipathic molecules that can spontaneoushassticiate to form largely spherical
micellar structures when introduced to agueous solutions above titieal anicellar
concentation,o r i Gavishort(Garavito and FerguseMiller, 2001).

Figure 1.1.3.1.Models of Doctylglucoside monomers and micelles, depictiaghther carbon

(grey) and oxygen atomsdd): A) Individual detergent monomers; B) A -20onomer micelle;

C) A50-monomer micelle. Detergent micelles are seldom perfectly spherical and instead assume
nonuniform clustetlike shapes, as derived from molecular ayrics (MD) simulation data.

Since in actualitghe polar head groups of individual monomers dceffecively cover the entire
micellar surface in an orderly fashissomeof thealkyl chains also beconexposed to the solvent
atcertaintimes(black arrows)adapted from Garavito and Ferguddiiler, 2001).

The CMC represents the minimal concentration atlwdividual detergent monomers
canselfassemie into micelles andulfil their role as surfactantiywering the surface
tenson between different interfaces (e.g. ligesdlid). A multitude of factorsnfluence

the CMC of a detergent, including the ionic strength, pH and temperature of the aqueous
solution, along with théength of the alkyl chain (i.éonger chains reduce the CMC) and

the number of double bonds and branch points present in the mostroture (i.e.
higher doubléoond and branch point numbers increase the CMC) (Seddon et al., 2004)
When used fothe purification of membrane protein targets, detergents are generally
present in the buffe used to equilibrate the higtffinity chromabgraphycolumns at

concentrations-3x greater than their CMC, in order to enstlnatfree detergent micelles
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will always be availablein sufficient numbers to prevemhembrane proteins from

becoming unstable upon delipidation (Kunji et al., 2008).

Detergents are regularly classified according to the chemistry of their head,githgy

as ionic (i.e. anionic or cationic), neonic or zwitterionic (i.e. both anionic and cationic)
(Garavito and FerguseMiller, 2001), and it is through their uniqustructural and
functional properties that thegre able to bindtherhydrophobicsurfacegSeddon et al.,

2004). Since lipids are essentially surfactants as well, detergents can also be used as lipid
bilayer mimics when isolating membrane gias from heir native environmerduring

purification.

Upon their solubilisation and the removal eftirrounding membrane ligs, the
hydrophobic areas afiembrane proteiriswhich arenormally shiefled fromtheaqueous
phaseby the lipid bilayeri become envelopedh ia protective detergent micelle which
renders them solublas proteirdetergent complexes (Garavito and Ferguigiier,
2001).In an ideal scenario, detergenediated solubilisation would@serve not only the
structural propertiesbut alsothe in vivo function of a membrane protein target.
Unfortunately, this is by no meansinple process, as usiag unsuitable detergent or
evennonoptimal amountf a suitable detergent cdoth hinder membraneprotein

solubilisation(le Maire et al., 2000).

Thisi s the reason why fmil der obefterfor eertainl e s s
me mbr ane protein s t u d(iie.emore tdénaturingimésh Bmo |, i h
parameters that greatly influesthe mildness or harshness of a detergent are the length

of its alkyl chain (Kuniji et al., 2008) and the chemistry of its head groape(R010)
(Figurel1.1.3.2overleaj. Whereashortchain detergents (e.g. octylglucoside) can form
micelles around membrane proteins whiaving a larger portion of their hydrophilic

areas expas (Kuniji et al., 2008), longhain detergents (e.g-D o d e eDy¢nhaltobide

(DDM)) are better suited faxtracting membrane proteins whiéésopreservingheirin

vivofunctiors as a consequencétheir reduced denaturing effect (Tate, 2010).

Similarly, the Aharsho nature of i oni c
explains why they are commonly used in techniques involving denatured proteins, such
as polyacrylamide gel electrophasee@AGE) (le Maire et al., 2000), despite their highly
efficient membrane solubilisation proper:
norrionic detergents (e.dg*[4-(1,1,3,3Tetramethylbutyl)phenyijv-hydroxy-poly(oxy-
1,2-ethanediyl) (Triton X100)) are preferred for more delicate membrane protein
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reconstitution work, due to their efficacy in solubilising lipid membranes without also

denaturing the proteins present in solution (le Maire et al., 2000).

~ DDM

§ ~~.. Fos-Choline-12

~ LDAO

~. SDS

Figure 1.1.3.2.Structures of common detergent monomers, both mild and harsh (freto- top
bottom): n-D o d e c 4D4Imaltobide (DDM), n-Dodecylphosphocholine FosCholine12),
lauryldimethylamine Noxide (LDAO) and sodium dodecyulfate SDS. While all of these
detergents feature similarlpng alkyl chains, their denaturing effects increase fromtaep
bottom with the decreasing head group size and the emergence of charged (adegpies! from
Tate, 2010).

In an ideal solubilisation scenar(Figurel.1.3.3overleaj, the detergent is added to the
native membrane solution and begins its interaction with the lipid phase-iminehar

form (le Maire et al., 2000Y.he onset of the solubilisation process increases the turbidity

of the solution until a maximal detergesaturation poinis reached (i.eRsa), beyond

which lipid bilayers cannot preserve theirgpe (Knol et al., 1998). FollowinBsa;, the
turbidity of the solution will steadily fall for the remainder of the process @sasing
numbers of detergent monomers interact with the lipid bilayers and the detergent
detergent interactions cause timembrane structure to dissolve (Seddon et al., 2004).
This leads to the formation of mixed detergipid micelles and the exposure of the
embedded membrane proteins to the detergent micelles that have already formed in
solution (le Maire et al., 2000)n ithe final stage of the process (i), both the lipid
component of native membranes and the membrane proteins contained therein become
completely solubilised (Knol et al., 1998) and any excess detergent wilsenhg to

further dilute the phosphipids of individual micelles (Seddon et al.,, 2004). It is
important to note, however, that in reality all of these transitmmsally overlapand

that the optimal destabilisation point of any native membrane depends not only on its
constituent lipid spees, but also on the solubilising jperties of the detergent at hand

(le Maire et al., 2000).
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Figure 1.1.3.3.Diagram of native mebrane detergersgolubilisation [ipid vesicles in blak and
detergent monomers in whjtelncreasing the concentration détergent monomers initially
triggers theswelling of the vesicles as detergent molecutéfirate the lipid bilayers. This is
reflected bya linear increase in turbidity wheneasuring the light scattering of the solution.
Beyond point 1, the vesicleteadily b&eome saturated with detergeRtf), after which the fpid
bilayers begin to fall apamto mixeddetergerdipid micelles (.e. point 2) until all of the lipids
have been completefplubilised by the detergerik() (adapted from Seddon et al., 2004).

1.1.4.The drawbacksof membrane proteindetergentsolubilisation

While detergents are often used in excess during membrane protein purification in order
to always keep their concentration above rti@&IC, their presencen sdution post
purification is seldom favourable to theubsequent experimental wofKang et al.,

2014) As such, prified membrane protein suspenssoare generally dialysed against
plain buffer in order to dilute the detergent below the CMC and causeitedes to
disintegrate into individual monomers, which can then be more easibvezl via further
dialysis, gelor ion-exchange chromatography or hydrophobic absorption (Seddon et al.,
2004). The purified membrane proteins can then either be transferred into a less disruptive
detergent solution or alternatively reconstituted into model membranes dipdsames

and thus beseparted from detergents altogether. Tlager method isctuallypreferred

in most casesince dependig on the type of detergebéingused,a significant number

of membrane proteing particularly those originating from higher eukaryotegsan
rapidly denature upon their extraction from native membranes, rendering their high

quality purification almost impossible (Bill et al., 2011).
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While deergentsolubilisation does permthe study of protomeric and se§sociated
membrane proteinssavell as their interactions with other biomolecules such as ligands
or inhibitors (e Maire et al., 2000 even the mildest detergents are ultimately rather poor
mimics of rative membranes and can stdlad to the complete inactivation of the
solubilised membrane proteins over longeriods of time (Seddon et al., 2004).
Furthermore, for the purposes of screening antibody binders against membrane protein
targets, the presencd detergents caalso result in the occlusion of potential epitopes
(Figurel.14.1) and thus ultimately impede the discovery of novel therapeutics (Kunji et
al., 2008).

Figure 1.1.4.1. The mitochondrial inner membrane ADRH/P translocator protein AACI,
solubilised in detergents witlifferent alkylchain lengthsAs the size of thdetergent monomers
increases, so too can thesultingmicelles block potential epitopes on the surface of the protein
of interest and thus prevethie binding of antibody candidatéadapted from Kuniji et al., 2008).

To this end, alternative methods fpresenting membrane pems towardsantibody
screening needed to be explorad.previously mentioned, @mbrane protein targets can
alternatively be reconstituted into artificial model membranest-garification in an
attempt at minimisinghe negative #ects of detergensolubilisation Doing so willnot
only present them for stly or screeningn a closeito-native formatthat shields their
hydrophobic rgions inside a lipid bilayer, butill alsoexposetheir extracellular loops
to the external aquesenvironmenfand, consequentlyo antibody bindingpat the same

time.
1.1.5.Improving antibody screening against membrane protein targets

The main objective of the current research project twwagresent membrane protein
targets for phage displascreening ima novel format that cold forgo the presence of
detergents during antibody bindinghrough the use of solslipported membrane (SSM)
technology, purified membrane proteins were reconstituted into imetici model
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membranes providing closeto-native enwonmentthatnot only mimicked the original
biological membranesom which the targets originated, but atsampletelyeliminated
the need fohaving detergent present during screenifige means through which this
aim was achieved W be discussedhroughout thehesis, starting with an overview of
the significant progress reported in lipid membrane research throughout the ages.

1.2. Lipid Membrane Research

Cellular membranes represent bioarchitectural structures essential to the existence of all
known forms of life (Gunning, 2012). Almost all homeostatic pssasrely on the
existence of lipid barrier® providea clear demarcation between the extracellular and
intracellular environments, as well@soffer cytoskeletal support, facilitaxtracellular
signalling, enablantracellulartranspot of electrolytes and regulate cytoplasnpi,
among many other functions. Due to their overwhelming complexity and the importance
of their correct function towards supporting life, substantial research hashzeerelled

over the last century into understanding the mechanisms behind their function and
elucidating the means through which malfunctioning cellular membranes lead to
pathogenesis. It is this scientific insight that has led to the creationodél ligd
membranesi facile biomimetic consucts allowing the study of the multifaceted
interactions occurrig between different membrane componesigsthar recorstitution

into an artificial, yet exceptionally versatile research platform.
1.2.1.An era of lipid membrane research

Inquiries into the properties of lipid membranes began millennia ago with the simple
observation of single molecule lipid film formation at the interface between air and a body
of water. Films of oil floating on water weetually first described in cuneiform on
Babylonian clay tablets as a form of divination. The practice was still popular by the time
of the ancient Greeks, wiékamj t eamremend nigt ffbloen
manteiame ani ng Adi vi n g.tLecanamangpravadimbe so witles@dad

that even the Japanese w&o strangers to the practite fact, the Nippon civilization
wascredited with the earliest technical application of lipid surface films througbldhe

art ofsumiganasho r il mlat o, w h e i sumidhariparinga significann k

lipid contenti was dropped into bowl of waterand then gently blowacross its surface

in order to create fantastical shapes of great mystical importance (Dynaféwdzk a et
al., 200).
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Since ancient times, fishermen, sailors, merchants and other seafarers have reported the
calmng effectsoil spreads haven stormy seas and these have eveenldescribed in
the works of great philosophessich as Plutarch, Aristotle and Plinius (Fuifo1968).
However, he scientific investigation of the mechanisms behind this favouratybe iy
of lipid films only began aproximately two millennia laterwhen polymath and
Founding Father of the United States, Benjamin Franklin, performed the Claumaim
experiment in 174 so ago witness this curious phenomenion himself. In his reports,
Franklin noted that At he oil, though not
making all that quarter of the pond, perhaps half an acre, as smootbdisiah g gl a s
(Gaines Jr., 1983). Il n the years siistce, |
guantitative observation ofhe effects lipid films have on water surface tension
(DynarowiczcGNt ka et al ., 2001).

The molecular study of oil filnspreads began more than a centurgr]dbllowing the

kitchen experiments afhen 20-yearold Agnes Pockels. Aroughouther caree as a
German Chemistry pioneesheperformed systematicigdies on the relationship between

oil layer compressiorand watersurface tension bypreading oil films of varying
thicknesses in watdilled troughs (Gaines Jr., 1983). Pockels observed that water surface
tension dropped rapidly when the suspended oil film was compressed by a certain ratio
(Pockels, 1891) and disserated her observations in the né@mous correspondence

with British physicist and Nobel laureate Lord Rayleigh, who proposed that the films
were monomolecular in nature (Gaines Jr., 1983). LongdeRgh was also the firsb
quantitatively investigatevate surface tensioreduction followingolive al application

and to provide a thickness estimatetfa oil filmitself, namelyl6 A (DynarowiczG Nt k a
etal,200l) Agnes Pockel sd observatiohebwd ed L
certain compressionatio, oil molecules were naturallpressed together and his

hypothesis later on became the premise for the subject of monomolecular lipid film study.

The scientific evidence supportiyeaglatdror d |
by the Americanchemist and physicistrving Langmuir, who characterised the
orientation of lipid molecules at the airater interface and showed how monomolecular
layers could be transferred onto solid substrates (Gaines Jr., 1983). Wodtiggicd

hisfellow compatriotand physicisKatharine Burr Bldgett,Langmuir first demonstrated
multilayer film formation via the sequential transfer of lipid motayers onto a solid
surface(DynarowiczcGNt k a et a |structurédt@ since bedrdieered ¢o as

ALangBnuodgetto films and were shortly the

9
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gave birth to our contemporary structural vision of a biological membrane (Bagatolli et
al., 2010).

The bilayer structuref biological membranes weaactually establishedyears laterin

1925, when Dutch physicians Gorter and Grendel compared the total surface bpeh

extracts obtained from human, rabbit, dog, guinea pig, sheep and goat erythrocyte cell
membranes with the average surfacesgof whole blood cells. Discoverintha the

former werecuriously doublehe size of the latter, the two researchers concluded that the
Afdyer of | i pobiodls dicshurormowryd iefisigpw ow anso |i enc u leeas
(GorterandGrendel, 1925). Howeveeven with allof these scientific findingaccrued

by the onset of the #0century, the existencef proteins expressed in biological
membranestill remainedcompletelyunknovn (Bagatolli et al., 2010).

1.2.2.The DavsonrDanielli-Robertsoncell membrane model

It was only in 1935 that Jamese@eric Danielli and Hugh Davsdinpm the Department

of Biochemisty at University College Londorgrew attention to the protein content of
cellular membranes through their thermodynamic studies performadrmerythrogte

and marineegg cells. Judging from their findingthe two suggested a cell membrane
model where globular proteins were attached to thexsairdf the membraneBigure

122 1), forming a protein Afil mo vassagech wa:
of Anomido molecules of different sizes

bilayer.

Extracellular

Intracellular

Figure 1.2.21. The DanielliDavson cell membranaode| depictinga lipid bimolecular layer to
which a film of globular proteins is attached on both the eatnd intracellular side of the cellular
membrane (adapted from Danielli and Davson, 1935).

The two proponets of the eponymous cell membramedel also theorised thatnless
the lipid content of other cell types wafka radically different composition, the presence

10
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and a&tivity of thar associategbrotein film wouldremain the same (DanieindDavson,
1935). Twelve years later, David J. b&wtson, from the Department of Aoaty at
University College London, confirmed Dan
research into the ultrastructure of frog peripheral nerve fibres (Robertson, 1957).
Robertsonds el ectron dwiacualgiragpdhsi ddarosve d |
Schwann cié and neuronal axon membranestead of just the one suggested until then,
each measuringlessthan ;00 i n t hi ckness and being sep
almost 150 Awide (Figure1.2.22).

Figure 1.22.2. Electron micrograplef two Schwann cells (Sch.) enveloping two frog peripheral
nerve axons (ax.). The arrows @),indicate the bilayenature of the cell membranes7&-A in
thicknes3,as wel | as t 1eA imthickness presemtit thes adorSchwann (1) and
SchwannrSchwann (2) cellular interfaces (adapted from Robertson, 1957).

According to Robertson (59), all cellular membranefeatureda bimolecular lipid
Al eafl et o containing e miocagdrdcewhichiha comdile | at e
Aunit meFgbrel®22e30) .( Robertsonbdés findings ul
of t h e -Dariehi-Rabetso n(BDDR) cell membranenodel,which becamevidely-

accepted in membrane research between the 19609@60d (Stoeckenius, 1962).

Mucopolysaccharide

"mwvv"“ or mucoprotein

. (20 A wide)

* Polar sector

|_ Hydrophobic
sector
Bimolecular

> leaflet
(35 A wide)

WVWV\A/\/\/\M povpo

«— polypeptide
chain (20 A wide)

Figure 1.2.23.Di agr ammati ¢ representation of J. D. F
(adapted from GreeandPerdue, 1966).
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The early 1960provided researchers with anotlegjually important discovery. In 1964,
light was shed upon the nature of lipid bilayer formation through the work of Bangham
and Horne, from the Agricultural Research Council Institute of Animal Physiology in
CambridgeUK,wh o r eported tpther dloirtmeasd o(ni .od. flsi p
ofAi many h u n ahceatrcdedithinamellae(Figurel.2.2.4)while studying lipid

phase structures under the electron microscope (Banghdhorne, 1964).

Figure 1.2.24. Bangham and Hon e 6 s midragraphsofdhe discrete structure of the cell
membraneleft: anegativelystained preparation of ovolecithin, treated by ultrasound and mixed

with 2% (w/w) potassium phosphotungstate, depicting rula me | | ar liitgisd @s$p
liposomes). Righ enlargement ofthtame | | ar sect i on arfowsaighlightpgh e r u |
rod-shaped elements lying at right angles todkis of the lamellae, presuméa be individual

lipid molecules (adapted from BanghamdHorne, 1964).

Bangham and Horneseal potassium phosplwngstate as a negative stain toeir
electron micrographs due to its low surface reactivity and its capabilitgséiving lipid
structures in a rigideledron-dersesetting thatllowed for very high resolution images

of thediscrete membrane structures to be taken.
1.2.3.The BensonGreen cell membrane model

Two years later, AA. Bensonfrom the Department of Marine Biag at theUniversity

of California, USA was one of the first to challenge the universal applicability of the
DDR cell membrane model by studying plant chloroplasts instead of neuronal or glial
cells (Benson, 1966) . eBeh®someempli gued usle
the study of osmium tetroxide (Og&stained chloroplast sections under the electron
microscope (Bagatolli et al., 2010) and deduced that plant chloroplasibraees
featuredlamellae thatould be clearly divided into individual lipoprotein subunits, or
Aguantasomeso, cont ai ni ngmdsakclkepatternFijueect a nt
1.2.31 overleay.
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Figure1.2.31.Bers on 6 s e |l e c t ofthadisonétestructgre oiptaht shloropdas eft:

a bean leaf stained with osmium tetroxide (@)s@epicting chloroplasts with lamellar structures
and bihyer cellular membranes. Rigltilargedchloroplast lamellae section, depicting multiple
repeating lipoprotein subunits (adapted from Benson, 1966).

Two other researchers, David E. Green anc
from the Institute ® Enzyme Reseah at theUniversity of Wisconsin, USAalso
commented on the limitations of the DRIl membrane modél more specifically, the

bond between the phospholipid bilayer and tttached protein film, which werentil

then believed to be held together primarily by electrostatic forces occurring between two
types of molecules of esséally separate phases (Green &wtdue, 1966). Green and
Perdue reviewed several membrane stidietheir time, such as Green arleischer
(1963)1 on the mitochondrial energy coupling system and its oxidative phosphorylation
pathways, Brown (1965 on t he membr anes of -lohéndga)
bacteriumHalobacterium halobium@m nd even Bensondés eoplast i er
membranes and their lipid maléle content (Benson, 1964), ultimately concludimat

the predominant binding between the phospholipid and protein constitvastsiot
electrostaticbut rather hydrophobic in nature, implying a strong connectitwndles the
hydrophobic regions of membrane proteins and the hydrocarbon residues of phospholipid

molecules (Bagatolli et al., 2010).

Furthermore, Green and Perdue uncovered through the work of Fleischer et al. (1962)
that this hydrophobic interaction was oong that, upon usinbile salts to disassociate

the lipoprotein complexes ¢fie mitochondrial electron transfer chain, the lprdtein
stoichiometry irthe separated complexes was Ugfdisturbed. Fleischer et al. (1962) also
observed that the elwon transfer complexes of the inner mitochondrial membrane lost
their capacity forntegrated electron transfer following thdisassoation from the lipid
bilayer, only to regairthis property wherthe lipids werereintroduced. This finding
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helped underlinethe impotance of lipid molecules towasdhe correctfunction of
membrane proteinsGreen and Perdue assumed this was due to the nature of the
hydrophobic interactions occurring betwehe lipids and proteins, theorisirthat lipid
molecules cold influence the conformation pfotein molecules to such an extent as to
prevent their function upon their removal (Gresrd Perdue, 1966). Nevertheless, the
revi ewers agreed with Robertsonés fdApauci
was fhfki gmhobabl eo that al | bi ol ogi cal me
membr ane units. Robertsonds theory was u
Green et al. (1967) on the individual complexes of tlmeitochondrialelectron transfer
chain anl themembrane structured rat liver mitochondria, spinach chloroplgsts well

as bovine hearphotoreceptoandliver microsomal cells.

However, at the beginning of the 1970se tDDR and BenseGreen cellmembrane
models came under new scrutiny when Walther Stoeckenius and Donald M. Engelman,
from the Cartbvascular Research Institute #te University of California, USA
published a comprehensive review of all of the proposed biological membrane models
available to that date, presenting each of their limitations in great detail and supporting
their claims with exhaustive scientific evidence (i.e. approximately 300 individual
literature sources). Stoeckenius and Engelman (1969) concluded that even tlough th
lipid bilayer modelprovided the best approximation of the main structural principles of
biological membranes, there was still modelin existencehat could explain all of the
experimental data determined from different types of biological membrAhastime

when no immediate consensus could be readped a more gemal representation of
cellularme mbr anes, t he #®ummenogan ce higuie 2324
published by S. J. Singer and GarthNicolson in 1972 wasunanimouslyheraldedas

a Asecond windo in bi ol cagdNicosdn, 18¥@)mbr ane r

Figure 1.2.32. An integral and peripherahembraneprotein mosaic embeddeuthin a lipid
matri x, onro sfati lite moldweil d o f the structureandf cel
Nicolson, 1972).
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1.2.4.The fluid mosaiccell membrane model

More than 40Qyearshavepassed since this model was proposed and it is still considered

a central paradigm of biofical membrane research eviaalay (Bagatolli & al., 2010).

The fluidmosaic representation was the firstdabthat could be applied tonaajority of

bi ol ogi cal me mbr anes, bnégracellulér e gitochéntdrialn c t i o
plasmalemmabr chloroplastnembranes) or otherwise (e.g. myadireathsanimal virus
membranes, etc.) (SingandNicolson,1972). Not justhat, but the model also respected

many experimental observations, such as the limited transverse mobility of lipid
molecules, the possibility of lateral diion for all membrane constituentthe
permeability capacity of the membrares, well aghe differences betwedhe various
categries ofmembrane protein®.g.i n t e eheligal, globulhr operipheral andthose
betweendiscretemembrane phase transitions (Bagatolli et al., 2010). Whileluid
mosaicmodel was at timedismissed as a generalised representatibn pr ot ei ns i
as icebergs in a sea of l i pi dso -tpok uc ke
dimensional liquid is bubne of the physical propertieaccounted for by this cell
membranemodel. The thermodynamics underlying the hydrophobic arciolpyilic
interactions occurring betweetifferent molecules, the multiple types of noovalent

binding contributing to the macromolecular membrane structure (e.g. hydrogen bonding,
electrostatic forces, dipcl@ipole interactions), the predominance obtpin molecules

over other major classes wiembrane constituentsuch a®ligosaccharides, as well as

their role in sustaining a complex homeostatic and structurahdmleare equally
representednd respeed by the fluidnosaic cell membramaodel (SingeandNicolson,

1972).

Throughout later years, ntigle improvements to the fluishosaicmodel were proposed

usually after new studies uncovered specialised features of specific membrane types
(Bagatolli et al., 2010). Notable examplesincle t he refi nements br
(1976) and Israelachvili (1977), which took into account additional membrane properties
such as folding, pore formation and variations lipid bilayer thickness. These
refinements contributed shortly thereafter touMoi t sen and Bl oomés
membranemodel (MouritserandBloom, 1984), based dheir deuerium NMRstudies.

The mattress model suggestedttthe interactions betweamembranebound lipidand

protein molecules gave way positive Gibbs energy due to localised variations existing

in the hydrophobicegionsof each mtecule. This, in turn, causeaterfacial tension and
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resulted inthe capillary-forceemediated aggregation of specific types of lipids around

protein moleculesforming mattesslike structuresiigurel.2.41).

ol eIttt 7
88 888 &4 m

Figure 1.2.41. Exampks of cell membranes embeddingegralproteins thatlo not match the
equilibrium thickness of theurroundinglipid bilayers andthus resemblethe appearancef a
mattress (adapted from MouritsandBloom, 1984).

The mattresscell membranemo d e | toget her with Sackma
processes (Sackmann, 189% implying that amajority of membrane processes are
triggered by a local transient influx of €aons such aghe one generated liye fusion

of synaptic vesicles with éhneuronal presynaptic membrdnkeighlighted the emerging
importance of modelling membrane regiodsferently around integral membrane
proteins (Mouritsen, 2041). Sackmann also notably providkdther refinements to the
fluid mosaic model, which included the incorporation of the glycocalyx and the
cytoskeleton, bth of which attach to cethembransandplay important cytoarchitectural
and homeostatic roles (Sackmann, 1#95Together with several other lipid
biophysicists, Sekmann anticipated the impabpid-protein interactions ocerng in
separatenembrane regionisad towardsnembranemediated processéShimshickand
McConnell, 1973) basing his assumption dhe lateral segregation of lipids under
specific empeatures and compositions giving rise ttee formaton of distinct lipid
domains withdiscretestructural propertie€Sackmann, 1995bJven following lengthy
discussions regardinglternative membrane models derived froovel experimental
dat a, S aobskrmatos wéres largely ignored by the Lifeci8nces community
until Kai Simons and Elina Ikonen (19930blished a seminal paper on the existence of
socal | ed A Wiihip bialogicalarfernbsages a term coined almost a decade

earlierby Simons and van Meer (1988gferencing the glycolipoprotein microdomains
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characteristic of native membrane orgatisn To this day, lipid rafts represent an

actvely-researchedrea of cell membrane biologWouritsen, 2014).
1.3. Model Membranes

Native membrane modelling has been kndeke on many different formsgdepending
on theexaminedmembrane constituengdthe types of asays involved in their study
Some of the mst commonlyusedmodels formembrane protein researahe outlined

throughout the followingulsections
1.3.1.Supported lipid membranes

The simplest model of a lipid membrane is represkehfethemonolayer formed &dir-

water or oitwater interface, useful forprobing the interactions between the lipid
componerg of biological membranes and the multitude of enzymes, solutes, peptides,
drugsand other agents that come into contact \higir surfaes (Mouritsen, 2019).

Lipid monolayers formed at awater interfaces can be manipulated and studied with ease
in a Langmuir troughKigure 1.3.1.), enablingthe measuremersnd quantification of

propertiessuch asnembranghermodynamics (Dynarowie@ Na et al., 2001).

Lipid molecules

S8 LELEY e

Water

Figure 1.3.1.1.Lipid monolayer formation at the aivater interface in a Langmuir trough
(adapted from Mouritsen, 20

More advanced studies, including fluorescenspectroscopy Brewsterangle
microscopy, or Xray and neutrorscattering technigques can also be @enied on an
aqueous support, whikguallybenefiing from the transfer of thigpid monolayes onto
a solid surfacgMouritsen, 201h). On the other hand, alternatitechniques suchs
atomicforce migoscopy (AFM)require a solid suppofe.g.mica or silica in orderto
work at all. Morecomplexmodels including bilayer lipid membranesan be formed
directly on solid supportsvia LangmuirBlodgett or LangmuiSchaefer transfer
(Rubinger et al.,, 2006)through spircoated techniques followed by rehydoati

(SimonsermandBagatolli, 2004) or by means bpid vesicle dispersion and lysis on an
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appropriate hydrophe¢ substrate, such as gold or siligzho et al., 2010)There are also
multiple examples ofSSMs formed using proteoliposomes creatéarough the
reconstitution ofpurified membraneoroteins intoliposomes (Granéli et al., 2003

resultirg in membranenodelsincorporatingthe proteinsof interest(Figure1.3.1.2).

’

Figure 1.3.1.2. Atomic-force micrograph(100x100 nm)of the lateral structure of an SSM
embeddingeconstituted aquaporin channels (adapted from Mouritsenp011

However, studies by boteller et al. (206) and Jensen et al. (2007) reinforced the idea
t hat A pSSHxfomadinh direct contact witholid supportsare under significant
influence from electrostatic iatactions occurring between the membranes and their
hydrophilic substratesyhich can in turn influencéhe internal thermodynamics, I§e
assembly kinéts andlateral aganisationof the SSM Mouritsen (201kh) added that
these negative influences could be suppressed to a significant thegreghthe addition

of a spincoated distal bilayer on top of the proximal one. Kebkl.(2000) and Tanaka
and Sackmann (2005) describedhiother solution, namely the usgultrathin polymer
supportsas substrates for lipid bilayer formation. These polymengnicking the
function of the extracellular matrigre used to tether and/oushion the reconstituted
menbrane proteins so @8 not come intalirectcontact with the solid support and thus
allow for their corect incorporation and folding withithe SSM This biological

membrane model not only improved the diffusion capability and intrinsic activity of the

embeddednembrang@ r ot ei ns compared to the Aproxim

lateral distribution as welKigure1.3.1.3overleaj.
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A  Transmembrane
protein

{Gap
Direct protein- Hydrated polymer
substrate contact "cushion™
C D

Actin filaments
Coupling groups
(histidine, biotin,
etc.)

Functional lipopolymer Protein aggregate LiPid With functional
"tether” (LuSy) head group

Figure 1.3.1.3.Different types of SSMs embeddingeconstitutedmembrae proteins: A)
Proximal SSM, with the proteins coming into direct contact with the substrate; B) Polymer

supporteSM, wi t h the | ipid bilayer shbBbhnagtbatt pj
the embedded proteirfrom interacting witlthe substrate; C) LipopolymeetheredSSM, with
the lipid bilayer resting on -buStSk,tfeatarindarge | i p o

macromolecular spacers (here, the bacterial enzymazinesynthae (LuUSy)) attaching entire
protein complexes (here, actin filaments) Mia- and Streptag coupling groups to the supported
membrandadapted from TanakandSackmann, 2005).

1.3.2.Inserting membrane protein targets into solid-supported

membranes

SSMs have proven to Ipowerful research tools in the hands of bablogists, yethey
have also demonstratejnificantpotential agemarkably versatiland robust analytical
platfornms for probing the function of multiple pes of membrane proteifRoder et al.,
2011). Membrane protein targets that have already been successfoiigtiteited into
SSMs include transporters (Scalise et al., 2012), symporters (Newstead, 20CRs G
(Serebryany et al., 2012nd voltagegated ion channels (Li et al., 2012).

Despite the fact that novel protein extraction technigsesh aselectrophoret-
electroosmotic focusing (EEF) (Liu et al., 2011) have emerged throughout recent years
membrane protas arestill routinely purified by firstsubjecting nativeell membranes

to detergensolubilisation, followed byheir elutionthrough a higkaffinity column (e.g
Ni2*-sepharoséor His-taggedargetsor streptavidirfor Streptaggedones respectively)
(Scalise eal., 2012).However, alongside their stafadbne presentatiom detergent
solutions, purified membrane proteins can be reconstituted into proteolipesoith then
affixed ontosolid suppoi, embedded within SSMs.

19




CHAPTER 17 PROJECT AIM AND INTRODUCTION
Two of the most successful membrane protein retioion methods involvéhelimited
use of detergergolubilisationthroughout their incipient stagef®llowed by the partial
or complete removal of detergent from solutiafter re-lipidation. The first method
involves mixing detergergolubilised membrane proteins with a liposomal solution and
then gradally reducing the concentration of detergent below its CMC via repeated
dilution so that the micelles shielding the membrane profeihapart and the latter
integrateinto the liposomes instead (Seddon et al., 2004). Convetiselgecond method
beginswith thedestabilsation ofpre-formed liposomes using norionic detergen(e.g.
DDM or Triton X-100)titration toRsatin order to render them more permeable to protein
integration, followed by an incubation with the purified membrane proteidstlze
subsequent removal aletergent from the final solution via column chromatography,
repeatedlialysis or incubation with detergeabsorbing beads (e.g. BRead€) (Knol
et al., 1998). While botlof thesemethods effectivelyeach the same eqmbint (i.e.
creating a proteoliposomal suspension with minimal or no detergent present), it is
important to note that both processes are also completadysible should more detergent

bereintroduced into eithesolution(Seddon et al., 2004).

In order to better sygort the integration of purified membrane protethe liposomes

used for reconstitution work shoufaist be extruded through a porous polycarbonate
membrane intanilamellar vesicles afhe particular size needed for anamodating the
proteintargetsof interest(Figure1.3.2.1). liposome diameters cdhereforerangefrom

less tharL00 nm (ie. small unilamellar vesicleS(Vs) , t di.e.large unilamellar
vesicles(UVs)) andu p t o (LeOdiantaumbamellar vesicle&UVs)), depending

onthe assay anchembrane protegfound under examinatiofWe s o ows k a). et a

\." Wi M0 ;
T N kg
10 um 10 um

Figure 1.3.2.1.Fluorescence microscopy images of giant unilamellar vesicles (GU¥§)
GUV formed usingpa DOPC/DPPC/Chiolipid mixture (2:2:1 (w/w) ratio). Right: GUV formed
usingnative pulmonary surfactant mixtures (adapted from Mouritsen, 8011
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Furthermore, since cellar membranes never comprisiesingular biayerforming lipid
speciesmixtures of synthetic lipids are routinelysed in tle creation of liposmes so as
to better nmic themembrane environment native to the protanges, whichnormally
featuredoth bilayer and nonbilayerforming lipids. Two of the most widelysed lipids
for modelling native membranes in a laboratosgtting are 1:Dioleoyl-sn
glycerophosphocholine (DOPQ) a fluid lamellar llayerforming lipid i and 1,2
Dioleoyl-sn-glycerophosphoethanolamine (DORE& nonbilayerforming lipid whose
presence complementise hydrophobicity ofndividual monolayer leaflets (Seddon et
al., 2004).

Proteoliposomes represent versatitdbustplatforms for the study of membrane protein
kinetics, including their ability to ferrysubstrate®f biological importancecross lipid
membranes (Nordlund et al., 200Blpowever, n order tomaximise the succef such
functional assaygshe proteoliposomes mustst be homaenous in size (i.eshould be
re-extrudedfollowing protein reconstitution)and the reconstituted protsishould be
embedded as evenly amdjudirectionally as possiblethroughout the entireresicle
population. At the same timthe permeability of thlipid bilayercomponentowards the

examinedsubstrate shoulgreferablybeclose tozero(Seddon et al., 2004).

Unfortunately, one of the main detriments of pineteoliposomal membrane model is that
the orientation of theurified membrane proteins cannbé controlled durig the
reconstitution process, thereby leadioghe formation of vesiclesmbedding botlthe
correct and oppositerientations in equal measure (Schadauer et al., 2015). This
limitation not only rendersproteoliposomess rather poor alternatives to live cells or
organelles such as mitochondria or chloroplasts, whose membranes naturally fdgture o
correctlyoriented proteins (Trépout et al., 20Q07But can also skew the results of
functiond bioassays towards not accuratedpresentinghe full in vivo activity profiles

of the reconstituted membrane prot&getySchadauer et al., 2015).

Therefore, instead ofdirectly assayingproteins embedded in a proteoliposomal
suspensionone way through whickthe above issuean be overcome by usingthe
vesiclesto form SSM embedding theroteintarges on a solid supporthat can be
functionalisedto favour a specifi orientation (Richards et al., 201@his procedure is

not without its own caveats, howay since the amphiphilicitgr even mere presence of
reconstituted membrane proteins is often detrimental towards SSM formation compared
to proteinfree liposomes (Trépa et al.,, 2007). Several solutions were trialled in an
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attempt at reducinghe rather strong nespecific interactions occurring betwedmet
hydrophilic extramembranoukops of the reconstituted membrane proteins and the
solid supposd, including the deposition of proteoliposomes onto polyethylene glycol
(PEG)}functionalised surfaces (Wagner and Tamm, 2000), thiolated gold supports
(SévinlLandais et al., 2000) and hydrophilic spacers (Giess et al., 20ak)ui@ ions
(Ca*) have also been knowa act as good bilayer formation adjuvants (Jass et al., 2000)
and detergersolubilised membrane proteins can also be directlyrparatedinto pre
formed SSMs by dilutinghe detergent concentration below its CMC (Salamon et al.,
1996)

Alternatively, if the membrane protein targetin begeneticallymodified to express a
high-affinity purificationtag (e.g.His- or Streptag), thentheir orientationcan alsabe
much more tightly regulatetbllowing their depositioronto a suitablyfunctionalised
substrate(i.e. nickeknitrilotriacetic acid (Ni-NTA)-treated or biotinylated surfaces,
respectively (Ataka et al., 2004). With some membranetgirss, however, such genetic
modification can unfortunately be conducive to expressioratiefand/or putfication
issues, therefommakinga strong case for the development of new surface modifications
or bilayer formation techniques (Figure 1.3.22atdo ot rely on the availability of
high-affinity chromatographyags for the oriented immobilisatiorof membrane protein
targety(Trepout etal., 2007).

Figure 1.3.2.2.Diagram of the oriented reconstitution of P2X2on membrane proteins into a
PEGylated SSM: A) Native membrane vesicles (Whatgressing P2XRAeon are adsbed onto

a glasssolid support, followed bythe adsorptiorof PEGylated liposomes (lipids blad,
polymers in magenta); B) Once the critical caggr point has been reached,\thsicles begin to
rupture and form a continuous lipid bilayer on the glass surface; C) Since the system allows for
the free mobility of the bilayer constituents, the PZ¥&n membrane proteins distribute evenly
throughout the newhormed SSM D) Magnification of the PEGylated SSM, highlighting the
oriented embedding &#2X2-Neon membrane proteifadapted from Richards et al., 2016).
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Fortunately, recent successes obsewadt h nati ve <cel |l me mbr an
proteoliposomes formed via membrane budding following the chemical treatment of live
cell cultures) deposited onto glass slides together with PEGylated liposomes (Figure
1.3.2.2aboveg have demonstrated thtite conserved protein mobility afforded by this
system enabled the formation of SSMs embedding eadistsibuted membrane proteins

that also preserved their naturalivo orientation intact (Richards et al., B)1
1.3.3.Current model membraneapplications

Ever snce their emergence, artificialadel membranes hab@come a essential part of
biological membrane studieproviding researchers with a natiMee framework for
reconstitutng membrane proteins into thadt only preserves theim vivofunctions, but
also facilitates the use of investigative and characterisation technigdesssays that
couldnot be performedn live cells (Richards et al., 2016). These include quartz crystal
microbalance with dissipation monitoring (QEM) (Cho et al, 2010), surface plasmon
resonance (SPR) (Terrettaza¢, 1993), as well as atorfiorce (Morandat et al., 2033
confocal(Korlach et al., 1999), fluorescen@amsonov dl., 2001), scanning excitation
(Dietrich et al., 2001) and total internal reffien fluorescence (TIRF) microscopy (it

et al., 1986) SSM technology enables all of thdggh-resolution microscopy imaging
techniques to monitor lateral membrane structure organisation and reconstituted protein

arrangement on scales as #raa a f@v micrometres oeven nanometre§igurel.3.3.1).

Figure 1.3.3.1.High-resolutionmicroscopyimages of different lipid raft domainsresent in
SSMs formed using a DOPC/DPPC/Chol lipid mixtuge2(1 (w/w) ratio): A) Fluorescence
micrograph depictingarge condensed domain features as dark spots; B) AFM scan of the region
indicated in image A domain featurethat were not previouslyisible via optical microscopy

are now revealed; C) Atomforce micrograph of a single condensed domain.depéctecheight
difference is 6.5 + 2 A, measured in a line scan (adapted from Jensen et al., 2007).

Over the last decade, SSMs have also provided stable and reliable patch clamps for
electrophysiological studies (YandGroves, 2010) and contributed to the depeient

of membrane array technology. Aiming to fullgrabine the functionality of nativedl
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membranes with the simplicity and controllatyilof membrane models embedding
reconstituted membrane pems SSM arrays can besed to perform antibody binding
or competitve ligand displacement assaygainst membrane protein targeas well as
live cell adhesion assays @high-throughput manner on an industrial scaddl while
allowing both the cellular processes occurring within the membrane and the
pharmacodynamics of the test compounds to be examinadammbecular level (Groves
2002).In addition,plasmonic sesors developed using SSM technolaggnow capable
of detecting and characiging biologically and pharmacologicalyelevantinteractions
occurringon cell membrane surfac@ssimilarly diminutive scalegGalush et al., 2009).

1.4. Providing Proof-of-Concept

The current project theorised that SSMs incorporating reconstitugetbrane proteins
also represent promising test beds for the screening of antiboblsaties towards the
discovery of binding candidates showinigh affinity and specificity for the intended
proteintargets. The overarching aim of the project whasrefore to incorporateSSMs
embedding a specific membrane proteito the procesef phage display screening and
thenraiseantibaly mimetics against thisrrget presenteid a closeto-native formathat
was also free from the undesirable consequeoicdetergensolubilisation.In order to
provide poof-of-concept for this newhproposedhage display screening platforthe

bacterial nucleosidgansporter NupC was chosasthe memlyane protein ointerest
1.4.1.The bacterial nucleoside traasporter NupC

Given sufficientextracellular concentrations, nucleosides can normally diffuse freely
acrossE. coli outer membranes into the periplasmic space through associated porins
Otherwise, nucleosidesanbe actively transportethwardly at low concentrations (i.e.

<1 nM) via the Tsx/T6 transporter (Hantke, 197®ynversely, transport acrolsacterial
inner membrarg(IMs)is almost always performed against a concentration gradient and
as suchis facilitated by higkaffinity nucleoside transport systems such as NupC, NupG
and XapB (Loewen et al., 2004NupC is a H-dependent nucleoside symporter
commonly expressed & coli IMs (Mill er et al., 2012)hatbelongs tahe concentrative
nucleosiddransporter (CNT) family and shara2226% amino acid sequence idigy

with its human analoguédshCNT1, hCNT2 and hCNT3 (Patching et al., 2005). While
eukaryotic nucleoside transporters generally comprfsgn intracelludr N-terminal and

an extracellular @erminal capping 13 transmembrane helited sparthe entire width
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of their native cellular membranes, NupC is believied encompas®nly 10 such
transmembrane helices arranged inmeric format around threentralpore (Smith et al.,
2005). Owing to its remarkabl@mology withits eukaryoticcounterparts, as well ds
biological significancetowards correct cellular function (Craig et al., 1994), NupC
represents a pnoising model for studyinghe transmembranterrying of nucleoside
analoges bearing therapeutic payloadgh as azidothymidine or gemcitab{heewen

et al., 2004)respectively used in the treatmentlibéd-threateningviral and neoplastic

diseases (Thorn and Jarvis, 1996).

Micro-array experiments have demong#d that NupC and NupG forrthe two
predominant CNT species detectedircoli expression systems under both aerobic and
anaerobic contdons (Loewen et al.,, 2004). Nile NupC is mainly permeable to
pyrimidine nucleosides, it asefficiently concentrates adenosine into the bacterial
cytoplasm as a consequence of its evolutionary relabohGQNTZ13, to which the
heterocyclic ring of adenosine is an easdgognisable structural motif promoting the
initiation of transmembrane detry (Pathing et al., 2005). ConverselMupG is only
distantlyrelated to its humaoounterparts (Patching et al., 2005) and instbaavs high
affinity for guanosine and inosine, both of which are only very poorly transported by
NupC (Craig et al., 1994). Sin¢he abovementionedhuman nucleoside transporters
represent important targets for drug delivery and therapeutic action (8jandral.,
2003), this important distinction ultimately led to NupC becomimg $ubject of the
projectat handand thechosenmembrane proteimodelfor testing ourproposed novel

phage display screening platfoagainst
1.4.2.Sphericalsupported bilayer lipid membranes

Knowing that membrane proteins cannot alwagsreconstituted int&SMs in their
desired orientation (Trépout et al., 2007) and that specific adgtesrgcan drastically
influencethesuccess of theeconstitutiorprocess (Knol et al1,998), in the case ghage
display screening of antibodies or antibody mimetics against membrane pragets ia

is crucialto use a platform that embeds as much of the target antigen as possible in order
to ensure a maximal selection output featueh@f the potential binding candides that

can be identified frona given bnder library.Therefore, in order to improve antigen
availability i in this case, the amount oSBl-embedded NupC and mitigate those
scenarios where not enougmembraneproteirs are reconstituted in theinative

orientation, sphericadupported bilayer lipid membranes (i.e. SSBLMs) were assembled
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on commerciallyavailable silica nanoparticles, whose vasthcreased surface ae
compared to traditional screening supports gewell plates) enabtkthe presentation
of much larger concentrations of pld withinthe sane closeto-native format afforded
by planar SSMsSeveral published studies have already provenuhetibnality of the
SSBLM platformand itssignificant potental towards replacing liveells in bioassays
involving membrane protein targetsven though the preferred nomenclature surrounding

thesenovelparticles varies from author to author.

For instance Nordlund et al. (2009created SSBLMs by mixing mesoporous silica
nanoparticles (550 nm diameter3 nm pore sizgtogethemwith proteoliposomeformed
using aDOPC DOPE 1,2Dioleoyl-snglycero3-[phospherac-(1-glycerol)] (DOPG)
and ,21, ;P&&@oleoyl cardiolipin (CA)ipid mixture, embedding the reconstituted
redoxdriven proton pump cytochronexidase (CytO) fromRhodobacter sphaeroides
After 1 hour of mixing at room temperatutie silica nanoparticles wetaly enveloped

in defectfree SSBLMsmbedding 70% of the total @@ used fothe assay in its native
orientation, as determined through the application of reducing agents operating
selectivelyon either the extraor intracellular sideof the nativebacterialmembrane (i.e.
hexamineruthenimchloride and dithionite, respectively). Furthermorgc@hsumption
measurements permed on the SSBLM particles, along witieir subsequent incubation
with  either  valinomycin (K ionophore) or carbonyl cyanige
trifluoromethoxyphenylhydrazone (FCCRH® ionophore) also revealed that the
embedded CygOs preserved their functionality towards: @eduction catalysis and

transmembrane charge separatidmle presentedh this novel format.

Trépout et al. (2007) focused on the membrane protein QpeMconponent of the
multidrug efflux pump OprMMexA-MexB of Pseudomonas aeruginosa and
demonstrated its oriented reconstitution OPC, DOPG and 1,2-Dioleoyl-3-
trimethylammoniurqropane(DOTAP) SSBLMs formed on 80and 175 nm silica
nanoparticlesin order toensure the correct orientationtbé SSB.M -embedded OprM,
Trépout et alfunctionalised the nanoparticles with aminosilane prior to their incubation
with OprM-containing proteoliposomes, which ultimately resulted in the protein
adsorbing onto the nanopiates in a single preferred orientation dugheelectrostatic
interactions occurring between the treated surface and the cylindrical base of the
embedded protein. Thengular protein orientation coutwt be replicated using regular,
untreated silicananoparticles as the SSBLM substrate. As showncwa-electron

microscopy ¢ryo-EM) (Figure 1.4.2.1overleaj, the correct orientation of the protsin
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and the large number embedded units permittéige further study of OprM in an attempt
at preventing the assembly of the G@IpMexA-MexB efflux pump andhusnullifying its

undesirable effddowardsantimicrobial drug treatments.

Figure 1.4.2.1 Cryo-EM image of SSBLMembedded OprMhighlighted bythe black arrows
The lipid bilayer component surrounding thangarticles was also revealed (indicatgdthe
white arrow. The €ale bar represents 50 nm (adapted from Trépout et al., 2007).

Finally, Schadauer et al. (2015) bounde&@minalHis-taggedCytcO constructs from
Paracoccus denitrificanso 25 nmNi-NTA-functionalised silica nanoparticles. After
incubatingt he s e A dempas Dipasance ofhldPiphytanoytsnglycero3-
phosphocholine (DiPhyPGresicles a continuas lipid bilayer was formed tbetween

the immobilised pratins, resulting in the creatianf Aol ri gptoeb Biguk 5.402.2 (
overleaj. These particles not only embeddeddCyin a nativelike lipid membrane, but
alsodid sostrictly in its intended orientation, thus preserving the functionality of the
protein towards initiating electron transfer in the presence of reduced cytoahoowia

light excitation of itsuthenium(Ru) complexes.
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Figure 1.4.2.2Di agr am o-ff i o iCgaandnitelistagged membrane grins (red)
are first bound tdNi-NTA-functionalisedsilica nanoparticle (blue), after vihich phospholipid
molecules (grg) are inserted Hbetween the immobilised membrane proteins to finerSSBLM
lipid componen{adapted from Schadauer et al., 2015).

The examples presented in the curmaisection served to demonstrate the significant
potential of the SSBLM platfortowards the development of functiomédassays for the

study of membnae protein targets. The formation of our proprietary Nep@edding
SSBLMs on silica nanopartidevill be described in Chaptey #llowing an overview of

the techniques involved ther characterisation and quakssessment prested in the
upcomingChapter 2So as to aid readers in following througle rather complex method
development process, an illustrative summary of the overall project aims, as well as an
experimental plan for materialising the SSBLM cept can also be found frigure
1.4.2.3overleaf.
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SSBLM EXPERIMENTAL DEVELOPMENT PLAN

NupC construct expression and purification
U Choosing duble Stregtagged, Histagged and untagged/waitype NupC constructs
U Expressing and purifying NupC froB coli according to established working protocols

Z
Purified NupC transport activity measurement

U Performing assays to confirm purified Nup& vivonucleoside transport activity
U Establishingvhether theNupC constructs retained their conformation gmstfication

z
Planar SSM formation and characterisation

U Investigatingmodel lipid SSM formation orplanarsilica sibstrates
U Testing the formation gflanarSSMs embeddingeconstitutegurified NupC

Z
SSBLM formation and characterisation

U Detemining the saturation thresholds resulting in full coveragb®tested nanoparticle
0 Confirmingthe correct formation of SSBLM® 100- and 200 nnsilica nanoparticles

Z
Embedding NupC into the SSBLM platform

U Reconstituting purified Nup@to proteliposome WVs and then forming SSBLMs
i Confirming the presenand epitope accessibiligf SSBLM-embedded NupC

Z
Testing the SSBLM platfornior phage display screening

i Interrogating antibodynimetic bindellibraries against SSBLMmbedded NupC
U Using different screening formats so as to compare SSBLMs to traditional methodol

Z
l denti fying and purifying the
U Aligning the total selection output and establishangderstructuralrelationships
U Isolating the plasmids gfhagebound binders and purifying tlinoserlead candidates

Z
Determining the success of the SSBLplatform

U Rescreening the purifiettadcandidate so aso confirmgenuine binding to NupC
U Assessingheapplicability ofthe SSBLM pl#&orm to other membrane protein targets

Figure 1.4.2.3.Workflow illustrating the overall project aims and experimental plan foe th
development of our propos&SBLM phage display screenipdatform
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CHAPTER 2

Experimental Techniques

2.1. Quartz Crystal Microbalance with  Dissipation

Monitoring

At its core, any quartz crystal microbalan€@CM) comprises of a bulk acoustic vea
transducer that uses piezoelectric quartz crystal setusoesect a wide variety of surface
interactions. By inducing electromechanical resomatithroughout the sensor crystal

wealthof informationcan be devied on the biological and physiechemical properties

of the material depa®d onto the sensor surfafeuantranont et al2011). In fact, the
applications of this technologyr e so di verse that the terr
of a misnomer, since Qs can do much more than simply measure subtle changes in
adsorbed mass. As will be seen throughout the followingections, the descriptors
Abul k acoustic wave sensroersioonat omMd himelkgmne

appropriate for describing thedxpansive detection capabilities (Cheng et al., 2012).
2.1.1.Introduction to QCM -D technology

The technical principles underlying modern quartz crystal microbalancesadatid
dissipation monitoring (QCMDs) were established through research started in 1976 at
Chalmers University of Technology in Gothenburg, Sweden. After nearly two decades of
experimentation, the technology was granted a patent in 1995 @&hsg AB was
founded as a compargeveloping QCMD instruments gear later (@Sense, 2006).
Since thdaunchof @QSenseds first c¢commer cdolingStientic cr o b
AB, 2016a)QCM-Ds have becomeidely-used research tah applications as diverse

as monitoring live lipid bilayer formation kinetics on a solid support (Richter et al., 2006),
performing nanograrsensitive measurements of molecules binding to a sensor surface
(Heller et al., 2015) or investigating the intetans between different nanoparticle
species and modetlt membranes (Chen et al., 201A4ll of these powerful measurement

capabilities are made possible through the physical properties of the piezoelectric
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crystalline quartz that forms the basis of gveensor chip containedithin a QCMD
flow cell (Figure2.1.1.1).

QCM-D Flow Cell
Fluid Fluid
in out
e —

-

Sensor

chip Functionalised

coating
fmia)
O-ring =
seal Applied voltage

Figure 2.1.1.1.Diagram of a QCMD flow cell featuring a singular flow moduléA freshly-
clearedpiezoelectric quartz crysta¢ssor is rested aamrubber Qring fixed to the interior othe
cell before theexperinent is started and thmuffers or sample solutiorme into contact with
its surface (adapted from Heller et al., 2015).

2.1.2.The QCM-D operating principle

The principle through which signals transduce through a QCM sensor is lawothe
Aconverse piezoelectric effecto: when a
application of pressure or torsion in a given direction, electrical charges will be generated
on its opposing surfaces. In a QCM setijig@re 2.1.2.1), the introduction of an
alternatingcurrent (AC)across thesurface electrodes transforms gensorchip into an
equivalent electrical circuit andauses the embedileuartz crystal to alternatingl
expand and contract, generating bulk acowstizes that produce mechanical oscillations

at its fundamental resonance frequency (i.e. approximately 5 MHz) (Cheng et al., 2012).

e ¥ % w_1.
® P ® @ £ A
PRSaees < ()
1D DD ;+\ N
'1&1--- oG
-— %
Oscillation direction ’ \

Piezoelectric‘quartz crystal

Figure 2.1.2.1.Diagram of the converse piezoelectric effect, illustrating the oscillatinds a
electrical chargepropagatinghrougha piezoelectric quartz crystal sensor upos application

of an ACpotential For a coherent measurement to be registered, the charges at the top and bottom
of the sensor must oppose one another to create a working electrical(adapited from Chen

etal., 201%.
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Should anoscillating sensorthen come into contact wittioreign materialsthe shear
displacements inside the crystal will cause any adsorbed mass to move lateral of the
quartz surface and resonate at a frequency ththerits fundamental one. This property
renders QCM sensors particularly suitabledonductingultrasensitive measements of
themass and viscosityf sensotboundmaterias (Chen et al., 2006

QCMs register frequency changmeer a range of odd overtones (usually from the '3

to the 18 crystal oscillation harmonj¢ since the shear displacememnésjuired for
producing measurable responses andy triggered by acoustic waves propagating
through the quaz crystal at od overtonegJanshoff et al., 2000). While frequency
measurements can give an indication of the total mass depositethersensor chip,
QCM-D instruments are also capable of determining changes in dissipation, thus offering
information on the rigidity bthe structure forming on the senssurfaceas well As
opposed to frequency measurements, dissipation is measured by interrupting the current
applied to the sensor chip and registering the damping oscillationsrestreatingjuartz
crystal. If the dposited structw is rigid, theoscillations will dissipate more slowly and

a low dissipation value will be reported. On the other hand, should thateexiructure

be flexible,then theoscillations will dissipate faster and a high dissipation value will be
registered. It is only when botfrequencyand dissipatiorare jointly monitored that
changesvithin the mas adsorbed dnthe surface of aensor can be ac@aiely correhted

with thefrequency measurement outmiita QCMD instrument(Heller et al., 2015).

2.1.3.QCM-D sensor design and sample loading

Modern microbalances generally use sensors featuring micrethetredsk-shaped

quartz crystals thatan be cut at different angles depending on the type of induced
mechanical vibratiorthey are meant to resonate to, sucHaze shear mode (FSM),
flexural mode (FM) or thickness shear mode (TSKheng et al., 2012). Given that
QCMs generally operate iiSM, the ATc u t (1. e. 3optidal Aagisof af r o m
crystal wafey represents the preferred choice tbe manufacturing of quartsensor

chips, since it allowghem to resonate stably at room temperature with little to no

frequency fluctuations aing from minor temperature changes (Marx, 2003).

A high surface quality is a vital characteristic of any QCM sensor and thus the underlying
quartzcrystals are usually opticalyolished to produce an extremely smooth contact
surface. This is especiallynportant when studying the deposition of soluble materials,
for instance, since the solvent can easily infiltrate any crdgioed on the surface of a
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rough crystal anthusgeneratdalse positive frequency changes that can be mistakenly
i nterpreted as adsorbed mass (O6Sullivan
anomalous results, most QCM sensors feature hydrophobic surfaces that do not wet
easily, but rather attract podkeof air or vacuum, losing less energy in the process
compared to sensors with hydrophilic surface chemigtieesshoff et al., 2000).

The final components of a working QCM sensor are represented by the conducting metal
film electrodes sandwiching thepi@nd bottom of the functionalised quartz crystal disk.
These normally comprise of evaporated nickel, aluminium, gold, sivevenplatinum
threads that interface witthe contacts loated inside a QCM flow modula order to
establish @onnection witltheoscillator circuitof the microbalancéCheng et al., 2012).
Regarding the surface chemistry of QEMsensors, there are two main processes
through which investigated samples can interact with the exposed quartz ¢rystal
physisorption and chemigaioni and bothnvolvethe adsorption of solutes to its contact
surface (Table 2.1.3.2).

Hydrophobic bonds
Physisorption lonic bonds
QCM Hydrogen bonds
sensor Selfassembled monolayers
surface
chemistries Plasmapolymerised films

Chemisorption
Photochemistry

Sensing ionic liquids

Table 2.1.3.2. Examples of QCM sensor surface chemistry interactions.-aSedémbled
monolayers can offer thiol, amine, amide, protein A, avhdotin, concanavalin A, click
chemistry and mixed sensor surface fiomalisatiors (adapted from Cheng et al., 2012).

The first of theséwo solute adsorptiomethods refers to the simple physical adsorption

of materials to the sensor chip via rgpecific interactions or necovalent bonds, its

direct advantage being a quick and easy experimental setup that also allows for a certain
degree of reversibilitygiven the poor strength of the interactions involved. By contrast,
chemisorption relies on the adsorbed mass binding covalently to the sensor surface.
Compared to the weak forces involved in the previous process, the considerably stronger
covalent bonds aidhithe deposition of larger amounts of material at the expense of
binding reversibility. Furthermore, while physisorption is essentially disorganised and
cannot account for the orientation of the adsorbed material, through chemisdgstion
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samples can beourd to the sensor surface in their intenaekntationi a critically-
important feature for experiments involving the creation of tethered supported bilayers or
the monitoring of protenprotein interactions, where the accessibilitgpécificbinding

epitopes is key (Cheng et al., 2012).

Finaly, the external loading of sample materials 0QOM-D sensors can also take one

of two forms: gravimetric or viscoelastic. In the case of the fornmer,force of the
crystallineshear gradient will balance dile gravimetric force>erted by the deposited
masson the sensor surface, which in turn will generate a measurable resonance frequency
shift that can be calculated Wilae Sauerbrey equation (Sauerbrey, 1959). Provided that
dissipation is either zero arlose enough to be negligible, the equation effectively
correlates any frequency shift with the mass of matadsbrbed onto the QG sensor

surface:

‘I [ g l o H.Jz ,

ZAHA 1 1

where qpf represents the resonance frequency shifi, the fundamental resonance
frequencymi the mass of the adsorbed matenali the density of the quartz crystal
(i.e. 2.648 g ci¥), Uq i the shear moduk of AT-cut quartz (i.e. 2.94710'" g cni! s?),
A the area of the sensar] the velocity of the acoustic wave and the thickness of
the sensor cryst@luantranont et al., 2011

The gravimetric approacis regularly used to monitor increases in adsorbed layer
thickness during physical vapour deposition processes, for instance (Elliot et al., 2014).
Anot her exampl e of gravimetric | oading I
involves taking measureants before andfter the test material haglsorbed onto the
sensor surface and arsyperficiallybound material hasbeen removed via repeated
washing(Cheng et al., 2012). While theapproacheso sample loadingormally result

in the precise masurement of frequency changeghus being particularly relevant to
antibody binding studies they are not withautheir drawbacksrepresented byheir
laborious implementationhe impossibility of capturing live data and their susceptibility

to humidty, solvent retention and sensor hydration conditions (Arce et al., 2007).
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Conversely, during viscoelastic loading, the frequency shifts are triggered by the
acoustiefluid damping effects occurring whea quartz crystal oscille$ insidea liquid
medium {Tuantranont et al., 2011). One such example is represented by flow injection
analysis (FIA), during which small sample volumes are applied to the-QGMsor via
capillary laminar flow in an attempt deepng turbulence and any other sensor
disturbancesriginating asa resultof fluid dynamics phenomena to a minimum (Cheng
et al., 2012). Whilehe reattime monitoring of adsorption kinetics is supported through
the use of viscoelastic loading methods, major changes in both dissipation and resonance
resigance can be registered due to the way shear waves travel throughrigidon
environment, resulting in potential energydes. In such cases, where dissipation will

almost always be greater than zero, the following equations ought to be used instead:

r 11z r iz Z—JZAI T _
‘B b o5 o VooE o

whereqd, o Dand (p Rrepresent the viscoelastic resonance frequency digfipaion
factor and resonant resistance chasgespectively, whiled., j. and k signify the
viscosity, density and electrochemical coupling factor of the adsorbate solution
(Tuantranont et al., 20).1

2.1.4.The Q-Sense E4 QCMD setup

As one of the most widelysed QCMD instruments, the ense E4Kigure2.1.4.1
overleaj featues four QFM 401 flow modules that enablee live frequency and
dissipation monitoring adfip tofour parallel experimeniavestigating separataolecular
kinetics on eachbf their differentsensorsurface (Biolin Scientific Holding AB, 2016a).
More specialised modules, such as the QEM 401 electrochemistry module or the QELM
401 ellipsometry module, can be installed in place of the staQfevti401flow modules
to confer additional functionalitieswhen performing exgriments that require
combination neasurement® be taker{Biolin Scientific Hoding AB, 2016b)The wide
variety of different flow modules, corhined with a multitude of metal, polymand
chemicaly-modified sensor surfaces allow the detection of changésthe viscoelastic
propertieof the adsorbed materials with nanograemsitivity (Biolin Scientific Holding
AB, 2016a).
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Electronics unit

Computer

Measurement
chamber

w Test solutions

Figure 2.1.4.1.The QSense E4 QCMD setup, consisting of aglectronics uni{responsibldor
applying the AC potential and the detection of @epsor surface chandes measurement
chamber ¢ontaining the four flow modulgand an attached computeunning the measurement
softwarg. Capillary tubes connected to a pump unit (not showe)hean deliver up to four
separateest solutions to eadf thefour differentsensor surfacat adustable flow rates ranging
betweerb0-200 pL peminute (adapted from Biolin Scientific Holding AB, 2016a).

QCM-D experiments benefit from a high degree of stability and detection specificity
while offering thepossibility of providingreattime data on liveand labelfree binding
kineticsat a elatively low operating cosising easyto-follow experimental protocols
(Tuantranont et al., 2011). The latter can be generally divided into four main bteps:
sensorcleaning and mounting2) buffer and sample solutioapplication 3) live
frequency and dissipation data collection and 4) data analysis. In a typicaliBQCM
experiment, ozoneleaned sensors chips are mountéd a@ither one of the four separate
flow modules and their regative capillary tubes amonnected in turmo thesupplied

pump unit. Buffer is then allowed to pass through the system until a stable baseline is
achievedafter which the sample solutions are introdudaty changes in the properties

of the sensor surface caused by the deposition of soluble material will be reflected by the
frequencyand dissipation kinetics monitoreth the measurement software. During the
data analysis phase, these findings can then be trahsitdanformation regrdingthe

mass, rigidity and viscoedtic properties of the sensboundmaterial(Biolin Scientific
Holding AB, 2016a).

2.1.5.Monitoring lipid bilayer formation kinetics via QCM -D

The QCMD can also be a powerful tool for monitoring the formatiofipfl SSMs on

quartz crystal sensor chip8easurementdypicdly follow a twostep mechanism
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occurring spontaneously once specifionditions such as temperature, vesicle
concentrationsolution osmolaty and flow rate have been métfter a stable baseline
has been established using plain buffiee, first stegn a QCMD experimeninvolves
the introduction ofipid vesiclesdiluted in the same buffer to the flow modsEnsor.
Contact with the sens@urfacetriggers the absorption of the vesiclesidened by a
sudden drop in frequency and a mirrored increase in dissipdtigaré 2.1.5.1). The

vesiclescontinue to accumulate on the sensatil writical vesicle coverage has been

reached asillustrated by the minimal frequency/maxinsisipation values, respectively.
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Figure 2.1.5.1.The frequency ahdissipation changes brought loy the deposion of different
lipid vesiclesonto a silicacoatedQCM-D sensor. DOC, DOPSand DOTARipids were used to
form vesiclesat the specified molar mixing ratios and their adsorption onto the -QG¥dnsor
resulted in the following outcomes: A) DOPC/DOPS (h@lar ratig vesiclesdid not adsorb
onto the senspB) DOPC/DOPS (1:Inolar ratig vesiclesadsorbed onto the silicarface, but
did not rupture; CPOPC/DOPS (4:Inolar ratio) vesicleadsorbed and ruptured after reaching
critical vesicular coverage, forming a lipid bilayer on thesse surface; D) DOTAMnNIly vesicles
ruptured and formed hilayer almost immediately a&ft coming into contact with the silica
substratdadapted from Richter et al., 2006).

Upon reaching critical coveragehe vesiclesbegin to rupture and form a planar lipid
bilayer on the surface of the sens@ig(re 2.1.5.2 overleaj, as evidenced by the
frequency and dissipation traces adopting new baselines. Following bilayer formation,
the sensebound structure can be rinsed with deionised water in order to osmotically
burst or remove anyesiclesthat may have adhered to the senget,remained intact
throughout theadsaption process. Finally, plaibuffer isonce agairadded through the
system and a new baseline is establist@tdble SSMs are typically characterisedaby
frequency changef approximately 25 Hz from the initial baseline, as well as a dissipation
value of approximatel.1x10°® (Cho et al., 2010).
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Figure 2.1.5.2.The different pathways leading to lipid bilayer formation afesicleshave been
deposited onto solid support: A) Isolated vesiclase defomed bythe contact witlthe substrate

and rupture spontaneously to form a lipidagér patch; B) Two adsorbed vesidesnd in close
proximity fuse and rupture, creatinglipid bilayer; C) Adsorbed vesiclesoming into contact

with the active edge of an alreadyisting lipid bilayer will rupture and add their masstid)

Upon reaching critical coverage, multiple vesiabesne into contact and cause one of them to
rupture, forming a lipid bilayer patch. &sudden appearance of an active edge sets off a chain
reaction that ruptures all of the othexighbouringadsorbed vesiclesesulting in the formation

of an extensive lipid bilayer (adapted from Richter et al., 2006).

2.1.6.The virtues and limitations of QCM-D technology

The remarkablesensitivity of QCM technology towards measurirsgirface changes
rendersit ideal far the creation of biosensors enabling the detection of compounds of
medical interest. The existing literature on the subject already details a host of successful
applications, such as the detectiorvofatile environmental pollutants (Tuantranont et

al., 2011),of harmful extraneous compounds bindingkoestrogen receprs attached

to piezoelectric sensors (Carmon et al., 20@%)monoclonalantibodiesbinding to
antigendisplaying biomimetic membrane vesiclesthered to silicaoated QCM-D
crystals (Patel et al., 2009), as well assofglebase polymorphisms assaed with
hereditary diseasgeglentified througlDNA strand displacement reactions performed on
gold-coatedsensochips dotted with sample capture probes (Li et al., 2015). Furthermore,
a QCMbased immunosensor was also successfully develop#dtefdetetion ofphage
displayed antibodiesinding to biotinylated antigens attached to streptavidated gold
surfaces. This novel approach for interrogating phage display libraries was shown to yield
antigenspecific clones that demonstrated similar bindiffiidies to antbodies isolated

via traditionalplate basedscreening protocs| thus highlighting once agafihe breadth

of potential applications for QCM technology (Hengerer et al., 1999).

Unlike its counterpart techniquabat rely on optical measurements, namely surface

plasmon resonance (SPR) and dual polarisation interferometry (DPI), theBQ@ds
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mechanical measurements to detect frequency changes. While altetieeues are
capable of determining substrate binding afi@gtonly QCM-Ds can detect changes in
mass caused by solvent trapped within the adsorbent material, which can prove useful in
establishing the effects of sensodgtion when data setsom all three techniques are
compared t@ne another (Heller et a015). In particular, the combined usage of QCM
D and SPRvhen examininghysical interactins atliquid-solid interfaceshas grown in
popularity overecent years due to its possibility of generating a comprehensimgawe
of themass, orientation, tbkness, lateral distribution and viscoelastiotyhe adsorbed
material(Fang et al., 2015). Similarly, the pairing of Q&IMand AFMtechniques has
led to the development of sensors functionalised with thin mica sheets that show none of
the sufaceroughness of regular golar silicon dioxide(SiOz)-coated QCMD chips.
These particular sensors can thus be readily used for performing highlg sind
sensitive measurementielding physicochemical and structural information than could
only be derivd by using both techniqués tandemon an identical support (Richter and
Brisson, 2004).

Alternatively, when investigating the porosity of the sampled matefial instancein

the study of inward and outward ion fluxes arising within lithilom battery electrodes
during charging and discharging (Shpigel et al. 3201he electrochemical quartzystal
microbalance (EQCM) suddenly becomes releyButtry, 1992) Instead brelying on
mechanical measurements, the EQCM uses electrochemical reactions to monittr not ju
mass changes occurring @s sensor surfaces, but also the amount of charge passing
through their associatedeetrodes as wellthus being particularlyvell-suited forthe

study ofunderlyingbiological interactions towardsosensor development (Tuantranont

et al., 2011), as well a@®r monitoring the physicechemical interactions involved in

processes such as megddctreadsorption(i.e. electroplating (Buttry, 1992).

However, one important limitation of QCM technology is given by its susceptibility to
changes in environmental cotidns, which can severely impaoeasurement accuracy.
While AT guartz crystals are not as susceptiblestaperature fluctuationdAarx, 2003,

even this particular cut cannot account for all possible disruptive scenamiasray of

at least two independent QCMs operating in parallel under the same environmental
conditions’ one for taking reference measments and the other(s) for running the actual
experimenfs) i was therefore proposdd compensatdor such disruptionssincethe
frequency fluctuations resulting fro environmental changes couttlen be easily

subtracted from the experimental measuremduaring the data analysis phase.

39




CHAPTER 21 EXPERIMENTAL TECHNIQUES
Unfortunately, this method came with hindrances of its own, one of the most pressing
being an extremely bulky experimental setup that could also suffer from sensor
uniformity issues caused by differences in quartz crystatufacturing, which would
undoubtedlyrender posexperimental fluctuation subtraction inaccurate and grone
(Tuantranont et al., 2011Y.0 this end, instruments featuring mple QCM sensors
embedded onto a singular monolithic quartz waiere been developed specifically to
alleviate both the experimental setapd sensor uniformity concerii$atsuma et al.,
1999). Using one such monolithguartz crystal microbalance (MQCM), at least one
sensor can be dedicated exclusively to taking eefe environmental readings, whihe

otheridentical electrodes can taltee actual experimental measuremehigire2.1.6.1).

A Inlet } ! Outlet

oL e & LS o =5 e -
PDMS L acvi Qcviz Qcvi3 Acrylic

AT-cut quartz ol &
crystal wafer .

Figure 2.1.6.1.Diagram of @ enhanced MQCM sensor desigy): Crosssection view ofthe
three sensing electrodes, sandwiched between acrylic rslay@nd shielded by
polydimethylsiloxane (PDMSWalls; B) 3D conceptualisation of the same sensors arranged in a
serial flow cell module (adapted from Jaruwongrungsee et al., 2015).

This miniaturisation not only significantly decreased the large footpypical of a
discreteQCM array, but als@oncurrentlyreduced sample consumptjas well as the

time and effort required to perform each measurement. While canoare initially
raised overpotential signal interference occurring between the different electrodes as a
consequence of their close proximitstudies have shown that this phemmon is
negligible inreatlife experimental settirgfJin et al., 2009) and recent improvements in
MQCM designalso saw the use of polydimethylsiloxal®DMS) walls interposed
between aj@cent sensorsF{gure 2.1.6.1aboveg in orderto effectively nullify TSM

oscillation crossover (Jaruwongrungsee et 8l152.
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In spite of thee minor limitations its highlysensitive means of moboiing SSM
formation kinetics in realime rendered QCMD technology invaluable to the project at

hand, as will be seen throughaole upcomingChapter 3.
2.2. SURFE2R N1 TransportActivity Assay

The activity of proteins functioning as transporters, pumps and chavittetsliving cell
membranes can be characterised throaghariety of electrophysiological methods.
Historically, membrane proteins have been expressed in oocytemmmmalian cell lines

and investigated using conventional electrophysioltephniques, such as patcbr
voltageclamp, which are laborious, tir@nsuming and require the hefgg highly-

trained and experienced personnel (Schulz et al., 2009). Throughout the last decades,
however, substantial developments in SSM technology have led to the development of
quicker and less demanding approacl@s asaying membrane protein acties
Following their expression in a suitable organism, membrane protein targets can now be
tested forex vivosubstrate transport iprming proteoliposomessing harvested cell

membranes and then applyimpdern, SSM-based electrophysiology techniques.
2.2.1.Introduction to SSM-based electrophysiology

Based on a technique perfected by previoussfgadystate eperiments studying
membrane protein transport rates by measuring the electrical charge difference observed
after a rapid introduction of charged substrate (Pintschovius and Fendler, 1999), the
Nanion SURFE2R N1 workstation is capable of investigating the activity of meebran
protein target$ such as anion or cation symporters and antipofteesonstituted or
embedded into multiple heterologous nfats. The assay requires only microlitre
volumes of cell membrane preparations or purified membrane proteins reconstituted into
proteoliposomes and has thus far been proven to work with targets originating from
bacterial, insect and mammalian cell lines (Nanion Technologies GmbH, 2016b). The
sensors used with the SURFE2R generally consigt 8f mmwide well capable of
holding voumesof up to 400 pL, at the bottom of which lies gold measurement
electrode Figure2.2.1.1overleaj. Prior to adsorbing the proteoliposomes or membrane
preparations, however, an octadecanethiol monolayer is first covalently bound to the gold
surface a its sulfhydryl groups, followed by a second phosphatidylcholine monolayer
depositedlirectly on top of it. Taken togethehgtwo stackednondayersform a hybrid
alkanethiol/phospholipid biomimetic SSM (Plant, 1993).
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Figure 2.2.1.1.Top (left) and bottom (right) views of a SURFE2R N1 sensor chip, featuring a 3
mmwide well. At its bottom lies a thin gold electrode coated wiltylarid biomimetic SSM to

which the cell membrane preparations adhere (adapted from Nanion Technologies GmbH
2016a).

2.2.2.The SURFEZ2R operating principle

In the first phae of aSURFE2Rtransporér assay, the proteoliposomes containing
reconstituted purified membrane proteins or the cell membrane vesicles expressing the
membrane protein targgare adsorbed onto the serboundSSM component, creating

a capacitivelycoupled systenHigure2.2.2.1) enablinghe measurement of any transient

electrical currents generated by the transport of permeant substrate (Bazzone et al., 2013).
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Figure 2.2.2.1.Proteoliposomes or cell membrane vesicles expressing the mengrodein
targets (only one showimere for clarity, in green) are adsorbaato the sensdbound hybrid
SSM, consisting of ghosphatidylcholine monolayer stacked on top ofjad-supported
octadecanetbl basal monolayerThe resulting vesickSSM complex forra a capacitively
cougded sysem capable of measuritigainsient currents (adapted from Bazzone et al., 2013).
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The adsorbed vesicles are then filled with a control solution jaa buffer) and a
baseline is established, after which the activating solution containing the charged
substrate is rapidly applied. Should the investigated protein still be capabbe oo
transmembrane transpgttie influx of transportedubstrate into the vesicles will cause a
charge difference across the lipid membranes, givsggta either a transiepositiveor
negativecurrent (for positively or negativelycharged substrates, respectively). This
inward current will be directly proportional to éhconcentration adubstrate transported
into the vesicles and will be registered by the workstation as a capacitive correction
current at the surface of the ldaneasuremenelectrode Figure 2.2.2.2). Once the
adsorbedresicles become saturated with substrate and thensystaches equilibrium,
the transient inward current will disappear and the signal trace will return to its baseline
level. Owing to the nature of measuring rapid transient currents in capaedoughjed
systems, the declining Haif a positiveinward arrent ppak carsometimesde followed
by a shallow negative overshoot phase that will slowly return to baseline given enough
time (Bazzone et al., 2013). When the control solution is reintrododbéeé sensor well
the substrate will be transported back of theadsorbed vesicles, generatargoutward
transient arrent in the procesginally, ance all of the substrate has been removed from
the vesicles, the trace will return to its Hase value measured at tiheginningof the
experiment (Nanion Témologies GmbH, 2016b).

control solution activating solution control solution
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Figure 2.2.2.2 Diagram of the SURFE2R operating principle: after establishing a baselime usi

a control solution (e.golain buffe)), the addition of an activating solution containing the charged
transporter substrate will causey active membrane proteins embeddegthin the adsorbed
vedclesto initiate transmembrane transport, generating a tnainsiard current (in this case,
positive. The resulting charge difference will be compensated by a capacitive correction current
at the surface of threeasuremerglectrode, represented by a sharp signal on the SURFEZ2R trace.
When the control solign is reintroduced, tiansienutwardcurrent(in this case, negativeyill

be registered as the substrate is transported back dbe afisorbedvesicles (adapted from
Nanion Technologies GmbH, 2016b).
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2.2.3.Successful applications of SURFE2R technology

One of the many success stories involving the SURFE2R assay revolves around the
measurement and subsequent modulation of the ion trarcgpabilities exhibited by
reconstituted uncoupling protein 1 (UCP1). This inner mitochondrial menibaured
proton transporter, involved in adult human metabolism and-shomring
thermogenesis, was purified asdbsequentlyreconstituted into phosphagidholine

(PC), phosphatidylethanolamin@E) and cardiolipin (CA) vesicles These were then
adsorbed onto a sendoound SSM and th&ansport activityof UCP1was modulated
through the use of activator (i.e. fatty acid) and inhibitor (i.e. purine nusdgot
compounds (Blesneac et al., 2012). Similarly, the nitrite/proton antiporter qualities of the
NirC transporter fromSalmonella typhimuam were also discovered ing a custom
SURFE2RIike assay. A&er the protein had been purified and reconstituted Eatooli

polar phospholipid vesicles, the resulting proteoliposomes were adsorbed ronto a
octadecanethiol/diphytanephosphatidylcholine hybrid bilayer and subjected to the
same contrehctivatingcontrol solution exchangeised in a traditional SURFE2R

experimen{Rycovska et al., 2012).

Target membrane protein purification followeyl reconstitution intdipid vesiclesis not
mandatory for an SSMased electrophysiology assay to functibaywever,as native
membrane vesicles or evenembranefragments have also been shown to produce
measurable signals (Schulz et al., 2008). For instance, SURK&2Rchnology has
been successfully used to develop an S&ided electrophysiological assay for
measuing the K and Na currents generated through the transport activity of the
reversible murine neuronal glutamate transporter mEAAC1 expressed in Vidmieap
membrane vesicles. Bearing an impres$€i0&o amino acidsequence identity witthe
human glutamateransporters involved in neuronal pathology, the assay provided a fast,
low-costand highlyautanated means of screening for noaesltrtP ar ki nsonods
drugs with therapeutic actiondased on modulating the activity of thparticular

transporter (Krase et al., 2009).

Similarly, the ion transport kinetics oftipe ATPases were also studied in their native
environment without the need for purification, while being expressed in either pig kidney
outer medulla planar membranes (Pintschovius and Feth@R93) or vesicular fragments

of animal sarcoplasmic reticulum (TadBBuoninsegni et al., 2008). These preparations
were then adsorbed onto both black lipid membréBeM) and SSM fatforms,
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highlighting once agaiithe robustness and versatility of functional model membrane
electrophysiology. While both BLMs and SSMs share a set of physical properties that
make them ideal for measurirtgansientelectrical currents, namelya low specific
conductancesp ago contrd background noise) arahigh specific capacitancen(order
to producdarge, easilymeasurable signals), SSMs have been historically prefewerd
BLMs due to their increasatiechanical stabilitpgainst external vibrigins, as well as

their more expasivesurface ares(Seifert et al., 1993).
2.2.4.The virtues and limitations of SURFEZ2R technology

The strengths of SSMased electrophysiological techniques stem from their ability to
measure the transport activities of membrane proteins embedded intcsraatly
structures, ncluding sarcoplasmic reticulumnd parietal cell vesicles (Schulz et al.,
2008). This capability is further enhanced by their high degree of pliancy to different
assay formats and asymmetrical experimental conditions, such as performing successive
measurements under a pH gradient (Mageal., 2011). However, these techniques also
suffer from a share of limitationsdhneed to be taken into consideratouring the

planning phase of future experiments.

When compared to the older patchnd voltageclamp methodologies, SSkhsed
electiophysiology canndbe used taneasure the transport activity of proteins relying on
the application of a membrane potential or the aid of other intracellular components such
as binding proteins (Schulz et al., 2009). Further limitations of SSM electrojdyisal
platforms arise from the possibility of encountering large current artefacts caused by the
binding of lipophilic sibstrates directly onto tH@SM sensorcomponent, although this
phenomenon can be largely mediatdosotigh the use of buffers withigh salt
concentrations Proper sample preparation yielding homogenous proteoliposomes,
followed by their thorough sonication and careful application to the measurement sensor
are equally important, since the introduction of air bubbles to the system dieuld

avoided at all times (Bazzone et al., 2013).

Given its established transpattivity measurement capabilities, the SURFE2R assay
was used to determinehveh of the NupC constructs employgdoughout the project
still retainedtheir in vivo nucleosidetransport activities followingheir expression and

purification, as will be seen furthenin Chapter 4
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2.3. Cryo-Electron Microscopy

With the advent of electron microscofM) at the beginning of the ¥@&entury(Figure
2.3.1.1) the highresolutionimaging of molecular structures and interactions all the way

down to the atomic level quickly turned framerepipe dream to scientific reality.
2.3.1.Introduction to electron microscopy

Similarto howconventionalight microscopes make use of the visible spectofifight

for imagingsanples, electron microscopeperate by focusing a higtowered electron

beam through a set of electromagnetic and/or electrostatic lenses in order to pass it
directly through sulmicrometrethin sample preparatior®lilne et al., 2013) As the

beam travels through the immobilised dp&n, regions of varying densities within the
sample will scatter the incideelectrons at different angles (efgwer electrons will pass
through settons comprsed of heavier elements andll insteadbe redirected towards

the walls and apertures of the specimen chamber), resulting in dark structures appearing
on the finalimage formed on the attaché@daging plate (Mirandateal., 2015). Since
electrons propagate atuchsmaller wavelengths tharnsible light, grg/scale images at
magnifications thosands of times higher than thoatainable with traditionalight
microscopes can thus be recorded. Depending on the means of interaction between th
electron beam and the imaged specimen, the different types of electron microscopes
available today (i.e. transmission or scanning) can provide a wealth of morphcéogical

compositional information on virtually any suitakgyepared sample (Jensen, 2012

Figure 2.3.1.1 Digitally-enhanced photograph of German physicists Max Kiefl) and Ernst
Ruska(right) working on the first electron icroscope prototype in the 198@adapted from
Williams and Carter, 2009).
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2.3.2.The different types of electronmicroscopes

With EM, the resolution of the recorded images is inversely proportional to the
wavelength of the electron radiation passing through the imaged specimen, as given by
the accelerating vage of the electron gun locatetl the top of the instruemt. This
critical parameter is normally measured in kilovolts (kV) and the higher it is set to, the
lower the wavelength of the emitted beanil Wwe, resulting in an enhancacthage
resolution and the ability to capture even smaller structures at magnifications of up to
2,000,00& (John Innes Centre, 201@ased on the power arstatteringangleof the
electron beam, electron microscopes can be divided into two main categories
transmission and scanning each with its own distinct virtues, limitations and
applications (Jensen, 201dhe first of these (and the typsed throughout the current
project), transmission electron microscopes (TEMs) represent the original and,
corsequetily, the oldest form of EM Traditionally, such microscopes comprise of a
cylindrical highvacuum chamber featuring a tapounted downfacing electron gun. A

array of solenoidike electromagnetic awlenser lenses and apertures concentthtes
beam onto the immobilised sample, followed by a set gfablve lenses and apertures
that magnify and focuheresultingimage onto a screen such as a pgaphic plate or,

more modernlya chargedtoupled device (CCD) cameraigure2.3.2.1).
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Figure 2.3.2.1.Left: the FEI Tecnaii a modern TEM (dapted from FEI, 2016aRight:
simplified diagranof theinterior organisatiorof a typical TEM(adapted from the Department
of Physics, The Chinese University of Hong Kong, 2016).
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TEM instrumentsemit highly-powerful electron beams (i.e. up t@©Q0 kV) that are
focused into passing through soficrometrethin sample preparations in order to
produce 2D images of structures measy up to less than 1 fe. 10°m) in size. This
renders TEM#nvaluable for any applications requiring imaging down to the atomic level
(Erni et al., 2009). Of all of the fflierent electron microscopeavailable today, TEMs
offer the most powerful magnification capabilitiesup to 50,000,000 (John Innes
Centre, 2016) and, consequently, thability to produce the highesuality images for
biological and material science applications following a period of specialist training.
However, these virtues do come at the cost of having to dedmaselerable time and
effort towards preparing electraransparent samples whose thinness also renders them
particularly vulnerable to ettron radiation damage (e.whole cell preparations
(Jensen, 2012). Nevertheless, TEMs havenhastrumental overhe years towards
imaging key biological structures, including the various cellular organelles such as the
Golgi apparatus (Dalton, 1951), mitochondria (Palade, 1953), nucleus (Bradfield, 1954)
and the plasma membranBidure 2.3.2.2) (Stoeckenius, 1962)mang many other
biological entities and interactions.

Figure 2.3.2.2.TEM image of the phospholipid bilayer component of the plasma membrane,
magnified 280,008. The sample was fixed using osmium tetroX{@sQ;) and the contrast was
enhanced via lead hydroxideb(OH)) staining (adapted from Stoeckenius, 1962).

2.3.3.Cryofixation and the emergerce ofcryo-EM

Ever since their rise in pofarity during the middl0" century, various concerns were
raised over using TEMs in the imaging of ulthen biological samples, with special
consideration given to the precarious balance betaekevingthe lower wavelengths
at which high resolutions were attainable and therstestructive face of even short

term exposure to highowerelectron beams. Thankfully, a revolutionary method of TEM
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specimen preparation emerged towards the end of the same century, alleviating most, if
not allof these concerns and ushering in aritexgnew realm of potential biological and
medical applications. Developed in 1981, the process of catadix involves fash
freezing EMsamples ircryogers such as liquid propane or ethane in order to preserve
them as close to their native state assptglly possible (Dobro et al., 2010).

Whereas classic biological specimen fixation methods involved subjecting samples to
lengthy chemical treatments (e.g. osmium tetroxide for preserving lipids and
glutaratlehyde for fixing proteins) resultinigp their dehydration and the subsequent
generatn of shrinkage artefacts, througtyofixation, micrometrethin preparations are
frozenin their entirety almost instantly (John Innes Centre, 2016). This procedure no
only results in theeffective vitrificationof EM specimenssince water crystals do not
have enough time to form in the surrounding solution, but the resulting preparations are
preserved in their hydratesthte while alsonly generating minimal number gbotential
artefacts related to thguality of the newlyformed ice (Jensen, 2012). It is through
cryofixation that cryeelectron microscopy (cry&M) came into being at the end of the
20" century and swiftly became the preferred means of harnessing theesigving
power characteristicof TEMs for capturing images of the ultrastructure of delicate

biological preparations (Fitzpatrick et al., 2013).
2.3.4.Preparing samples for crycEM

The principle behind the preparation of cifglyl samples via flasfreezing evolved little
over the years sincis inception, even after the introduction of automated vitrification
devices such as the FEI Vitrobot (FEI, 2016b). Fundamentally, the gsraceolves
spreadingnmicrolitre-sized solubilised samples onto a spksed EM grid, after which
any excess soludn is removed via gentle blottingith filter paper.Onceonly a thin
sample film remains, thgrid is rapidly plunged into aryogenic liquid to form vitreous
ice, thisalso being the reamavhy this particular stefg more commonly referred to as
Aplafnrge ezi n g o .flashfriozeradridsyare quicklyebut carefully transferred
into liquid nitrogen storage holders until they are ready to be imawpket arEM (Dobro

et al., 2010).

Although relatively straightforward, the successful creation ab-&yl grids relies not
only on the quality of both the applied samples and the EM grids themselves, but also on
a correct blotting procedure followed by an extremely fast plunge into a suitable cryogen.
Since the effectiveness of the technique is limitethibyheat conductivity of th&lvent

49




CHAPTER 21 EXPERIMENTAL TECHNIQUES
solutions, cryeEM preparations need to be as thin as possildederto ensure that heat
is quickly transferred out of the samples after they have been plunged into the cryogen.
Similarly, the material and quality of both the grids and their support fionstitute
equally relevant attributes. CeM grids generally comst of a copper, nickel,
aluminium, molybdenum, titanium or gold mesh upon which thin carbon films are
deposited in either continuous or Ahol ey
meshes can offer better suppohey will also occupy additionadpace that could be
dedicated to fixingnore ofthe samplenaterial insteadrurthermorewhereas continuous
carbon films might be better at supportisgmplesin a specific orientation during
imaging( e. g . protein cryst al sringeitherophtierped arn d i
disorganised holesF{gure 2.3.4.2) can reduce background noise by immobilising

individual specimenwithin the vtreous ice forming inside thgeaps (Dobro et al., 2010).

Figure 2.3.4.2.Different types ofcryo-EM grids andtheir respective support filmgs) Lacey
grid with a carbon support film featuring different holees in a disorganised patterB)
Quantifoil grid with equallysized hols arranged at regular intervalsich grids typically feature
micrometresized hoks (adapted from Dobro et al., 2010).

In order to ensurtéhe uniform distribution ofiquid samples across the supporting films,

the hydrophilicity of cryeEM grids must be reinforced before use. Historically, this was
achieved by cleaningreviouslyusedgrids via plasma glow discharging (Dubochet et

al., 1971), but submerging them into solvents such as chloroform, acetone or ethanol, or
simply replacing the carbon support film with a fresh baee also been proven as valid
alternatives over the years (iQpe et al., 2007). Cell adhesion can also be facilitated by
functionalising the grids with organic molecsil¢ée.g. polylysis). Neverthelessit is
generally accepted that more extreme cleaning methods, such as overnight electron

irradiation irsidea TEM, shouldultimately be avoided as they can lead maicrofissures
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developing throughout the carbon support films, which future samples can inadvertently

infiltrate following their applicationDobro et al., 2010).

Oncethesamples have been applied, the eBM grids carbe blotted either unilaterally

I to reduce the chances of damagingadd¢ specimens or bilaterallyi to remove all

of the excess fluids (Lepper et al., 2010). Achieving optimal ice thinness is palyicula
important, sice insufficient ice coverage mighause the cells or particles contained
within an applied sample to aggregate towards the edges of the grids upon plunge
freezing,which wouldin turnmaketheir imagingratherproblematic (Dobro et al2010).

To this end, both the duration and pressure of blotting need to be optimised for the
specimen at hand, since the integritywasl as the number afonstituent entities (e.g.
cells, sporozoites, nanoparticles, etc.) can be seriously compromisedhthtoe

application of excessive or extensive force (Lepper et al., 2010).

Finally, the cryogenic liquids themselves must also meet very specific criteria before they
can be used in the production of highality EM grids. These include high thermal
condudivities and boiling point$ to prevent vapour formation at the interface lesw

the samples and the cryogemas well as freezing points that are lower than the sample
vitrification temperatures (Dobro et al., 2010). Given that aqueous solutions wifly vi

at cooling rates of PAL0° K/s (Briiggeller and Mayer, 1980)quid nitrogen has been
deemedunsuitable for serving as a plunfieezing cryogen due to its low thermal
conductivity ofonly 400 K/s, which is not even nearly quiekough to prevent ¢h
formation of crystalline ice (Dobro et al., 2010). This prompted the use of liquid ethane
or propane nstead, since both of these featanech higher thermal conductivities.
However, their different boiling points (i.689 °C for ethane versud2 °C fa propane)
meant that the latterymgen sufferérom a slower evaporation rate amstius more prone

to leave behind ice crusts on freshiyified EM grids, which cann turnbe a source of
eventual imaging artefacts (Dubochet et al., 1988). It is foratthbtionalreason that
liquid ethane remains the most popular plufrgezing cryogen fothe production of
high-quality cryeEM specimengo date while liquid nitrogen ionly usedas a coolant
intended to keep the temperature of the primary cryogen constant throughout the grid
preparation process. Even so, oplye cryogen should be used durihg actual plunge
freezingstep since anympurities or contaminants can dgdransferonto the grids and

show up as artefacts during imaging (Dobro et al., 2010).
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2.3.5.The virtues and limitations of cryo-EM

While its imitations closely followthose of TEMs in general, cryleM benefits from
significant advantages that have rendetedni essential tool for studying biological
specimens at ultraigh resolutiongMuench et al., 2009J-or one, cryofixation preserves
biological samples in a hydrated, clasenative state without the need for any of the old
chemical staining or staising agents. Additionallyyitrified samples are more stable
when exposed to the harsh conditi@mcounterednside a cryeEM and lowpowered
electron beams (<100 kV) cdhereforebe used over longer periods of time without
compromising the quality ohe final images (Jensen, 2012). Thi only effectively

limits the total radiaon absorbed by the preparatidhsoughout arentireimaging run

but alsoenablesprolonged measurements to be taken of fragile specimens such as

adenoviruses and T4 bactgyhages (Adrian et al., 1984).

The versatility of cryeEM also enablgit to be successfully usedpitace of oldermore
established techniques:rdy crystallography has long been a staple of structural biology,
but it nevertheless requires the use ojéaweltordered and highlpure protein crystals

that mustalsobe able to withstand the radiation damage inflicted by prolonged exposure
to focused Xray beams. While short-Kay pubes can minimise this to an exteat
significant number of crystals reeverthelessequired andunfortunatelynot all proteins

can be purified to a higanough standard for crystallography work. Furthermore, some
formats such as membrane proteins reconstituted into proteoliposomes or expressed in
total membrane extract gparations cannot even be crystallised at all. Electron
crystallography, on the other hand, opesatiathe same principle (i.e. an electron beam

is scattered by the examined protein crystal into a quantifiable diffraction pattern), but
given that electnas interact much more strongly with the crystal matrix tharays,

higher resolution data sets can be gathered from smaller and even less pure crystals
(Boekema et al., 2009). Furthermore, while potentialelectron radiation damage is
indeedproportiomately higher than thanflicted throughX-ray exposurgfollowing a
reduction in theotal electron dose down to 0.1/&?/s, up to 90 individual diffraction
patterncould be obtained from singular crystals via cifg® crystallography(Shi et al.,
2013).Ter med #AMi cr oEDO, this particular tec!
structure of lysozyme with a resolutionaily 2.9 A, thus reiterating the advantages of

utilising cryc-EM in structural biology studies.
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With respect to the current projectyo-EM was also successfully useavirds imaging
SSBLM formation on silica nanoparticles. Mornet et al. 080 achieved this by
sonicating mixedDOPODOPS SUVs (4:1 (w/w) ratio) togetherwith 100 nm silica
nanoparticles for 1 hour and then inspectingvitrdied solution under a FEI Tecnai F20
TEM operating at 200 kV. Their images, taken at a resolution of 2 nm using a CCD
camera, capted the newlhformed SSBLMs ad-5 nm electrordense ring enveloping

the silica nanoparticle substra{&igure2.3.5.1).

Figure 2.3.5.1 Evidence of SSBLM formation around 100 nm silica nanogestias determined

via cryoEM: A) 100 nm bare silica naparticles (scale bar: 50 nm); Bplfowing a Xhour
sonicdion with DOPC/DOPSSUVs (4:1 (w/w) ratio) the naoparticles became enveloped in
SSBLMs, asevidencé by the surroundingrings of electrondense materiakepresented
schematically in(D). Inset: regativestaining comparison revealintdpe dehydration damage
typical of this method of EM samplegparatior(scale bar: 50 nm); C) Staradone DOPC/DOPS
SUVs E) Closeup of aDOPC/DOPS SSBLM, highlighting the twin leaflets of the supported
lipid bilayer, whose polar heapioups scatter electrons more strongly than the hydrocarbon chains
sandwiched irbetween (sale bar: 20 nm) (adapted from Mornet et al., 2005).

As will be seen lateon, Chapter 4will describe yet another successful crEM
application, namely the imaging of NupC embedded into the lipid bilayer component of
SSBLMs formed o200 nmsilica nanopatrticles.

2.4. Small-Angle X-Ray Scattering

Another technique capable of offering structural information on microscopic specimens
is represented by smalhgle Xray scattering (SAXS). Since any inhomogeneities
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presentvithin a given sample solutidnbe they amorphous or crystalline solids, liquids
of varying densities or even gasewill invariably diffract an incident Xray radiation
from its initial course the amlysis of the small angle afcattered radiation careveal

substantial information on thexaminedspecimen at hand (Pauw, 2013).
2.4.1.Introduction to X -ray scattering

Through SAXS, the shape and distribution of kib&5Da biomolecules can be rapidly
derived under a multitude of experimental conditions, randiogh closeto-native
hydrated protein solutions to cryofixed specimeespecially upon harnessing high
intensity Xrays sources such ao#e found in synchrotrons. Thedespread popularity

of SAXSin fields as diverse as medical, materaaisl even fod sciences stems from its
capability of quantitatively characterising the polydispersity of both ordered and
disordered particles, such as introadly-disordered proteindDPs). Furthermore, since

the technique is performed in a timesolved mannerthe dynamics and kinetics of
various biomolecular interactions can also be studied at the same time (Kikhney and
Svergun, 2015). With a basic operating principle shared with alternative-amgged!
scattering techniques based on other forms of radiatimm, as SAGS (gamma rays),
SAES (electrons), SANS (neutrons) and LS (visible light) (Pauw, 2013), and in spite of
having a relatively lower structural resolving power compared to staple techniques such
as Xray crystallography (Pérez and Nishino, 2012), SA¥vertheless offers a powerful
means of studying cloge-nativestate biomolecular morphologies in hydrated, -non
crystalline samples and has thus become an integral part of structural biology research

laboratories around the world.
2.4.2.The SAXS experimentalsetup and operating principle

Following theirinception in the first half of the $0century, a majority of SAXS setups
were custormade and as such varied considerably between individual laboratories.
Thankfully, a multitude of presemlay industrial maufacturers, including Bruker,
Rigaku and Xenocs, now offer a wide range of commerciay<scattering instruments.

With that being said, the basic SAXS operating principle has not changed fundamentally
over the years and at their core, all modern settilpsonsist of an Xray emitter, a beam
collimation section, a sample chamber, an evacuated flight tube fitted with a beam stopper
and, most importantly, a detector for capturing and recording the scatteags Kigure

2.4.2.1overleaj. Based on thprocess through which the initialisordered Xrays are
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collimated (i.e. arranged into a parallel, rdiapersible beam), SAXS instruments can be

categorised into one of several classes: pinbolémated, slitcollimated and Bonse

Hart-collimated (Pauw2013).

X-ray emitter

Sample
chamber

Evacuated flight tube

Detector

>

Beam stopper

C Collimation section
» ) ¥
@ 1 1

Figure 2.4.2.1.Diagram of the basic components of a pinkmdimated SAXS instrument
(adapted from Pauw, 2013).

SAXS experiments usually comprise of three successive phases, all of them referring to
the stage the experimental data is in: data collection, data correction and data analysis
(Pauw, 2013). The first step in any classic SAXS experiment involves pipetting
microlitre-sized volumes of the sample solution into a quartz capillary tube, which is then
securedin place within thesample chambeof the instrumentand irradiated with a

collimated, monoclomatic Xray beamFigure2.4.2.3.

Sample
solution X-ray
detector

Incident X-ray beam, ko = 2m/A

S =Kki— ko =4msinb/A

Scattered beam, ks = 2m/A

Solvent

Figure 2.4.2.2.Diagramnatic representation of the SAXS operating principle (adapted from
Kikhney and Svergun, 2015).

Asincident Xrays pass through the sample chamber, a number of them will be elastically
scattered by the alrons of the solubilisegarticlespresent in the sapled solution
(Pérez and Nishino, 2012). Tiseatteed X-rays will then travel ordifferent vectos
throughout tle evacuated flight tube and willtimately be captured Y the detector
located beyondnstead okimply being stopped at the end oéttubelike the remainder

of the undeviated incident radiation. After subtracting the signal generatecgémgle

of pure solventa scattering nofile of just the solubilised particlasan bedetermined
holding informaion on thesize and morphologgf the examined solutgKikhney and
Svergun, 2015).
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Whereas the data collection step is relatively straightforward¢cdhectedscatering
profiles must first becorrected by factoring out any potential noise or distortions
generated by the -Xay detection systeyraccounting for sample polarisation and -self
absorption, as well as scaling results to absolute units, sinceyuaging corrected data
sets can the intensity of soleg&clusive scattering profiles kesccuratelydetermined
(Pauw,2013). Finally, it isduring data analysihat the intensity of the scatteredrys,

I(s), can be calculated as a function of the momentum trassfet sind/ay where 2

represents the scattering angle astynifies the wavelength of the-bay beam:

Next, by applying a Fourier transformation to the excess electron density, the scattering

amplitude A(s), cannow be calculated:

=V 2zr"HO T VB »

whereqr) = }(r) T }s (i.e. the electron density of the samplearticles minughe
electron density of the solveitself) and [} represents the spherical avera&kliney

and Svergun, 2015). Given that soluble particles can be contained in any number of
orientations within a sample solution, their scattering patterns can bel@stisotropic
onedimensionall(s) curves depictinghe averaged signatures df af the sampled
particles, whos&umberwill be proportional to the detected-ray scattering intensity
(Pérez and Nishino, 2012).

When performing SAXS studies of virtuallgny sample solution, the three main
parameters that researchers usually aim to gather information on are the morphmlogy (i
shapedize), heterogeneity (i.e. polydispersity) and distribution (i.e. packahghe
sampledparticles While not all of thesgparameters ight become readily available by

the end of the data correction phasenify two of them are known or even just reasonably
assumed, then they can be used to infer on the quality of the missing third. For instance,
assuming a monodisperse w@n at an infinite dilution o that any possibility of
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aggregation can be eliminated altogethéne morphology of itsolubilisedparticles
could be deduced using shamsolving computational techniques, at the expense of a
lower final resolution. $nilarly, structureresolving techniques can be used to determine
the distribution of solute in a specifiaslume, should information on itshape and
polydispersitybe madevailable through other means such as TEM (Pauw, 2013).

Apart from the aboveseveal other sample parameters can be derived directly during the
data analysis phase. These include the maximum dimension of the sampled particles,
Dmax, their molecular weight, as well as the radius of gyrafgnit is important to note

that while these values will pertain to every single particle contaimghin a
monodsperse solution (i.eharbouringidentical particles), a scattering profile derived
from a polydisperse sample (i.e. containing particles fééréint shapes and sizes) will
instead give averages of the above valueshi®entire heterogeneous solptgpulation

taken as a whole. Although not as immediately useful as foodmgperseolutions, these
parameters can still be usedstoucturallycharacterise @lydisperse sampldsased on
propertiesother than size (Kikhney and Svergun, 2015).

Expressed as an average of the-4metnsquared distance to tleentre of densitpf a
given patrticleweighted by the desity of the scattering lengtRy is actually one the most
important and bedtnown SAXSderived parameterssince it can be used directly
towardsdetermining the overall size of tsampled particles. For exampie the casef
protein molecules featuringn identical number of amino acid®; will be reduced for
compact (e.g. globular) protes and increased for extended (ewgfolded) proteins. By
knowing Ry and I(s), the Guinier approximations(< 1/Ryg) and the equatioh(s) =
1(0)exp®Ry?/-3) canthen beused to determine the forward scatterir§@), which will be
directly proportional tdoth the concerdtion and molecular weight ofsampled protein
(Kikhney and Svergun, 2015).

Finally, theflexibility of the examinedmolecules(e.g. the degree of folding observed
throughout a protein sample) calso be determinedirectly from analysingSAXS data
sets andconstructinga Kratky plot. Knowing that thescattering intensityf a solid
particlewill decay at a high angle (i.&(s) = ~1/s*), globular or folded proteins will be
representean Kratky plots asnarked peaks followed by downward phases, whereas
unfolded proteins with large values will be represented asateas (Figure 2.4.2.3
overleaj. Furthermoreshouldonly the folding states dhedifferent proteins contained
within a polydisperse solution bmportantto know, thenthe resultingKratky plot can
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be normalised by assumih@®) = 1 and multiplyings by Ry, which will in turnreveal the
requested informten at the expense of degarding themolecular weightsof the
investigated proteinsThis is also the reason why normalised Kratky curves are also

referred to as Adi mensionlesso plots (Kil

(sRq)2I(s)/I{0)

Natively unfolded

Globular

0 1 2 3 4 5 6 SRy

Figure 2.4.2.3Normalised Kratky plot of thesR)?(s)/1(0) versussR, parametersbtainedrom
the scatteng profiles of three globulatdark blue), halunfolded (light blue) and natively
unfolded @rey) 60 kDa proteins (adapted from Kikhney and Svergun, 2015).

2.4.3.The virtues and limitations of SAXS

Some of theignificant advantages of performingrdy scattering experiments include
their straightforwardness and tiraéficiency compared tounning MD simulations in
scenarios such as determining 8iedistribution of bn and water content surrounding a
target biomolecule (Nguyen et al., 2014). In addition, SAXS experiments only require
minimal sample volumes per measurement (B0gL00 pL) and the higher the particle
concentration, the better the scattering profiled, monsequently, theguality of the
resulting data will be (Kikhney and Svergun, 2015). Another major advantage of SAXS
is represented by the fact that it can be used to investigate a very wide range of specimens.
Most of these take the form of twahase gstems (e.g. a solvent carrying a single type of
solute), but even multiphase systems in which the electron density of one phase
significantly outweighs those of all otheamplephases can be analysed as aplase
system. Such approrations are regulfr used in materialscgence (e.gwhenverifying

the composition of metal alloys anonitoring particle growth in solutionjjuring the
quality controlphaseof industriallymanufactured items (e.g. identifying defects in the
structure of glass and diamonds or voids in the structure of ceramics), as well as in
chemical engineering (e.g. isolating combustible hydrocarbons from coal, chauhel oi
other fuel sotces), alongsidenany other fields in which performing similar studies via
in-depth techniges such as TEM would ultimately prove a great desilier in both time

and funding (Pauw, 2013).
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Additionally, through its facile complementarity with advancechpatatonal processing
and other higtresolution techniques such as NMR andaX crystallography (Pérez and
Nishino, 2012), SAX$®ermitstheab initio modelling ofsamplel particles and the study
of complex biomolecadr dynamics without requiring@ny priad knowledge of the
examined specimemgeforehandKikhney and Svergun, 2015). SAXS measurements are
also frequently paired with widangle scattering (WAXS)nes, for exampli the study
of lipid raft models comprised of phosphatidylcholine, sphingomyatid cholesterol
(Quinn and Wolf, 2010).

Unfortunately, combining SAXS with other techniques can also hide its notable
shortcomings, including the absence of an objective and undisputable means of
determining whether the informati@movided by a SAXSlerived curveis accurate and
trueto-life, even in simple scenarios such as working with backgraonacted
scattering profiles of monodispergarticlesolutions. This ambiguity is felt even harder
when studying polydisperse samples such as protein oligomer solutions (Kikhney and
Svergun, 2015). The uncertainty surrounding the collected data stems primarily from the
fact that typical SAXS experimentslgrfocus on measuring thegattering intensitpf a

given samplavhile forgoing other parameters such as the phase aht¢iaent X-ray
radiation, usually resultingh the construction of scattering profiles that can match an
entire host of potential sate configurations. In cases such as théss only by cross
referencing SAXS results with those obtained using othertagblution techniques such

as TEM and atom probe (AP) that the information collected wiayXscattering can be
considered reliablenough to be incorporated into a structural study (Pauw, 2013).
Similarly, while significant particle agglomeration wdibe immediately apparent during
SAXS dataanalysis a minor yet still potentially relevant amount of aggregation would
only result ina slightly raised?y and, by association, an inaccurately extrapolated

value, whichwould nevertheless stiljive an incorrect impression on the morphology of
the sampled particles (Pérez and Nishino, 2012).

In spite of these shortcomigSAXS has benemployedwith great succeds studies as
diverse as developing novel molecular rulers for providing quantitative distanc
measurementsetween macromolecules labelled with gold nanocrystal probes (Mathew
Fenn et al., 2008), monitoring the deposition of posithatigrged anoparticles in a
layer at a silicawvater interface (Brenner et al., 2012) and determining the aggregation
and sedimetation rates of silica nanoparticles in solution after interacting with globular

proteins such as lysozyme (Bhaatial., 2011). Furthermor8AXS was also successfully
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used in the current project towards providing additi@aaifirmation of correct SSBU

formation on the surfaces of silica nanopartickeswillbe seen further on in Chapter 4
2.5. Phage Display Screening

Drug discovery has long resorted to the Higloughput seeening of millionrstrong
candihkt e mol ecul e | i br that car performa desiredather@peutio f
actionwith as high affinity and specificity gmssible (Hoogenboom, 2002). Throughout
recent yeas,howeverthefocusof the pharmaceutical industmasgraduallyshifted from
traditionalsmall molecule drugsobtained via the screening of combinatogakemistry

libraries, to antibodyased therapeutics inwoi n g rilpirmdieng pr ot ein
compoundsot only exhibit higler specificities and affinitiesor their designated targets,

butdo so while also prowing less side effects in patients as w&tumpp et al., 2008).

The members of this novdlug classwhich includes monoclonal antibodies (Clementi
et al., 2012), singlkehain variable fragment antibodiéscFvs)(Ahmad et al., 2012) and
designedankyrin repeat proteins (DARRij (Hausammann etl.a2013) are routinely
identified via phage displagcreening a powerful technique caplgbof interrogating
vast candidatdibraries in order to identify nanomotaffinity binders without the

traditioral need for animal immunisation and antisera extraction (Hanes et al., 2000).
2.5.1.Introduction to phage display screening

Initially developed more than 30 years ago for the selection ofdeepinders (Smith,
1985), phagealisplay technology revolves around the expression of exogenous antibody
fragments and other such protdéimding proteins orthe extracellular surfacef a

suitablebacteriophageectorfollowing genetic manipulatiofFigure2.5.1.1)

Figure 2.5.1.1.Diagram of a typical filamentous bacteriophage displaying a binder. The DNA
encoding the antibody fragment, in this case a variable heavy chain (red), is fused with the
bacteriophage gene encoding the plll coat protein (green). Once the modified pih psot
expressed, the \Mparatope will also bdisplayed on the bacteriophagerface. For the purpose

of clarity, only the plll and pVIII coat proteins are depicted here (adapted from Lee et al., 2007).
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While other methods such as ribosome display have fiemessfully used for isolating
numerous highaffinity binders since the concept was first introduced (Hanes and
Pluckthun, 1997), filamentous bacteriophages represent the ongimales used ithe

display and screening of binding peptidasd antibody fragments (Chasteen et al., 2006).

The <creation of di ver se l' i braries of p |
subsequent screening against a given antigen is in fact not entirgiyildisto the
immunetriggered secretion of specific antibodies in an infected host (Hanes et al., 2000).
Phage displajibraries are regularly created by inserting the coding oligonucleotides or
gene sequences of the candidate binders into the genome of flamentous bacteriophages,
specifically wthin the genes responsible fencodingeither oftheir five differentcoat
proteinsi plll, pVI, pVIl, pVIll and pIX (Baek et al., 2®). The necessary genetic
manipulationcan be performed by either fusing the ligand genes onto the phage genome
itself (i.e. using phage vectors) loy working with a plasmid harbouriranly the geres

of the chosen coat proteamd then transfecting the recommnh®NA into a helper phage

via phagemid vector@_ee et al., 2007). Out of tH&ve coat proteinghat have beeusal

for binder display thus faplll remains one of the most commomimployel, partly due

to its role inbacterial infectivity (Hoogenboom, 2002). Through the phage format
approach, all recombinant plll proteins will be expressed from gelmi@ldlier fusions and

will usually display 35 copies of the respective binder onitlsairface (i.eflow-levelo

mul tivalent didmglvaey). mshadulvahl emitghldi spl ay
encodng the pVIlI protein should beodified instead, since tharticularcoat protein

can display more thand00 binder copieper unit on account ats increased surface
area.Conversely the phagemid format yields binder copies derived from the helper
phage, which are then displayed monovalently (i.e. in single copies) on the surface of

each individual phage (Lee et al., 2007)

Just as natural antibodies undergo several cycles of somatic munatiaer to bind their
antigenswith increasinglyhigher affinities, so too are phagesplayed binders subjected
to multiple rounds of selection épanning before ligands with negricomohr affinities
for their targetan beidentified (Figure 2.5.1.2overleaj. After the phages have been
modified with the binder genes, they are infected htooli and cultured to express vast
binder libraries, which are then screeragghinsttheir designated immobiliseahtigens
through recursivéinding and washingycles(i.e. selection rounds). Followingultiple
rounds of selectiofusually 35), only those phagelsplaying the highest affinity binders
will be eluted and amplified i&. coli for further testing (Hoogenboom, 2002).
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DNA manipulation resultsm
the creation of binder libraries
(e.g. peptides, proteins,
antibody fragments)
Binders are displayed on the surface
of phages

Kﬂé

Amplification

The phage
display cycle

.

Figure 2.5.1.2.Schematic representation of the phage display screening process, also known as
the fiphage display cycte The DNA of the candidate ligands (e.g. peptides, proteins) is-batch
cloned into thephage genome as part @fie ofthe coat proteingi.e. plll, pVI, pVIl, pVIlI or

pIX). Subsequeninfection and virion replication i&. coli results in phage libraries numbering
millions of candidates, which are then screened against the immobiliseid tefrigegest through
recursivebinding and washingycles | dent icdndidaté Di edeér s aree t he
infected intoE. coli and amplified for further testing (adapted from Hoogenboom, 2002).

During routine phage display screening, itenmon to use libraries crealt using the
phage format fothe initial selection rounds since the multivalerdlgplayed paratopes
will have a higher chance at binding the target antigen. Oncealfffigity binders have
beenidentified the phagemid formacan be employed instead so taspromote the
enrichment of phages that monovalestlgplay only those binders deemed tofiead
candidated This way, investigators can moaecurately characterise the affinity of a
single binder molecule against i@rgetof interestand not that of several molecules
binding collectively to the same antigen (Beaber et al., 2012).

2.5.2.Types of phages used in the dispfaof antibody binders

Since the first bindecoatfusion protein that started thesitire field was displayed oma

M13 bacteriophage following the insertionEfaR| genes into the genome encoding its

plll coat protein (Smith, 1985)Yhe vectorscommonlyassociated with phage display
screeningare still represented by the&. coli bacteriophages M13, fd and f1, which
together form the Ff filamentous phage class (Chasteen et al., 2006). Sharing a staggering

98% sequence identity, these phages feature a strgleded DNA conformation

62




CHAPTER 21 EXPERIMENTAL TECHNIQUES
organised inside a 7 nmide, 9002,000 nmlong cylindrical structureThus far, they
have been successfully usedselecing a multitude of highkaffinity binders against
targets as diverse as membrdnoeind receptors, enzymes and nucleic acids (Baek et al.,
2002).

Throughoutrecent years, however,-8ven bacteriophages have enjoyed increasing
popularity as alternative vehicles for binder display (Gamkrelidze &hobiyska, 2014).
Classified as members of the ord&audovirales and more specifically thielyoviridae
family, the T-even phages T2, T4 and T6 are easglgognisable by their lundander
shaps (Figure 2.5.2.1). Structurally, these are tailed viruses comprising of a prolate
icosahedral head containindgpe ~170 kbp doublestrandedDNA, followed by a
contractibletail sheath protecting the internal DNA delivery tube and finally ending in a
baseplate featuring six protruding tail fibers involved biacterial cell membrane

recognitionand binding (Gamkrelidze and\Browska, 2014).

Figure 2.5.2.1.Transmissiorelectron micrographshewcasing thdamous NASA lunar lander

shape of the T4 bacteriophage: A) The 168,908dyblestranded DNA is containedithin its

prolate icosahedral head, while the six protruding tail fibres are used to search for the membranes
of potential bacterial host&) Once the virus has bound to a bacteria, the tail sheath contracts in
order to reveal the internal delivetybe through which the viral DA will be released into the
cytoplasmof the host cel(adapted from Miller et al., ZIB).

T-even bacteriophages have been studied extensively since the 1940s and were involved
in many seminal developments, including the discovery of mRNA, of the connection
between nucleic acids and genetic information and the fact that the genetic code is
organised in nucleside triplets Of the three mmbers of the ‘Even phagelass T4 has

seen the most extensive use due to its capalbf completely inhibiting thegene
expression mechanisragabacteral cell, which greatly aids the discriminatiorof viral
molecular dynamics from those of its host (Miller et al., 2003).
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Upon their attachment and infection of a host cell, bacteriophages can reproduce
according to one of two cycles: lytic or lygic Figure2.5.2.2). Whereas throughe
lytic cycle the viral DNA ends up cexisting with the bacterial DNA as a separate
cytoplasmic entity until the replicated viral clones escape thedatistia membrane
lysis, throughthe lysogenic cycle the viral DNA becomes a part of the bacterial genome,
integraing non-destructively into thaucleusof its hostwithout affecting its ability to
live and divide normally (Doming€@alapet al, 2016). Since T4 bacteriophages fall into
the former category and replicate hundreds of times before their host akimately
destroyed their exclusively lytic lifecycle constitutes an ideal phage amplification

strategy requiring only minimal volumes Bf coli culture (Kutter et al., 1995).

v Attachment Infection
J- s

_®)- Q ®)

Genome integration Synthesis of viral genomes and proteins
" \X&./ [
Bacterial repllcatlon Assembly

Lysis and release

Figure 2.5.2.2.The two possile bacteriophagdife cycles Left: the lysogenic cycle, during
which the viral DNA inserts into the bacterial game and replicates alongsitiee bactrium
without producing progenyRight: the lytic cycle, during which theiral DNA subjugates the
replication machinergf its host in ordeto create more virions that ultimately escape through the
cell membrane in search of other hdstinfect(adapted from Doming€alapet al, 2016).

2.5.3.Phageversus phagemid library creation

The two pathways leading to the creationpbfage libraries expressing recombinant
binding proteins each come with their own virtues and limitations. Using the phage

format, the genes encoding the ligands are inserted directly into the phage genome and,
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as such, amplifying a single clone will yial@tal vectors that are both genotypically and
phenotypically identical and will all display the ligandat fusion proteins multivalently.
Phage libraries are considerably less laborious to produce than phagemid libraries, which
depend nobnly upon the wailability of helper phage, but alsgontheir infection into
bacterial cultures at specific growth stages. The amplification of phage library members
is also straightforward and only requires the culturing of more infected bacteria, which
represents a ajor advantage for higthroughput applications where large numbers of
binders are simultaneously screened against dozediferent antigens. Furthermore,
the multivalent nature of binder displaynongphage library members translates into
multiple copes of identical paratopes being expressed onutiace of the same phage,
ultimately leadingo the recovery of more binders after a round of selection, as well as
the potential discovery of more diverse ligandshsy end of the screening pha3éis
comes intostark contraswith phagemid particles, since thesely incorporate their
recombinant proteins in as a little a40% of all library members due to their monarsl
display capabilities, which conversely alfswm a prerequisite forsubsequenéffinity

maturation studies (Chasteen et al., 2006).

Phagemid vectors thusepresent the second pathway through wipbtiage display
libraries encoding recombinant binding proteins can be built, but in their case this can
only be accomplished with the helg other phages thatust provide them with
additional proteins without which theywrnot create fulhfunctional binderdisplaying
clones. Giventheirrole,theseproteio nor parti cl es are commoi
p h a g e génerallycampriseof Ff-class filamentous bacteriophages that have been
engineered with a specific antibiotic resistance, an additional origin of replication and a
disabled packaging signal. Phagemid particles reptethe preferential choice for
displayinglarger bindingmolecules such as antibpttagmentsand, compared to phage
vectors,are not only easier togeneticallyenginee additional properties into, but also
enjoy a more efficient ligatiotransformation process, resulting in the possibility of
building larger bnder libraries than throughe use othe phage format (Chasteen et al.,
2006).

In order to create a phagemid vector, the nucleotide sequences encoding the binding
proteins are clonediframe into a plasmid containing not only the genes responsible for
the expression of one of the phage coat proteins, but also the phage replication and
packaging signals required for the subsequent inclusion of the phagentideihtper

phage particles (e.g. M13KO7 or VCSM13), whose own packaging signals have been
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disabled to promote the expression of the liganwéit recombinant binding proteins (Baek
et al., 2002). Once the phagemid has been transformeH.iotdi, the cells are infected
with helper phage, which triggers the packaging of the phagemid genome togéther w
the genes encoding thsild-type coat proteinsf the helper phagéJpon amplification,
the resulting virions will ultimately display the ligaiedat recombinant binding proteins

instead of the wildypeone§ a pr ocess known asetd.p2Bl2ge r e

In practice, however, it has been observed that although the disabled packaging signal of
helper phages generally prevents them from outnumbering the phagemid particles, any
newly-amplified phages will still heterogeneously display both lihand-coat fusion
proteins, as well as the wilgpe proteins endogenous to the helper phisgd. While

this could potentially reduce the numbenefjative avidityrelated interactiongccurring

during the subsequesélection rounds, the ratio between the recombinant anetypiéd
displayed proteins is, unfortunagetegularly skewed towardlse expression dghe latter

due to the proteolytic degradation occurringhin the E. coli periplasmic space. This
directly translates into a majority of the ligaedat fusion proteins being degraded well
before the phages can even be subjected to antigen screening. Because of this, most
phages created using a typical phagemid vector will not display the encoded ligahds at al
and willunfortunatelyonly serve to furtheninderthe alreadydifficult discovey of high-

affinity binders originating froa napve phage | ibrary. The
phages can, however, be lessened by capitalising on the aatibgtitanceanferred to
newly-amplified phages expressing the phageendoded recombinant proteins. &yly
selecting those cellsarbouing the same antibiotic resistantlee chances of recovering
fully-functional phages displaying the ligandat proteins arsignificantly increased
(Chasteen et al., 2006). A similarly beneficial outcome can also be reached if the helper
phagetiemselves have been geneticahgineered beforehand to encode cleavable wild
type coat proteins (Baek et al., 2002) or to feature cadon clusters and ribosome
binding site spacing alteratioftzat promote a reduction the overall expression levels

of wild-type coat proteis, such as those employedthg novel XP5 helper phagdass
(Beaber et al., 2012).

In the end, it becomes igent tha libraries created usingither phageor phagemid
vectors will differ from one another in several important ways. If the effort attributed to
the initial genetic manipulation is to be considereel {hecloning and transfection of
binderencodng genes), then working \itphagemids instead of directiyodifying

phagesvould representhe preferredhoice, espdally since libraries built via phagemid
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vectors usually numbenany more binding candidates (e.g*%00'%. Concurrently, the
identical gengBc arrangementpresent within libraries created via direct phage
manipulation would invariably be affected by thiow copy numbenpf the phageectors
and the poor functionality of the wiliype gene promoter. Finally, filamentous phage
vedors also suffer from another issue in the form of a low resistance to exogenous gene
sequence deletions, whidanlead to the selective growth of only those phages that
possess an optimal genetic male Thiswould mearthat while only those recombinant
phages featuring mimal genetic manipulation woulditimately be allowed to develop
into functional particles, phagemid vectérbeingcomprised of circular DNA would
be affected to a much lesser extent by unpredictable DNA deletions and their encoded
binders will have a better chance at beulgmately displayed onamplified phage
(Chasteen et al., 2006).

2.5.4.The virtues and limitations of phage display screening

In diametric opposition to raising hybridorbased antibodies inside immunised animals,
the main advantage of phage disptayeenings given by its capability of expressing
potentially millions of different proteinaceous binders and then seleotihg those
showing the most promisingffinities against virtually any antigen, biological or
otherwise, in a highly efficient manner and without ever requiang sort ofanimal
involvement throughouhe entire process (Lee et al., 2007). Furthermore, asego

in vitro-exclusivedisplay methodologiesuch as ribosome display, phage display can
alsobe successfully performealvivoas well, by injecting live animals with entire phage
bound bindetibraries and then idemfiying which candidate ligandseeman bound to the
tissue of interest (Stumpp et al., 2008).

Other virtues ofthis techniqueare represented by itsignificant time and cost
effectiveness, both during thielatively straightforward creation of phage libraries and
the rapid selection of higaffinity binders, as well as by its complementarity with other
high-throughput protein interaction techniques such as yeast hybrid systems
(Gamkrelidze and aWwfrihe wprbvaments2tohige )display f
screeningare to be considergthen the overall quality of the binder librartaemselves

and the speed dheir selection become the rdimiting stepsin need ofadditional
optimisation before phage displagcre@ing can be implemented whollinto high

throughputindustrialscenarios (Schilling et al., 2014).
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When considering the potential pitfalls of the technique, however, ntpsrtant to be
awarethat a syntheticalkgreated naive phage library might not always includehaig
affinity binders to a giveantigen. This shortcoming is flaidr compounded by thadten
poordisplay d ligand-coat fusion proteins (e.gnly 1-10% ofphagemid librarynembers
might express them) or thigdroteolytic degradation over multiple rounds of selection,
resulting in Abaldo phages that outnumbe
(Beaber et al., 2012). In orderrrmnimise these negative aspegibage display libraries
usually encompss between 1010 different members aneny high-affinity binders
identifiedwithin a selection round will beoutinely amplified up to 1% so agto bolster
the efficacy of any futur@anning or binding characterisation steps (Baek et al., 2002).
Further limitations of phage display technology stem from the use of helper phage, which
need to be continuously produced and added to growing baaeltiales within very
specific Deoonmintervals in order to maintain a steady rate of phage produdiipon
considering thenclusionof phage displainto applications requing the highthroughput
screeningof millions of poential binding candidates, it becomegsy to imagine the
many déays that such a laborious rdimiting step would cause. Fortunatelglternatives
to helper phagehavebecome available during the past decade in the form of novel helper
plasmids that allow bacteria to be transformed with the phagemid and thenusedcult
overnight without the need fanyDsoonmmeasuremestat all Instead, he followingday
the replicated particles casimply be harvested by centrifuging the cell debris and

collecting the phagech supernatant (Chasteen et al., 2006).

To date,phage display technology has led to the development of several blockbuster
antibody drugs incorporating higdffinity binders (Reichert et al., 2005). These include
the antineoplastic monoclonal antibodies bevacizumab (Avastin), cetuximab (Erbitux),
rituximab (Rituxan) and trastuzumab (Herceptin), all of which have been approved by the
US Food and Drug Administratio(FDA) for the treatment of cancer patients (Adams
and Weiner, 2005). Fhfollowing subsectiongjescribing the major classes of binders
sele¢able via phage displagcreeningwill only further highlight the relevance of this
technique in the fields of immunology, protein engineering and novel antitesbd

drug development.
2.5.5.Immunoglobulins

To this day, natural antibodies or immunoglobuis (Igs) remain the most widely

recognised binding proteins. Based on their distinct immunological activities and
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distribution throughout the body, they can generally be categorised into one of five main
antibody classes: IgG (main serum antibody involvegrotection agaist bacteria and
viruses), IgE (triggers histamine release following the detectialhefyenic compounds
and protectsagainst parasitic helinth infections), IgA (preventpathogens from
colonising mucosal linings), IgM (involved in éarbacterial and fungal infecn
response) and IgD (stimulatéise production of antimicrobial and proinflammatory
factors in basophils) (Woof and Burton, 2004; Chen et al., 2009). Other antibody classes
not present in mammals have atsen identified,ncluding IgYT found in nongalliform
birds such as ducks (Lundgt et al., 2006) and IgW discovered in cartilaginous fish
such as sharks (Bernstein et al., 1996). Regularly secreted as antigen rexephers
surfaces of vertebrafasma cellsn regponse tantruding foreign pathogens (Borghesi
and Milcar&, 2006), immunoglobulin moleculefeature a distinctive fi Y-shaped
structure Figure 2.5.5.1) comprised of identical pairs of light and heavy polypeptide
chains connected viagiilfide bridges (Sahing et al., 2014).

Antigen \
binding N .
pr— sites

Hinge

Complement and
Fc receptor binding
sites

|
~ Tailpieces
J

lgG: IgE IgA

Figure 2.5.5.1.Structures of three human antibody classes: IgG, IgE and IgA. The number of red
and orange heavy chain domains varies betwthe different classeshile the pair byellow

light chainsis identical and shad between all immunoglobulinaN-linked oligosaccharides
(blue) are also featuredacross the chains of IgG and IgE antibodies, whildinked
oligosaccharides (greefrm part of thehinge regionof the IgA molecule The amineacid,
carboxyterminal tailpece extensions of IgA antibodies grant them the ability to assemble into
polymeric immunoglobulin structures (adapted from Woof and Burton, 2004).

The peptide sequences identified within each light and heavy chain region have led to the
classification of lheir respective domains as either variable (V) or constant (C) (Litman
et al., 1993). Therefore, immunoglobulilght chainseachcomprise of one variable
domain (M) and one constant domain.{Cwhile their heavy counterparts feature one
variable domairfV+) and multiple constant domains{)&Woof and Burton, 2004Both

domain typs canbe even furthersuldividedinto lambc&a (&) and kappa (
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domainand al pha (U), delta ( U)heavycpasddmams ( U)
(Syndercombe&ourt et al., 2009, p. 266%incethe pair of light chains is identical and
conserved between all antibody das, immunoglobulins atbusclassified according
to the type and number of théaeavy chain domains, ranging from just three in human
IgG and IgA antibodies to four in IgE molecules, to five in duck IgY antibodies
(Lundqvist et al., 2006) and as many as sevealoharhineshark IgW immunoglobulins
(Bernstein et al., 19964 distinct hinge region was also identified withthe structures
of antibody molecules featuringnly three constant domaingarying in length and
structure betweethe different antibody classes (Woof and Bur, 2004) and likely
conferringincreased flexibility to thir associated heavy chain domafSyndercorbe
Cout et al., 2009, p. 266).

Immunoglobulin antigen specificities are dictabgdhe light and heavy variable domains

| ocated on t hea&i Y-shapedinoleoms Takemtbgetheh the two arms
form the Fab (fragmerdntigen binding) or hypervarilbregions (AlLazikani et al.,
1997) displaying the antigdnnding sites at the tip of each arm (Syndercombe Court et
al., 2009, p. 266). Conversely, the basal half of immunoglobulin molecules, comprised
exclusively of dsulfide-linked heavy chain constadomains, formshie Fc (fragment
crystallisable) regiorwhich facilitatestheir interaction witheffector molecules such as
complement irorder to dictate theole of a plasma cell within the overathmune activity

of the hosbrganism(Woof and Burton, 2004).

2.5.6.Monoclonal antibodies

The strength ofinteraction between the different immunoglobulin classes and their
respective antigerist er med binding dAaffinityo when d
antibodya nt i gen b onod swhoern fraeviiedrirtiyng t o t he n
certain immunoglobulin can bind (Syndercombe Court et al., 2009, pi 2680 high

that antibodybased drugs have become widely researched and develypéae
pharmaceutical industry. Whileclassicant di es or fAanti serao ar ¢
blood of humans or animals tHazve developed natural immunitiessimecific antigeg

so that passive immunityightthenbe conferred upoather patients or animais wel|

such methods of immunisati@me ultimately limited in their scope due to their reliance

on polyclonal antibodies. Since antthes are secreted by thentire plasma cell
populationof the particulardonorthat came into contact with the respective antigen,

antiseraactually compriseof an entire host of antibodies with mixed affinities and
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specificities and, thus, the efficacy of such treatments will alvagiepenént upon the

quality and amount afollected antibody serum (Rang et al., 2007, p. 772).

Fortunately, all of these lindtions became avoidable in 1975, when Georges Kéhler and
César Milstein from theMedical Research CounciMRC) Laboratory of Molecular

Bi ol ogy in Cambridge, UK, f i(Figute2.5d6el)oye | o p e
fusing immortalised mouse myelomeells with spleen B lymphocytes from an
immunised specimen secreting asttieep red blood cell (SRBC) antibesli(Kohler and
Milstein, 1975).

P n. Cell 1
S8 " N Abs+Abz+Abg

\_ = Abz+—Cell 2_p=% , \+Abs+ ...+ Abn
/ Complex ¢ %% - f ~‘£3 Y 4
| antigen (cell 1 #5971 serum
membranes) T
— A %Abs ——Cell 3
' ¥ Aby - cell 4/
Abp = Celln

Spleen suspension
(Cell1+Cell2+Cell 3+ Cell4+ ...+ Cell n)

Immortalisation by

.

fusion to myeloma $
Cloning of somatic cell hybrids

~F " . . .

"C-Ionrf: “-'Cvloqtl"} Clone i)
e AP o 2P
SR

Figure 2.5.6.1.Schematic of a hybridoma cell line producing monoclonal antibodies against a
complex antigen. A mouse is injected with foreign cell membranethasdenerates a multitude

of different antibodies. It@antibodyrich serum isthenextracted and the antibpdecreting B
lymphocytes are immortalised Viasion to myeloma cells. Through the cloning of the resulting

hybridomas, the selection of monoclonal antibodies against the individual antigens expressed by
theinjectedimmunogenic cell membranesw becomegpossible (adapted from Milstein, 1999).

The fusion processffectivelytransferred the immortal quality of the myeloma cell line

to the spleen B lymphocytes, which coafterwardse perpetually cultureith vitro. By
diluting the growth medium until a single lymphocyte could be selected, a vast number
of monoclonal antSRBC antibodies could thus be derived from the same B cell and
therefore share the same elevated specificity and affinity for their designaigehant
Since monoclonal aifiodies displaying high affinities and specificitiesuld then be

raised against virtually any antigen, they were quickly introduced to clinical trials after
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their emergence in the early 1380nfortunately, by virtue of beinggressed in an
animal system, fully murine antibodies also triggered immune responses in approximately
75% of uman patients and thusohbhdf dtome utnidey g
effectively used fotheir intendedherapeutic purposes. This was aebd by modifying
the antibodyexpressor genes to include cDNA encoding human Fc domains while
preserving the mouse Fab regaasponsible for antigen bindinghich resultedn not
only a much better integration into the human immune system, but alsokadly
improved serum halife (Rang et al., 2007, p. 773). Asettpharmaceutical industry
gradually movedowards developing fully human monoclonal antibodies, the chimeric
humanmurine moleculesvere improved téhe point of only includingnurine paraipes
on otherwise fully human Fab and Fegions. Similarly, throughout recent years
hybridomacell lines have also been steadphased outby recombinant antibody
production in transgenic mammalian cells (Reichert et al., 2005).

Since their humanisation, a total of 23 monoclonal antibodies have already been approved
by theFDA for use in a clinical environment (Toporkiewicz et al., 2015). These include
treat ment s for Crohnos di sease (natal i
(omalizumab), rheumatoid arthritis (adalimumab) and multiple sclerosis (alemtuzumab)
(Reichert et al., 2005). Several monoclonal antibodies have also been selected against
cancer markers such as CD20 (rituximab) and HER2 (trastuzumab), becoming staples of
human anticancer treatments. Moreover, through their capability of being coupled to
cytotoxins, radioisotopes and other such conjugates, monoclonal antibodies have steadily
increased their theraptic and diagnostic versatilityeading to the development o
commercialised immunoconjugated antibody drugs such as Mylotarg (gemtuzumab
ozogamicin), Zevalin (ibritumomab tiuxetan) and Bexxar (it8%ltumomab).
Considering all of the above developments, it should come as no surprise that, since their
inception, @er 150 different monoclonal antibodies have undergone clinical trials across
the world (Toporkiewicz et al., 2015).

2.5.7.Designed ankyrin repeat proteins

For many years, monoclonal antibodies and the newer antibody fragments such as single
chain variable fragents (scFvs)representedprime examplesof protein binders
displaying high affinities and specificities for theintended therapeutic targets.
Unfortunately, their successful applicationvivo has always been constrained by both

their poor conformational stability under adverse biological conditansvell as their
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propensity for aggregation i mshees ddmain i o n
arrangement (Sching et al., 2014). Luckily mae recent developments in synthetic
antibody library design and selection hawanaged to improvapon these limitations

guite significantly.

Newer, scaffoldbased binding proteins feature a modular assembly process that not only
dramatically expads theimpotential applicationkorizon, but also imbues them with very
desirable biophysical characteristics that confer significant advantages over traditional
monoclonal antibodies in both vitro and, more importantlyin vivo scenariosThese
include low tonon-existent aggregation in solution, a high potential for chemical coupling
to functional conjugates such as fluorophores and cytotoxins, the absence of structural
disulfide bonds (a requisite for functiortal coli cytoplasmic exprssion systems), high
levels of secretionfor both mone and multimeric assemblies and the possibility of
extending theim vivohalf-lives through sitespecific PEGylation or fusion to loAyed

serum proteins (Boersma and Plickthun, 2011). With the advent of phage ancheiboso
display,in vitro production of antibodyike binders has become not only possible, but
highly pursued throughout tlemtirepharmaceutical industry. These techniques enabled
biological drug divisions to select scaffold binding proteins such as adsneatimers,
articalins and affibodies withigh affinites against a variety of target antigamha mere
fraction of the production cost of monoclonal antibodies (Stumpp et al., 2008).

Developedint he early reearchr caogglducted by Pro
group fran the Biochemistry department #te University of Zurich, Switzerland
(Molecular Partners, 2016a), designed ankyrin repeat proteins (DARPINs) represent a
novel class of binding proteins thétve overcome the limitations of traditional
monoclonal antibodiesiamely expensive formulation, difficidktracton andlow tissue
penetration (Stumpp et al., 2008). Furthermore, while monoclonal antibodies can be
either murine, primatised or, in the bestates, chimeric or humanised (Reichert et al.,
2005), DARPIns are derived from natdyabccurringankyrin repeat proteins that are
abundantly encoded throughout the human genome (International Human Genome
Sequencing Consortiun2001), contributingto a multitude of highaffinity protein

protein interactions courtesy of their intriguing modular architecture (Schilling et al.,
2014). DARPIns capitaliseponthis property by being comprised of a varying number

of protein motifs (i.e. library modules) thatask together to form the target binding
domain Figure2.5.7.1overleaj. Typical DARPin moleculesegularly feature between

4-6 motifs, but examples of single proteins consisting of up to 29 library modules have
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also been documented in the literat(framaskovic et al., 2012). Their facile modularity
grants DARPingn enormous degree of potential diversity thatlead to the creation of

binderlibraries numbeng billions of different ligand combinatiorfStumpp et al., 2008).

A ‘)««L
m’ ‘J + (” ‘ + %
&
n
N-cap Library module C-cap
B

c‘\\‘ c\: )

DARPin-MBP complex DARPin-APH complex

Figure 2.5.7.1.Diagram of DARPIn library designrd) DARPins comprise of two hydrophilic
ends (N and G), capping varying numbews internal library modules (rshown herén grey).
Every library module is comprised of 33 amino acids featuringriable side chainsréd); B)
Examples of two DARPInk fioff7o andfAR_3A0T composed of three library modules each and
with theirrandomised target binding regions coloured in red and bdgpectivelyC) DARPIins

off7 and AR 3A forming complexes witimaltose binding proteitMBP) (PDB ID: 1SVX) and
aminoglycoside phosphotransferggd®H) (PDB ID: 2BKK), each of them connected atithe
respectivaedand blue randomised target binding regions (adapted from Stumpp et al., 2008).

From early on in their inception, DARPIn libr@aswere constructed arouradconsensus
design approach that helped define what their smallest buildingibtbelibrary module

I should contain. Originating from a desire to determine the occurrence of particular
amino acids at specific positions basednounltiple amino acid sequence alignments
(Kajander et al., 2006), the repeat protein consensus design was applied to DARPIns
based on an initial alignment of 229 naturallycurring ankyrin repeat proteins, each
comprisirg of 33 amino acids of which 7 wevariable (Stumpp et al., 2008). Upon
further refinement, a total of 200 amino acid sequences westablished as consensus
approvedDARPIN library modules (Binz et al2003). The consensus design approach
ultimately resulted in the possibility of creagi highly stable and extremely versatile
binders that could have modules added, deleted or exchanged orbg-case basiso

asto beter suit their intended purpasd-urthermore, their knowamino acid sequences
opened them towardeven further manidation, such as conjugation to specialised
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functional groups (Boersma and Plickthun, 20Theseinclude PEGfor extending
DARPIn in vivo half-lives, electrophic moieties for binding target proteim®valently,
cytotoxic compound$or targetedanticancer therapieand fluorophoes, radiolabels or

contrast agents fon vivo magnetic resonance imagingRI) (Moody et al., 2014).

When generating a DARPIn library, the modules are genetically engineered to feature
hydrophilic N- and Gcaps that flak the otherwise hydrophobic central binding domain,
givingriser t o potent ixClol yimidlelkdosg n enphieér sedefibfs t h e
library modules employeith the creation of apecificbinder. The 7 variable amino acid
positions grant individual modules millions of different sequence variations and, as such,
a DARPIn library created using only two of these modules can reach diversities of up to
10** unique binders (Stumpp et al., 2008heir consensus design enables DARPIns to
closely resemble human ankyrin repeat proteins (i-.188 sequence identity) (Stumpp

et al., 2008), while the absence of an Fc domain renders them far less prone to trigger
unfavourable immune responses in hunpatients compared to antibody fragments,
monoclonal antibodies, aptamers, folates, lectins or transferrins (Toporkiewicz et al.,
2015). Since a single library module only weighs approximately 3.5 kDa, conventional
DARPIns featuring 4 modules are thusrigimes smaller than classic immunoglobulin
molecules, which greatly vaurs their serum solubility (>100 mg/mL), hiife (>60

days) and tissue penetration. DARPIns are also much less susceptible to both thermal and
chemical denaturatiofx100 °C or 5 Mguanidine hydrochloride, respectively) and their
stability actually increases proportionally to theiumber of constituent repeats.
Furthermore, they express to a very high degree even in low exprbastenialstrains

such as XLiblueE. coli, generang yieldsupwards o200 mg of purified protein per

litre of shake flask culture (Stumpp et al., 2008)result that can be improved upon even
further through the use of specialised expression strains (e.g. thdBt@iused in the

current projectplong with cell culture fermentation technologies.

Coupled with moderrn vitro selection technologies such as phage display, DARPI
binders with lownanomolar to picomolaaffinities can be successfully selected against
a variety of different protein tartge(e.g. cytokines, proteases, kinases and membrane
bound transporters and pumpajowing a minimal number of selection rounds (Jost and
Pluckthun, 2014). Their diminutive sgeallow DARPIns to be primed for vaccination
(Wallmann et al., 2010) and to be administeredivo through a variety of possible
routes, including topically, orally and nasally (Stumpp et al., 2008), while also benefitting

from a rapid clearance via the kidngy§eidle et al., 2013). Given their high stability,
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serum solubility and broad functionalisation capabilities, DARRised drugs can be
readily formulated from either monovalent DARRinBarbouring no adtonal
modifications, ofrom moleculeghat have ben chemically or genetically conjugated to
other useful moietiesF{gure 2.5.7.2) enablingthem to serveeither as agonists,
antagonists or inhibitors at their designated therapeutic targets (Stumpp et al., 2008).

A. DARPin antagonists (PEGylated and non-PEGylated)

" e

B. Bispecific DARPin antagonist

$ F. Trispecific DARPin for
effector function recruitment

G. Bispecific DARPin targeting
two different receptors

Figure 2.5.7.2.Functionalisation cajmlities of therapeutic DARPIn#A) Monovalent DARPIn
antagonists binding to either a ligand (green) areanbrandoound receptor (blue). One of the
DARPins has been PEGylatefdr extended serum halife; B) Bispecific DARPIn conjugate
capable of bindingwo epitopes on the same target for improved efficacy; DARPIns targeting cell
surface antigens while being fused dither (C) another protein such as a cytokine, (D) a
radioactive label for dgnostic purposes or (E) a smaiblecularweight toxin for added
cytotoxic activity;F) Trispecific DARPin conjugate capable of binding a tumour antigemwell

as additional effetor cells and serum proteir(s) Bispecific DARPIn binding two different cell
surface antigens in hopes of demonstrating increased tusalaativity compared to monovalent
binders (adapted from Stumpp et al., 2008).

Thus far, muliple DARPinbased therapeutic compounds have shown safety and gfficac
in preclinical models when usddr diagnostic purposgStumpp et al., 2008kuch as
detecting coagulation factor VIII inhibitory antibodies in haemoghilA patients
(Hausammann et al., 2013) and binding to HER2 factors in solid tumours (Zahnd et al.,
2010). Cacer immunotherapy also benefitttb]dm the use of DARPIn technology via

the adoptre transfer of T lymphocytes expressing DARBased chimeric receptors for

the recognition of solid tumoun#gens (Hammill et al., 2015).
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Anti-cancer DARPIns have also been successfully conjugatédth cytotoxins for
tumourspecific payload deliveryas well as modified serum albumin modules for
extended halfife (Simon et al., 2013), whiletlzer bindersstill have been displayed on
the capsids of aderassociated viral vectors targeted against the tumour antigen
HER2/neu. These DARPiviral complexes were able to reacf% d all tumour sites
and extendpatient survivalrates beyond the capabilities of the cytostatic antibody
Herceptin while also demonstrating norté the associated oftarget accumulation in
unaffected tissuesaused bythe latterdrug (Minch et al., 2015)DARPins were also
found to prevent amyloid peptide aggregation and its resulting neurotoxitityivo,
leading to improved cognitive abilities in murine Alzheinmeodels (Hanenberg et al.,
2014). Furthermorepff7 (Figure 2.5.3.1 abovg was used as a starting point for
developing a reagentless fluorescent biosensor whose fluorescence intensity increases
proportionally to the concentration of bound MalE maltose binding protein E.aruli
(Brient-Litzler et al., 2010).

Their high binding affinities not only enable BRins to act as input domains towards

the creation ofapid modular protein switches in the fields of novel bioseasdrighly
selective protein therapeutics védopment (Nicholes et al., 2016but to als be
formulated for intraocular administration against vascular endothelial growth factor
(VEGF) in the treatment of diabetic macular oedema (Campochiaro et al., 2013) and wet

agerelated macular degeneration (Tamas&et al., 2012)Kigure2.5.7.3.

Preclinical development Clinical development
Description Area Partner Discovery Preclinics Phasel Phasell Phaselll
MOLECULAR Phase Il to begin
MP0250 oncology @lx L H22016
E |
& R D — e
5 MP0274 oncology Y partne s l Q42016
o =
a .
PD1/VEGF multi-
immuno- vouecus
E DARPin immuno-oncology ~ ([f) MoLscuLAR
=0 Tumor-restricted
g immuno- veses
3 agonist immuno-oncology @; ,,,,,,,,,,,, 4
[
Several discovery 2 MOLECULAR
programs immuno-oncology @u,,,,‘_,,,.,.' -
P ote Phase lll began
Abicipar wet AMD s.eAllergan *‘ July 2015
w
S Abicipar DME i Allergan | Phasellito
& K be started
=4
o VEGF/PDGF multi- .
tAMD T £
5 DARPIn = i+ Allergan
g
E Multiple programs ophthalmology -I:‘-:-Allergan [
[-%
Discovery program immunology janssen }' _

Il oncology [l ophthalmology [l immunology

Figure 2.5.7.3.Examples of DARPifbased drugs currently undergoing clinical trials in a
multitude of therapeutic interest areas (adapted from Molecular Partners, 2016b).
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Lastly, DARPins binding endogenous IgE immunoglobulins in the low nanomolar range
were found to inhibit the release of proinflammatory mediators with higher efficacy than
the commercial arige monoclonal antibody omalizumab (Xolair), demonstrating
significant potential towards forming the basis of future -alirgy medications
(Baurmann et al., 2010).

Unfortunately, while also being responsible for their very high degstability, the

rigid and concaveDARPIn structures can actually restrict their spect of potential
therapeutic applications, especially whémeir modular hydrphobic regios are
incompletely randomise@ost and Pluckthun, 2014). In an attempt at circumventing this
limitation, a new <cl ass oFfguref2b.8.00vdleaRWas meseatly (
engineered to include a convex paratope normally displayed withoothglementarity
determining regions (CDRs) of classic immunoglobulin variable domains. Through the
substituti on o f-tuhwith anexdended, #EminoRAIRPR-H3-likb

loop demonstratingigh conformational diversity, a total of 10 adalital variable amino

acid positions became available for antigen binding without affecting the overall stability
of the protein scafid. Furthermorethe upper part of the introduced loop is flexible and
can thus readily expose its randondiseinding domais to previoushunreachale
antigen epitopes. Even more interestinglye original consensus library sign was
expanded foLoopDARPIrs to also coverandomised Nand Gcaps, whichonly served

to increase themvailableantigen binding surfaseven furthe(Schilling et al., 2014).

LoopDARPIns preserve many of the favourable characteristics that madentonal
DARPIns so excitingindactuallymanaged to surpass them in sevekaly areas. First of

all, they readily express i&. coli systemsgiving high yields of protein binders that can
remain folded over several weeks at 4 °C and are much less susceptible to forming dimers
and oligomers in solution than regular DARPIns. In fact, a higher percentage of
monomers was actually detected in Lo@@#tPin populations that had been subjected to
rigorous rounds of ribosome display compared to untested library members. Finally, it
was found that a single round of ribosome display was enougleltbLoopDARPIns
demonstratinglow-nanomolarto mid-picomola affinities towards theirdesignated
targetsi a surprising rsult, given that regular DARPIn librariesually require multiple
rounds ofinterrogationbeforebinders withsimilar affinity levels can be identifie(lost

and Pluckthun, 2014). Despite some minor-selhplementarity issues arising as an
unfortunate cosequence of theddedflexibility of thar extended loog LoopDARPIns

represent an evolvedaftold protein platformhatexceedshe capailities of traditional
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DARPinswhile also offering a substantial enrichment potential and an unprecedented
selection speed against similar types of prebeised antigens (Schilling et al., 2014).
While LoopDARPins weresadly not available for th project at hand the binding
cgpabilities of traditionaDARPIns againsNupC were invstigated as described further

onin Chapter 5, after presenting the materials and methods in the upcoming Chapter 3

Conventional DARPin

LoopDARPIn

IL_L

 Nran 1 L . IF ~ Cran

) N-cap ' 'Internal' 'Internall 'lnternall ’ C-cap'
repeat 1 repeat2 repeat3

Cap-randomised LoopDARPin

Figure 2.5.7.4.Diagram detailing the process of transforming regular DARPits dap
randomised LoopDARPIns. Top: @nventional DARPin (PDB ID: 2XEE) harbouring three
consensus library modules undergoes modificatith an extended CDHke loop. Middle: a
LoopDARPiInintegrating the extended loop into its secormtaiy module is thereby created.
Bottom: mndomised Nand Gterminal caps (Nran and Cran, respectively, depicted in red on the
ribbon structure anih orange on the surface structure) are added to flankhtiee library
modules | (internal module), IL (loegontaining internal module) and IF (internal module
following loop), depicted here in pink (adapted from Schilling et al., 2014).
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Materials and Methods

3.1. Reiterating the Overall Experimental Plan

Three NupC constructs (i.€:-terminal double Strepagged (II), intrinsiddiss-taggedand
untagged/wildtype NupGQ were used to provide prdeof-concept for the proposed
SSBLM phage display screening platform. Following their expression and purification
from E. coli, theirex vivonucleoside transport actiigs were measurada a tranporter
assay in order to establisthetherthe purified NupC constructetained their original

conformatiors and were still correctly folded.

The formation and characterisationrabdel lipid SSMs on planar siliceurfaces was
then investigated via QCM in order to testthe virtues of this particular subate

towards forming SSMembedding reconstituted membrane protargets. Planar SSM
creationwas afterwardgfollowed by the depositioandcharacterisation of SSBLMs on

the choserd00- and 200 nm silia namparticle substrates

Finally, the presentation of the thr8&BLM-embeddedNupC constructsvas examined
alongsiddhe characterisation of their orientats@nd epitope accessibiligrior to using
this novel platform towards th@hage display screening of DARPIn binders against
NupC.

3.2 Materials

The BL21,C43 (DE3)andOmniMAX E. coli cell cultures and the pBP0217-CSZT,
pLH13, pGJL16 angMPSILO079Aplasmids (see Appendix), respectively encoding
double Stregagged Hiss-taggedand untagged NupC, as well as d-tisgged PepTSo,
were kindly proviled by Dr. Vincent PostisThe School of Biomedical Sciences,
University of Leeds The DARPIn library, TG1 E. coli cell culturesand M13KO07trp
helper phage stock solutions wéirdly provided by Medimmune Ltd.

80
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Cell culture and protein expression materials incluaiegbicillin sodium salt (Melford,
A0104), bacteriological agafAgar No. 1)(Oxoid, LP0011), carbenicillin disodium salt
(Melford, C0109), Cornind® nontreated culture (Petri) dishes (Sigmaldrich,
CLS430589) Cornind® square biossaydishes(SigmaAldrich, CLS431111)glucose
(VWR, 101174Y)HisPuE cobalt resin (Thermo Fisher Scientific, 89965), isoptdp
D-thiogalactoside (IPTGjGeneron, GEN5-02122) kanamycin monsulfate (Melford,
K0126), Piercé disposable column& mL) (Thermo Fisher Scientifj29922),Slide-
A-Lyzer E di al L, 40K 8/WEQR) €Thern® Fisher Scientific, 66380),
sodium chloride (NaCl)Melford, S0520Q, StrepTactir® Superflow? 50% (w/v) resin
suspensio{IBA, 2-1206002), StrepTrap HRolumns(5%x1 mL) (GE Healthcard.ife
Sciences,28-907546), tryptone (Melford, T1332), Vivaspiné and Vivaspir® 20
centrifugal concentrats (10K MWCO) (SartoriysVS0601 and VS200Xespectively)
and yeast extragowder(Melford, Y1333).

Buffer materials included3-(N-Morpholino)propanesulfonic acid (MOPS) (Sigma
Aldrich, M1254) bovine serum albumin(BSA) fraction V (Melford, A1302),
cOmplet& (EDTA-free) mini protease inhibitor cocktail tatde{SigmaAldrich,
04693159001),d-Desthiobiotin  (Sigm&ldrich, D1411), ethylenediaminetetraacetic
acid (EDTA)disodium sal{Melford, E0511), glycerol (SigmAldrich, G6279), glycine
(Melford, G0709), midazole (Sigma&Aldrich, 1202) Marvel Original dried skimmed
milk (Tesco, 340 g)N-(2-Hydroxyethyl)piperazinéN N2-ethanesulfonic acid) (HEPES)
(SigmaAldrich, H3375), n-D o d e c-Pp-maltobide (DDM) (Anatrace, D310LA),
potassium chloride (KCI) (Sigmaldrich, P9541), potassium phosphate dibasic
(K2HPQy) (SigmaAldrich, P3786M), potassium phosphate monobasic (RBy)
(SigmaAldrich, P9791) sodium dodecysulfate (SDS) (Sigm&ldrich, L3771),sodium
phosphate dibasitNaeHPQy) (SigmaAldrich, S7907) sodiumsulfate (NaSQy) (Sigma
Aldrich, 239313M), sucrose (Melford, S0809}hreo-1,4-Dimercapte2,3-butanediol
(DTT) (SigmaAldrich, 43819), tris(hydroxymethyl)aminomethane (Tris) (Melford,
B2005),trypsin (SigmaAldrich, T2600000)and Tweefi 20 (SigmaAldrich, P2287).

Bicinchoninic acid BCA) assay materials included BCgolution (SigmaAldrich,
B9643), copper [l) sulfate pentahydrate (CuaGH20) (SigmaAldrich, 203165 and
Cornind® CostaP flat-bottomed 96well plates SigmaAldrich, CLS3599.

SDSpolyacrylamide gel electrophoresif<SDSPAGE) materials included -2
Mercaptoethanol (Acros Organics, 1254701CGetic acid (Sigm@ldrich, 71257,
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acrylamide (40%(w/v) solution) (Melford, A244Q) ammonium pesulfate (APS)
(Melford, A1512), bisacrylamide (2%w/v) solution) (Melford, A2502), bromophenol
blue (SLS, CHE1342), Coomassie Brilliant Blues@lution (SigmaAldrich, B8522),
methanol (Sigm&ldrich, 322415)N, N, NTetraMéthylethylenediamingd EMED)
(Melford, T3100),PageRuleéE Plus prestained protein ladder {280 kDa) (Thermo
Fisher Scientific, 26619) ardageRuldE unstained broad range protein ladde2f®
kDa) (Thermo Fisher Scientific, 2663@MNA gel electrophoresis materials included 1
kb DNA ladder (New England BioLabN3232S) and agarose (Sigm&rich, A9414).

Wesern blotting materials included-Stef=  Ultra TMB-blotting solution (Theno
Fisher Scientific, 37574), precut nitrocellulosee mbr anes (xIb.c)gBice m,
Rad, 1620116and precut thick blot filter papét8x34 cm)(Bio-Rad,1650921) Double
Streptagged NupC detection employed StrepM&Rssic mouse angtrep (Il) primary
antibodies (IBA, 21507001) andoeroxidaseconjugated AffiniPure goat anthouse 1gG
(H+L) secomlary antibodies (Jackson Immuredeach Laboratories, 11835-003).
Hiss-tagged NupC detection employedRP-conjugated rause IgG anti-His antibodies
(R&D Systems, MABO50H)Formyl peptidereceptor FPR detection empmlyed 1gG
0165 primary antibodie@MedImnune Ltd proprietary and goat arthumanlgG (Fc
specific) peroxidaseonjugatedantibodieg SigmaAldrich, A0170).

Protein  reconstitution  materials included1-Palmitoyl-2-oleoylsnglycerc3-
phosphocholine (POPC)lipids (Avanti Polar Lipids, 85045%, ([4-(1,1,3,3
Tetramethylbutyl)phenydv-hydroxy-poly(oxy-1,2-ethanediyl) (Triton X-100) (10%
(w/v) solution) (Anatrace, APX100)Bio-Bead§ SM-2 adsorbent beadfBio-Rad,
1523920) E. coli polar lipid extracts (67% phosphatidylethanolamine, 23.2%
phosphatidylglycerol, 9.8% cardiolipinfyanti Polar Lipids, 100600, isopropanol (2
Propanol) (Sigma&Aldrich, 19516), Mini-Extruder set with holder/heating block and two
Hamilton Gastight #1001 mL) syringes (Avanti Palr Lipids, 610000)NucleporeE
polycarbonate extrusion membran&§-( 106, 206 and 400 nm) (GE Healthcare Life
Sciences, 800308, 8003080028. and800282 respectively and polyesterextruder
drain discs (10 mm) (GE Healthcare Life Sciences, 230300)

SURFE2RNL1 transporteassay materials included adenosine (Sigxitiich, A9251),
guanosine (Sigmaldrich, G6752), N1gold sensors (Nanioiechnologies), Parafilm

M® laboratory film (Bemis, PM999), as well aSensor Prep Alfoctadecanethioin
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isopropanol(1 mM)) andSensor PreB (DiPhyPCin decang(7.5 mg/mL) solutions

(Nanion Technologies)
QCM-D materials includedilicon dioxide(SiOz)-coated @SensorsBiolin Scientifig).

Fluorescence spectroscopy materials includé@-Dihexadecanoysnglycero3-
phosphoethanolamine triethylammonium salt (Texas®Réthermo Fisher Scientific,
T1395MP), chloroform (SigmaAldrich, 28830§ and methanol (SigmaAldrich,
322415)

The SSBLM substrates comged of solid silicon dioxide (Si@ nanospheresvith
diameters of 100and 200 nn{10 mg/mL aqueous solution§)anoComposix, SISN100
and SISN200respectively).

The peroxidase assay materials weneluded in a SensoLyt® 10-Acetyl-3,7-
dihydroxyphenoxazine (ADHPperoxidase assay kit (fluorimetric) (AnaSpec, -AS
71111).

Cryo-EM materials include®& nmNi-NTA-Nanogol® probes0.5 uM stock solution in
50 mM MOPS buffer, pH 7.9Nanoprobes, 2082) aridcey carborfilm/copper mesh
cryo-grids (Agar Scientific, AGS166).

DNA molecular biology materials includeBamHI restriction digest enzyme (New
England BioLabs, R0136SE;hargeSwitchi-Pro gasmid minipep kit (Thermo Fisher
Scientific CS30250) KOD DNA polymerase (Merck Millipore,710853), Ndel
restriction digest enzyme (New England BioLabs, R0111S), NEBuffer 3.1 (New England
BioLabs, B7203S), nuclea$eee water (Thermo Fisher Scientific, R0581), pEib
expression vectorMerck Millipore, 696623), pET-16b forward and reverse primers
(Eurofins, custommade),T4 DNA ligase (New England BioLabs, M0202S), T4 DNA
ligase reaction buffer (New England BioLabs, B0202S) and WiZar@8V gel and

polymerase chain reacti¢RCR clearrup g/stem (Promega, A9281).

Enzymelinked immunosorbent assay(ELISA) mat er i al s Il ncl ude
Tetramehylbenzidine (TMB) liquid substrateystem for ELISA (Sigmd&ldrich,

T0440), Cornin§ Costaf V-bottomed 96well plates (Sigmaldrich, CLS3897)

NundE MaxiSorfE flat-bottomed 98well plates Thermo Fisher Scientific442404
andsulfuric acid (RSQy) (Fisher Scientific, A30212).

83



CHAPTER 317 MATERIALS AND METHODS

3.3. Buffers, Media and Slutions

The following &bles(3.3.11a0) detail all of the buffers, mediand solutions used for

the experimentalwork described throughout the current theditnles specified
otherwise, MilliQ¥ water( 1 8 . 2  NMegrésentad the solvent for all of the recipes

presented below

General buffersand solutions

- 20% (w/w) KHPOy
- 80% (W/w) KHPQy

KPi buffer (pH 6.8/7.4, adjusted withNaOH)

- 20 mM MOPS
- 30 MM NaSOy

MOPS/NaSQ, buffer (pH 7.0, adjusted withNaOH)

- 137 mM NaCl

- 2.7 mM KCI
-10 mM NaHPOy
-1.8 mM KH.PQ,

PBS buffer (pH 75, adjusted withHCI)

-30 mM HEPES
- 25 mM NacCl
- 100 mM KCI

HEPES buffer (pH 74, adjusted with N®H)

-40 mM Tris
- 20 mM acetic acid
-1 mM EDTA

TAE buffer (pH 7.6, adjusted with HCI)

- 50% (wv) glycerol

Deepfreeze storage solution

-0.5M HSO,

Peroxidase reaction stop solution

Table 3.3.11a. Generalbuffers and solutionsused for the experimental worldescribed

throughout the current thesis

Bacterial growth media

- 1% (w/v) tryptone
- 0.5% (w/v) yeast extract
- 1% (w/v) NacCl

Luria-Bertani (LB) bacterial growth medium
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Luria-Bertani (LB) agar
- LB bacterial growth medium
- 1.25% (wl/v) bacteriological agar

2xTY growth medium

- 1.6% (w/v) tryptone

- 1% (w/v) yeast extract
- 0.5% (w/v) NacCl

2xTYAG growth medium

- 2xTY growth medium

-100 eg/ mL ampicillin
- 2% (w/v) glucose

2xTYAK growth medium

- 2xTY growth medium

-100 e€eg/ mL ampicillin
-50 e€g/mL kanamycin

Table 3.3.11b. The bactdal growth media used fdhe cell culture workdescribedhroughout
the current thesis

Double Streptagged NupC expression and purification buffers

Double Streptagged NupC Tris/EDTA buffer (pH B, adjusted withHCI)
- 20 mM Tris

-0.5mM EDTA

- 5% (w'v) glycerol

Double Streptagged NupGsolubilisation buffer %, pH 7.0, adjusted withHCI)
-100 mM Tris

-2mM EDTA

- 200 mM NacCl

- 2% (w/v) DDM

-1 cOmpleté& (EDTA-free) mini protease inhibitor cocktail tabfetr 50 mL

Double Streptagged NupC wash buffer (pH.@, adjusted withHCI)
- 50 mM Tris

-1 mM EDTA

- 100 mM NacCl

- 5% (w/v) glycerol

- 0.05% (w/v) DDM

Double Streptagged NupC bindinglilution buffer (pH 7.0, adjusted withHCI)
- 50 mM Tris

-1 mM EDTA

- 100 mM NacCl

- 10% (w/v) glycerol
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Double Srep-tagged NupC elution buffer
- Double Strepagged NupC wash buffer (pH 7.0)
- 2.5 mMd-Desthiobiotin

Table 3.3.11c.The buffers used for trexpression angurification of double Strepagged NupC.

Hise-tagged NupC expression and purification buffers

Hiss-tagged NupC solubilisation buffer
- 50 mM KPi buffer (pH 7.4)

- 150 mM NacCl

-5 mM imidazole

- 10% (w/v) glycerol

- 1% (w/v) DDM

Hiss-tagged NupC wash buffer
- 50 mM KPi buffer (pH 7.4)

- 150 mM NacCl

-5 mM imidazole

- 10% (wi/v) glycerol

- 0.05% (w/v) DDM

Hise-tagged NupC elution buffer
- 50 mM KPi buffer (pH 6.8

- 150 mM NacCl

- 300 mM imidazole

- 10% (wi/v)glycerol

- 0.05% (w/v) DDM

Table 3.3.11d. The buffers used for thexpression angurification of His-tagged NupC.

Untagged NupC expression anthembrane extraction buffersand solutions

Untagged NupC Tris/EDTA buffer (pH B, adjusted with HCJ
- 20 mMTris
-0.5mM EDTA

Sucrose gradient solutions
- Untagged NupC Tris/EDTA buffer (pH 7.5)
- 25%, 30%, 40%, 45%, 50% and 55% (w/w) sucrose, respectively

Table 3.3.11e.The buffersand solutionsised for the expression and inner membrane extraction
of untagged NupC.

BCA assay solutions

Reagent A
- BCA solution(commercialktock
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Reagent B
- 4% (w/v) CuSQ-5H0

Table 3.3.11f. The solutions used for the BCA assays performed throughoahthre project.

SDSPAGE buffers and solutions

Tris buffer (pH 6.8/8.8, adjusted with HC)
- 0.5 M Tris (pH 6.8) or 1.5 M Tris (pH 8.8)

SDSPAGE stacking gel solution (4%v/v))

- 0.77 mL of stock 40% (w/v) acrylamide solution

- 0.39 mL of stock 2% (w/vbis-acrylamide solution

- 0.75 mL of 0.5 M Tris buffer (pH 6.8)

- 0.05 mL of 10% (w/v) SDS solution

- 3.2 mL ofMilliQ ©® water

-30 ¢L of 10% (w/v) APS solution
-18 L of stock TEMED solution

SDSPAGE resolving gel solution (18% (v/v))

- 3.745 mL ofstock 40% (w/v) acrylamide solution

- 0.45 mL of stock 2% (w/v) biacrylamide solution

- 2.81 mL of 1.5 M Tris buffer (pH 8.8)

- 0.1 mL of 10% (w/v) SDS solution

- 4.265 mL ofMilliQ ® water

-37 €L of 10% (w/v) APS solution
-24 e¢L of stock TEMED solution

SDSPAGE loading buffer(4x, pH 7.5, adjusted withHCI)
- 200 mM Tris

-400 mM DTT

- 8% (w/v) SDS

- 0.4% (w/v) bromophenol blue

- 40% (w/v) glycerol

- 20% (v/v) 2Mercaptoethanol

SDSPAGE running buffer (5%, pH 7.5, adjusted with HCJ
- 1.5% (w/v) Tris

- 7.2% (w/v) glycine

- 0.5% (w/v) SDS

SDSPAGE destaining solution
- 7.5% (v/v) methanol
- 5% (v/v) acetic acid

SDSPAGE staining solution
- 40 mL of SDSPAGE destaining solution
- 2 mL of Coomassie Brilliant Blue G solution

Table 3.3.11g.The buffers and solutions used for SBAGE.
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Western blotting buffers

TBS buffer (10x, pH 7.5, adjusted with HC)
-0.5 M Tris
-1.5 M NacCl

TBS-T buffer
- 1x TBS buffer (pH 7.5)
- 0.1%(v/v) Tweerf 20

Western blotting blocking buffer
- TBS-T buffer (pH7.5)
- 3% (w/v) BSA

Table 3.3.11h. The buffers used for Western blotting.

SURFEZ2R assaysolutions

SURFEZ2R activating solutions
- PBS buffer (pH 7.5)
-increasing concentrations of adenosi neg

SURFEZ2R control solutions
- PBS buffer (pH 7.5)
-increasing concentrations of guanosi neg

Table 3.3.11i. Thesolutionsused for thegurified NupCnucleosiddransportSURFE2Rassays.

Phage display screening buffers

Phage display blocking buffer
- PBS buffer (pH 7.5)
- 3-6% (w/v) MarvelOriginal dried skimmed milk

Phage display wash buffer
- PBS buffer (pH 7.5)
- 0.1% (v/v)Tweerf 20

Phage display elution buffer (pH.B, adjusted with NaOH)
- 0.1 MNaHPQO,
- 1:500(v/v) trypsin

Table 33.11j. The luffers used for the phage display screerdARPiIn binders against
NupC.
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DARPin DNA molecular biology reaction mixtures

DARPIn double restriction digest reaction mixture
- 50 L of pET-16bexpression vector

- 10 uL of NEBuffer 3.1

- 2 uL of BamHlI

- 2 L of Ndel

- 36 pL of nucleasdree water

DARRPInN ligation reaction mixture

- 1:10 vector/insert molar ratio (8- in total)
- 1 uL of T4 DNA ligase buffer

-1 puL of T4 DNA ligase

DARPIn PCR reaction mixture

- 5 uL of KOD DNA polymerase buffer
- 1 pyL of pET-16b forward primer

- 1 uL of pET-16b reverse primer

- 5 pL of DARPin plasmidDNA

- 1 uL of KOD DNA polymerase

- 37 pL of nucleasdree water

Table 33.11k. The reaction mixtures usddr manipulatingthe plasmidsof the lead candidate
DARPIns selected against NupC.

Lead candidate DARPinpurification buffers

DARPIn purification wash buffer
- 2x PBS huffer (pH 7.5)
- 30 mM imidazole

DARPIn purification elution buffer
- 2x PBS huffer (pH 7.5)
- 200 mM imidazole

Table 33.1.11 The buffers used for the purificati of the lead candidate DARRiIrselected
against NupC.

Detergentsolubilised NupC ELISA buffers

Detergentsolubilised NupC ELISA wash buffer
- 2x PBS buffer (pH 7.5)
- 0.05%(w/v) DDM

Detergentsolubilised NupC ELISAblocking buffer
- Detergentsolubilised NupC ELISA wash buffer
- 3% (w/v) BSA
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Detergentsolubilised NupC ELISA antibody wash buffer
- 2x PBS buffer (pH 7.5)
- 0.1% (v/v) Tweer? 20

Table 3.3.1.1m The buffers used for the ELISAs screening the purified candidate DARPins
against detergersolubilised double Strefagged NupC.

SSBLM-embedded NupC ELISA buffers

SSBLM-embedded NupC ELISA wash buffer
- 2x PBS buffer (pH 7.5)
- 1% (w/v) POPC LUVs

SSBLM-embedded NupC ELISA blocking buffer
- SSBLM-embedded NupC ELISA wash buffer
- 3% (w/v) BSA

Table 3.3.11n. The buffers used for the ELISAs screening the purified lead candidate DARPins
against detergesitee (i.e. SSBLMembedded) untagged NupC.

SSBLM-embeddedFPR ELISA buffers

SSBLM-embeddedrPR ELISA wash buffer
- HEPES buffer (pH 7.4)
- 1% (wv) POPC lUVs

SSBLM-embedded FPRELISA blocking buffer
- SSBLM-embedded FPR ELISA wash buffer
- 3% (w/v) Marvel Original dried skimmed milk

Table 3.3.110. The buffers used for the SSBL-Fmbeddednammalian FPR ELISA.

3.4. Methods

The following sulsections describthe general experimental methods, as well as the
expression and purification of the membrane protein targets used throughout the current
project towards providing proadf-concept for the SSBU phage display screening
platform.

3.4.1.General methods

The BL21,C43 (DE3)and OmniMAXE. coli cell culture stocksveremadecompetent
by Dr. Vincent PostisThe School of Biomedical Sciences, University of Lgedsthe
rubidium chloride(RbCl) method developed by Hanahan (1983)e TG1E. coli cell
culture stocksvere madeompetent byvledimmure technicians usindpe same method.
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The #Hheoatkdo transformation method invol ve
with 1 €L of t(ilé&0 ngdi DNAkpab4 °g fora3® minutes, then at 42
°C for 30 seconds and finally at 4 °C for another 2 minutes. Sterileyareed LB
medium (250 pL) lacking antibiotics was then added to the cells, followed by anether 1
hour incubation at 37 °C.

All roller, rocking platformand magnetic mixing steps were performed on a Stuart
Scierntific SRT6 roller mixer, Grant Bio RSD Sunflower nni-shaker and Stuart

Scientific magnetictgrer SM1, respectively.

All BCA assay were performed in triplicaten iCostar® flat-bottomed 96well plates

usingD €L sample vol umes. TAlu#dl®, 125 /1heand S A
1:1.25(v/v) in deionised watet 0 gi ve 10 ¢ L i waeusad toduildthee r w
standard curve. The BCA working reagent was prepared by adding Reagent A (i.e. BCA
solutionat stock concentratiorto Reagent B (i.e4% (w/v) CuSQ-5H20 solutionin

MilliQ ® watel) at a 1:50(v/v) ratio, followed byvortexing until theresulting mixture

became light green. The working reagent tii@mnadded toeachwalln 200 eL vol
and the plate was left to incubate at 37 °C for 30 minutes, after which the absorbances
were measured at a wavelength of 551 nm usifigeamo Scientift MultiskarE FC

spectrophotometer.

All lipid extrusionsteps were performed liyst rehydratingdesiccated lipid aliquots in
the specified bdér at the stated concentration. The lipid suspensions werg#sad

11 times through a fully assembled Avanti Migktruder fitted with a polycarbonate
extrusion membrane of specifipdresize sandwiched between four extruder drain discs
(i.e. two on each sidef the membrane Prior toassemblyall extrusion memtanesand
drain discs weréydrated inMilliQ ® water for at least 2 minutesoB 1 mL Hamilton
syringes weravashedirst in isopropanol, them MilliQ ® water and the buffer used to
rehydrate the lipidgvas passed 11 times thugh the full assembligefore anyextrusion

The nff hawpe mi xi ng meshapfeezingclipichselutiens & diquid f
nitrogen and then allowing them to thamhile floating on MilliQ ® water at room

temperatureéo ensure the proper mixing of the different lipid typessent in solution

All polyacrylamide gels(12.5% (w/w)) comprising of stackingand resolvig gel
solutions, were freshly cagtior toeach round c8DSPAGE. The resolving gel solution
was first pipetted into thBio-Radgel castng assembly and lefo polymeriseat room
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temperaturauntil solid (e.g. 45 minug} before the stacking gel solution was added on
top. A 16toothed plastic comb was used for moulding ge¢wells. All SDSPAGE
samples were normalised to 5 eg andthenr ot e
i ncubat ed 4wSDSRPAGE loading boffer for 2 hoarat 37 °C before being
loaded nto thewells of thesolidified gels. Electrophoresis wpsrformed in a BieRad
Mini-PROTEAN Tetra vertical electrophoresis cell filled with SDSPAGE running
buffer under a 100 Murrent applied for 2 hours through a Btad Powerpac Basic 300
V power supply. The electrophoresed gels were then rinsedilinQ® water and
incubated with the Coomassie Blue staining solution overnight at room tenmpenatier
gentle rockingmixing. The following day, the gels were once again rinsed in deionised
water and left to incubate with destaining solution under sinmladitions until all bands

were clearly visible.

Western blottingvas performed by first serdiry blotting an electrophoresed SDRAGE

gel anto a nitrocellulose membramsing a MilliBlot Graphite Electroblotter linder a
150 mA-current applied for 1 hour through a BRad Powerpac Basic 300 V power
supply The semidry blotting assembly comprised of (from bottdaatop): two gelsized
blotfilter paper sheets, one ggked nitrocellulose membrane, one electropbed SDS
PAGE gel and two additional gsizedblot filter paper sheets. The electrophssd SDS
PAGE gel, the gesizedfilter paper sheetnd the nitrocellulose membrane were first left
to soak in TBS buffer for at lea$s minutes prior to running arsemidry blot After
each runthe blotted nitrocellulose membrane was left to incubate overnight with 20 mL
of blocking buffer at 4 °C under gentle roller mixing, while the blotted - FBSE gel
was placed in staining solution to detarenthe quality oflte semidry blotting process.
The next day, thelottedmembrane was left to incubatéth 5 mL of HRRconjugated
antibodies diluted in blocking buffer (at the manufactsecified ratiofor 1 hour at
room temperature with gentle roller mixing. The meane was then washed four times
with 25 mL of TBST buffer (for 10 minutes each timat room temperature with gentle
roller mixing) before being placed in a tray, coveredliStefE Ultra TMB-blotting
solution and incubated at room temperatunatil fully-coloured bandsvere readily

visible (usually afterl5 minutes of incubatign

The cryeEM grids wereprepared using a FEI Vitrobot by first applying 3 yuL of sample
per grid,followed by the blotting of the excesssbn for 2 seconds befopdunging the
gridsinto liquid ethane for vitrificationThe grids were therstudiedundera FB F20

cryo-EM andall of the resulting images were takeith a Gatan 4k4K CCD camera.
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The protocols fophage displagcreeningas well asexpressing and purifying tHead
candidateDARPIns isolated against NupGvere kindy provided by Dr. Stacey Chin
(Medimmune LtJ.

All DNA molecular biology reactions were performed using a-Bax Dyad@ DNA
Engine PCR machine. DARPIn double restriction digests were performed by incubating
therespectiveeaction mixtures at 37 °C for at least 2 hours, followed by the inactivation
of the restriction enzymes through-trbnute incubationsfirst at 65 °C {.e. the Ndel
inactivation temperature) and then at 80 P€. theBamHI inactivation temperature).

The vector:insert ligation calculations were performed online at http://www.insilieo.uni
duesseldorf.de/Lig_Input.ntml, while the ligation reactittmsmseleswere performed
overnight at 16 °C. DNA amplification consisted of incubating the reaction mixtures first
at 94 °C for 3 minuteshen through 32ecursivecyclesof 94 °C for 30 seconds), then

50 °C for another30 seconds) and 72 °@( 105seconds), beforénally undergoing a

last5-minute incubation at 72 °Gollowed byovernight storage at 10 °C

The TAE DNA agarose gels were cast by first mixing the specified concentration of
agarose with TAE buffer (pH 7.6), then placing the mixtunea microwave oven and
heating thenup for 2 minutesat maximum powerThe heated gel mixtures were then
poured intoeither a Bio-Rad MiniGel or Gel caster and left to polymerise at room
temperature until completely soli(usually after20 minutes). All INA gels were
submitted to electrophoresis in a Biad SubCell® GT horizontal electrophoresiglt
powered through a BiRad Powerpac Basic 300 V power sup@urrentwas appliedat

a constant 100 V until the dye fremeached the bottom edge of the dglsnerally after
45-60 minutes)

All Eppendorf tubebased SSBLM centrifugations were performed in a Thermo Scientific
Heraeus Fresco 17 centrifuge for 1 minute at 17¢g0@@d 4 °C. All platedbased SSBLM
ELISA centrifugations were performed in an Eppendorf 5810 R tadgpecentrifuge for

5 minutes at 3,226 and 4 °C.

Finally, the protocols for expressing and purifying all of the membrane protein constructs
used throughout the projectere developedoptimisedand kindly provided by Dr.

Vincent PostisThe School of Biomedical Sciences, University of L@eds
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3.4.2.Double Streptagged NupC expression and purification

C43 (DE3)E.colicompet ent dabodrng thedclodamghénjcetesistance
plasmid pRAREZ2 (Novagen) were first transformed via the-bleatk method with 1 pL
of the plasmid pBPP217CS2T (i.e. 50 ng of DNA) encoding double Sttegged
NupC. The transformed cells were then spr@atd an LBagar plate supplemented with
carbencillin (100 pg/mL) and incubateovernight at 37 °C.

LB medium (100 mL) supplemented with carbenicillin (100 pg/mL) and 1% (w/v)
glucosewas inoculated the following dayith a single colony from the overnigplate
andthe resulting inoculation cultun@as once again incubated overnight at 37 °C with
200 rpm orbital shakinglhe bacterial density was determined by measurin@tb@m
valueof the overnight culturasing a Shimadzu U\2450 spectrophotometeafter which
the culture was usdd inoculate 8500 mL volumes of carbenicillisupplemented (100
png/mL) LB medium contained inx2.5 L baffled flasksso as togive startingDeoonm
values of 0.05The new flask cultures were thexwubatel at 37 °C with 200 rpm orbital
shaking andheir DsoonmVvalues were monitoreevery hour until they reachdd7, after
which protein overexpressionwas induced via IPTG additio(0.5 mM per flask.
Following that, he flask culturesvere incubatedor an additional 3 hours under similar
conditionsbefore the ells were larvesedusing a Sorvall Evolution RC centrifuge fitted
with an SLG6000 rotor (9,00@ spinfor 20 minutes a# °C). Theresultingcell pellets
were resuspended Tris/EDTA buffer supplemented with 5% (w/v) glycerol (i.e. 6 mL
of buffer per gram of dks) andthenstoredovernightat-20 °C

The next day,he cellsuspensionsvere thawedn a water battset to 25 °C and one
cOmpleté& (EDTA-free) mini protease hibitor cocktail tabletvas addegher 50 mL of
suspensionso ado protect theverexpressethembrane proteins from being catabolised
by the cytoplasmic proteases released during the following steps of the purification
process The cell suspensionsvere then pooled together and supplementgih
Tris/EDTA buffer to give a finavolume of100 mL, before being homogeniseging a
T18 basic ULTRATURRAX® homogeniser and disrugat twice usinga Constant
Systems TS series continuous cell disruptor opeyatt 30 ksi and 4 °CThe resulting
cell debrisvas removedsing a Sorvall Evolution RC centrifuge fitted with an SLB00
rotor (14,00Qg spin for45 minutes a#é °C), whilethe cell membrargewere harvested by
ultracentrifuging the resultingsupernatantusing a Beckman Coulter -8OXP
ultracentrifuge fitted with a Ti45 rotor (1{@DO g spin for 2 hours a# °C). The cell
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membranepelletswere thenresuspendeth Tris/EDTA buffer at a concgration of 1
g/mL, snapfrozen inliquid nitrogenand stored at80 °C overnightSmallvolumetest
samples (i.e. ¥ mL) weretaken throughoutthe entire process so as to enathle
measurement of membrane proteoncentration at eachxpression and purification

stage

The total proteircontentof the cell membrane suspension was evaluated via BCA assay
and he determined protein concentration was used for creatingmimbrane
solubiisation solution(i.e. cell membranes mixed at 2 mfprotein/mL with X double
Streptagged NupC solubilisatiobuffer). This mixture washen supplemented with 1%
(w/v) DDM andincubatel for 1 hour at 4 °C with gentle magnetic mixindghelinsoluble
membrandractionwas pelletedn a Beckman Coulter-80XP ultracentrifuge fitted with

a Ti45 rotor (1000 g spin for 1 hour at 4 °C), whil¢he solubilised membranes
contained in theupernatanverestoredon ice. The Strefactir® Superflov? 50% (w/v)
resinsuspensiorfl mL) wasthenwashed three times through subsequent resuspensions
in MilliQ ® water, followed byre-pelletingin an Eppendorf 5810 R tabtep centrifuge
(700g spins for 5 minutes each at 4 ?@fter the washed resin watsopre-equilibrated

with double Stregagged NupGwvash buffervia the same procedura 1:1 volume of
bindingdilution buffer wasadded tolte solubilisedmembrane fraction and the resulting
solution wasnixed with the bufferequilibrated resin. teinto-resinbinding wasthen

allowed to occur overnight at 4 °C with gentle roller mixing.

The following day, the protein binding solution wgsouredthrough a5 mL Piercé
disposablecolumn andthe captured resin wasashed dropwis@nder gravity withl
column volume (CV) of wash buffdr.e. 1 dropevery 12 seconds)With the column
outlet closed, the resin wgently treated with 0.3 mL of elution buffierorder to remove
any residualvash buffer. Ater this initial fraction was collected arstiored separately on
ice, the column oudt was once again closed ahéd resin was resuspended in 0.5 mL of
elution buffer The column washenincubated for 10 minutes at 4 °C with gentbller
mixing beforethe outlet wa reopened and the first elugbdys a further addition of 0.5
mL of elution buffer, wereallowed to pour through and be collectemto a single

Eppendorf tube.

The elution steps outlined above were repeated until all of the protein had been eluted, as
determined by measuring tiAesonmvalues of eacleluateagainstthe elution buffer as
blank. Thefi p e a k 0 I corgtainingthe highest concentratisf purified double
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Streptagged NupG werethen pooledogetherand dialysed overnight at 4 °C irBanL
Slide-A-LyzerE dialysiscassette (10K MWCO) agairs00 mL of wash buffeiso as to
eliminate any remainind-Desthiobiotin.The dialyseroteinsolution was subsequently
concentratect 3,220g and 4 °Cusingan Eppendorf 5810 R tabt®p centrifugditted
with a Vivaspif 20 centrifugalconcentrator (10K MWCO) anthe total amount of
purified protein was determined via BCA ass@ige concentrated double Stremged
NupC solution washenaliquoted and stored &0 °C following snagreezing in liquid
nitrogen, whileSDSPAGE and western blotting wereed to asss the quality of the
purificationprocesgseeFigure4.1.1.1 in Chapter 4).

In the case of double Stréagged NupC, the serdry-blotted nitrocellulose membrase
wereincubated with 5 mL oBtrepMAB-Classic mouse angtrep (II) primary antiboés
(diluted 1/2,500 in blocking bufferfor 1 hour at4 °C with gentle roller mixing The
membrans were then washed four times by incubating them 2&hmL volumes of
TBS-T bufferfor 10 minuteper washbefore being incubatesith 5 mL ofperoxidase
conjucated AffiniPure goat antnouse IgG (H+L) secondary antibodiédiluted
1/50,000 in TBST buffer) for 1 hour at4 °C with gentle roller mixing After four
additional TBS-T buffer wasles the blotted membrane wereincubated withl-StegE
Ultra TMB-blotting solutionand imaged according to the protodetailed in subsection
3.4.1

The low purification yields typical of membrane proteins prompted the need for growing
larger bacterial cultures via bioreactor fermentation in order to exgnelgsurify double
Streptagged NupC to the high levels necessary for supporting its intended applications
throughout the project hand Thus, the cell membranes originating from a 30 L C43
(DE3) E. coli fermenation culture ovexxpressing doublé&treptagged NupCwere
harvested and solubilised according to the protocol described above, after which the
overexpressegrotein waseluted under a step gradient (0.5 mL/min) using the same
elution buffer ina GE Healthcare AKTA pure 25 fitted with a 1 ritrepTrag HP

column

In order to reduce the overlong column loading times, the dilutiomeofsblubilised
membranesising binding dilution buffef a requiremenffor the proteinresin binding
stepprecedinggravity-column elutions was omitted fronall AKTA purifications. The
d-Desthiobiotin was, however, still dialysed from the pooled elution fractions as
previously described. A BCA assay performed ondiadysed AKTA eluatesevealed
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thatthe purified protein yields per litre dbacterialculture were proportionatéo those
reported with the gravitgolumn elutions describeghrlier, originatingfrom the smaller

4 L cultures
3.4.3.Hiss-tagged NupC expression and purification

Following the same steps outlinedsusection 3.4.2C43(DE3) E. coli competentells
were transformed githe heashock method witlplasmid pLH13 encoding intrinsically
Hiss-tagged NupC and then subsequently cultured in 4 L of LB media.

After determiningthe overall concentration ajverexpressed membrane proteins via
BCA assaythe harvested cell membranes wergadiwith solubilisation buffer & mg

of protein per mLThe resulting solubilisation solutiamasincubatel for 1 hour at 4 °C
with gentle magnetic mixing befotae insolublemembrandraction was pelletedn a
Beckmann Coulter 180XP ultracentrifuge fitted with a Ti45 rotor (1,000g spin for 1
hour at4 °C). The solubilised membranes contained in the supernataestoredon ice
while the HisPUE cobalt resin (80 uL pemg of membraneprotein) was washed in
MilliQ ® water andthen pre-equilibrated withHiss-tagged NupGwash buffervia the
previouslydescribed techniquélhe solubilisedmembranesvere then mixedwith the

resin and protein binding was allowed to occur overnight at 4 °C with gentle roller mixing.

The next daythe protein binding solution wa®uredthrough & mL Pierc& disposable
columnand the captured resin wamshed dropwise under gravityttvil CV of wash

buffer (i.e. 1 drop every -R seconds)after which the Histagged NupC was eluted at
room temperature using 500 eL of elution
repeated until all of the protein had been eluted, as determined by measudagdhe

values of eacffractionagainstthe elution buffer as lank. The peak fractions were then

pooled and dialysed overnight&fC in a3 mL SlideA-LyzerE dialysis cassette (10K
MWCO) submerged in 500 mlof wash buffer, in order to remove any remaining

imidazole.

The dialysedroteinsolution was subsequently concentrated via centrifugation at 3,220
g and 4 °C in arEppendorf 5810 R tabi®p centrifugefitted with a Vivaspiff 20
centrifugal cowentrator (10K MWCO). fe total amount of purified protein was
ultimately determined via BCAssay, after whickhe concentrated Higagged NupC

solution was aliquoted and stored-&0 °C following snagreezing in liquid nitrogen.
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Smallvolume test samples (i.e. <1 mL) were taken througti@uéntire process order

to evaluate the expressiand purificationof Hiss-taggedNupC.

3.4.4.Untagged NupC expression andE. coli inner membrane

extraction

Following the samsteps outlinedh subsectior3.4.2 C43(DE3)E. coli competentells

were transformed via the hesttock method with the plasmid pGJL16ceding
untagged/wiletype NupC and then subsequently cultured in 4 L of LB medlfter the

cell membranes were harvested via ultracentrifugation, the inner membrane (IM) fraction
overexpressing untagged NupC walso separated from the outer membrane (OM)

fraction through a sucrose density gradidivacentrifugation.

The harvested membranes were first resuspended in a 25% (w/w) sucrose solution,
pipetted into a Ti45 ultracentrie tube dyered with increasingigoncentated sucrose
gradients (3665% (w/w)) and then ultracentrifuged at minimal acceleration with no
braking in aBeckmann Coulter 80XP ultracentrifuge fitted with a Ti45 rotat{0,000

g spin for 16 hours at °C). Following separatiorthe inner(lighter) and outer (darker)
membrane fractions were extracted from the sucrose gradient via pipettirthesnd
resuspended iminimal volumes ofTris/EDTA buffer.In order to remove the residual
sucrose present iboth of the separatednembrane fractions, these were alternatingly
pelletedvia ultracentrifugation (100,009 spins for 1 hour each & °C) and then
resuspendeth similar volumes oflris/EDTA buffer twice. The washed innand outer
membrane pellets were fimglresuspended in minimal volumes of Tris/EDTA buffer,
snapfrozen in liquid nitrogen and stored &0 °C. Smallvolume test samples (i.e. <1

mL) were taken throughout the entire process in order to evaluate the expression of

untagged\NupC.
3.4.5.Hiss-taggedPepTSo expression and purification

The NupChomologous bacterial peptide transporter PepTSo (Newstead et al., 2011) was
deemed a suitable negative cohtor the SURFE2R N1 transpaattivity assay, as well
as determining the specificity of any potenbalding candidates to NupC.

To this extent, &liss-taggedPepTSaconstructwas alseexpressed in C4@E3) E. coli
by transforming competent cells with the plasmid pMPSILO079A via the sheak
method and then following the expression protocol ocediim subsection 3.4.2The
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harvested cell membraneserexpressing Histagged PepTSo were then mixed with a
25% (w/w) sucrose solution prepared in TrisS/lEDTA buffer and added teb&%0Q(w/w)
sucrose density gradiem order to separate the inner aodter nembrane fractions

throughthe same procedure described for untagged NupC.
3.4.6.Measuring nucleoside transport activityvia the SURFE2R N1

Desiccated POPC aliquots (5 mg) were rehydrated with Johi®BS buffer each and
subsequenthextruded through a 200 nm polycarbonate filter using the Avanti-Mini
Extruder to createb mg/mL LUV suspensions. Theswere then titrated at room
temperature with 1 pL volumes of Triton200 at stock concentration (i.e. 10% (w/v) in
ultrapure water) untiRsatwas reachedAt this pont, an additional 5 pL of Triton X.00

were added to ensure that thel\{'s had been optimally destabilé&sePurified double
Streptaggedor Hiss-tagged NupC were then added to the destabilised LUVs to give
proteinfipid ratios of 1% (w/w). The resulting proteoliposomes were vortefad60
secondsusing aHeidolph Reax Top test tube shaker, then left to incubate at room
temperature for 15 minutes with gentle roller mixiBap-Bead§ SM-2 were then added

to a concentration of 50 mg/nandthe proteoliposomes were leftitwubate fomnother

30 minutes under similar conditions in order tmose the Triton X100 from solution
Following that, the BieBeads were left to sediment and the eolposomes were
transferred into a new Eppendorf tube along with 50 mg of fresiBBamE. After an
additional 66minute incubation at 4 °C with gentle roller mixing, the proteoliposomes
were once again transferred into a new Eppendorf tube containimg 59 fresh Bie
Bead§ andthenincubated overnight under identical conditions. The next day, the Bio
Bead§ were removed and the proteoliposomes wesevestedusing a Beckmann
ultracentrifuge fitted with a Ti45 rotor (100,00 spin for 1 hour at4 °C). The
proteoliposomes were finally resuspended in PBS buffer to give concentrations of 5
mg/ mL POPC and 50 e€g/ mL NupC (asssxtraodechg a
through a 200 nm polycarbonate filter to ensure their homogeneity.

In order to constret thehybrid alkanethiol/phospholipid biomimetic SSkequired for
proteoliposomal adsorption, the stock N1 gold sensors were first incubatésl &ithe L o f
Sensor Prep Ai.e. 1-octadecanethiol in isopropanol (1 mMdr 15 minutes at room
temperaturavhile covered by a Petri dish, so as to ensure that theassdimbled thiol
monolayer already present on their surface (as supplied by Nanion Technol@ses)

sufficiently-high quality at the start of tfURFE2RN1 transport activityneasuremest
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TheSensor Prep A solution wesmoved by tappingnthe upendedsensors, after which
their surfaces were rinsed thoroughly witkilliQ ® water, thendried under a nitrogen
stream. Any remaining solvents were allowed to evaporate from the uncovered sensors
during an additional 1Bninute incubabn at room temperature. Sensor Prepds then
addedi n 3 ¢ L onvop bf athe#hnisl layers while avoiding direct contact between
the pipette tip and thimiolatedgold surface. Immediately after, the sensors wéted
with 50 €L of PBS buffer supplemented wit
in Parafilm MP to avoid desiccation.

Following that, the sensors were drained as previously described and immedkately re
filled with 100 prateolipdsomegB% (whvupfofeigipid ratid) h e
were then pipetted into therses o r  w e | Polames withobt disturbing thESMs.

So as to ensure their complete adsorption anddhectformation of the vesickSSM
capacitivelycoupled systems, thedded sensors were subjected to centrifugaticanin
Eppendorf 5810 R tabl®p centrifuge(2,5009 spins for 30 minutes at °C). After
another 18minute incubation at 4 °C, the sensors warally ready to be used with the
SURFEZ2R N1 workstation.

3.4.7.Traditional plate -basedphage displayscreening

For performing a traditional plateased phage display screening round against detergent
solubilised NupC 100 pL of a purified Histagged NupC solution (10 pg/mL) were
added to the well of a Nufic MaxiSoriE flat-bottomedd6-well plate and left to adsorb
overnight at 4 °C. The followingay, a TQ E. coli cell culture was setpuby using one
colony from a T@ E. coli stock Petri dish to inoculate 20 mL2%TY growth medium,
which was then left to incubate&t °Cwith 200 rpm orbital shakingntil it reached log
phase (i.eDsoonm= 0.51.0). The Maxi®rpE well containing the adsorbed Hitagged
NupC was washed three times wa®0 pL volumesof PBS buffer, theincubated with

300 pL of blocking buffer fod hour at room temperature with gentbeking mixing so

as to block any potential nespecific binding sites. Concomitantly, a 50 pL DARPIn
library aliqud was also blocked with a 1Nxolume of blocking buffer under similar
conditions. Following the blocking incubatgnthe NupCcontaining well was once
again washed three times with 300 pL volumes of PBS buffer, after which the blocked
DARPIn library solution (100 pL) was added to thvell. The plate was then left to
incubate for another hour at room temperature before being washed five times with 300

uL of wash buffer, as well as five times with 300 pL of regular PBS buffer.
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A 100 pL volume of elution buffer was then added to the amedl left to incubate at 37
°C for 30 minutesvith 600 rpmorbital shaking. Following that, the eluted DARPins were
extracted from the well and infected into 900 pL of-fdtase TGIE. coli cell culture
This wasthenleft to incubate at 37 °C for 1 hounttv 200rpm orbital shakingefore
being diluted 1:10, 1:100 and 1:1,000v) using2xTY growth medium anglated onto
separate2xTYAG aga Petri dishes.All of the leftover cells werepelleted via
centrifugation, resuspended in 3 mL2sfTY growth mediunmandspreadnto a2xTYAG
bioassay dishAfter an overnight incubation at 30 °C, the colonies on the diluted Petri
dish cultures were counted in orderdeterminethe phage input titreseving as an
indication of the degree of overnight amplification &mel number of phages that will be
carried forwardnto the next round of selection. The bioassay &gl then scraped clean
using 10 mL of2xTY growth medium supplemented with0% (w/v) glycerol. The
scraped cells wengsed to create ariL backup for sirage at80 °C, while he remaining

8 mL ofinfectedTG1E. coli were storedt-20 °C in preparation fquhage rescue.

The following day, the phage rescue procedure involved inoculating 25 BYTYAG
growth medium with infected G1 E. coli to give a startinddsoonmvalue of 0.1. This
phage rescue culture was then incubated at 37 °C witli28®rbital shakingintil it
reached logphase af ter which it was superinfecte
phage stock solutiorkollowing that, tle culture was left to incubate for one additional
hour at 37 °C with 150pm orbital shakingbefore the cells were harvested via
centrifugation (209 spin for10 mnutes a# °C).While the supernatant wastimately
discarded, the cell pellet was resuspended in 0.5 nixd¥AK growth medium and
used tofurtherinoculate 25 mL of the same media. Phage production waddfidn
occur overnightat 25 °C with 280rpm orbital shakingThe next day, 1 mL of the
overnigh culture was pellete@t maximum speed in a takiep centrifuge and the
resulting supernatarit containing the replicateghagesi was transferred into a new
Eppendorf tube and stored on ingreparatiorfor the next round of selection.

At the end of @econd round of selection (performed by repeating the same steps outlined
above), the coloniegdm the 1:10, 1:100 and 1:1,6@0uted Petri dish cultures were
counted to give the phage output titre (i.e. an indication of the total phage selection output
for the tested screening format). Individual colonies weza transferred onto a Costar
flat-bottomedd6-well plate containing 120 puL &XTYAG growth medium per well and

left to incubate overnight at 37 °C with 158m orbital shakingThe next day40 pL

samples were taken from each well and transferred onto a new®tsthottomed 96
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well plate that was later sent for binder sequencing and diversity assessment, while the
remaining well contents were each supplemented with 40 uL of 50% (w/\@rglyso as

to create another backup for storageBat°C.
3.4.8.Plasmid DNA extraction

In order to extract the plasmid DNA encoding each of the pbagad DARPIn binders
selected against NupG mL of2xTY growth medium supplemented with carbenicillin
(100 pg/mL)were inoculated withhawedTG1 E. coli glycerol backups harbougnthe
respective phage3he 5 mL cultures were then left to incubaternight at 37 °C with
200 rpm orbital shaking The following day, the cells were pellet&d a tabletop
centrifuge (3,22@ spin for 15 minutes abom emperature) and then resuspende2bid
uL of resuspension buffer (provided in tB@argeSwitcfi-Pro miniprep kif). After that,
250 pL ofprovided lysis buffewere addean topand left to incubate for 4 mites at
room temperature before 250 puLpobvided precipitation buffevere aded to the lysed
cells Theresulting white precipitatewerepelletedin a tabletop centriuge (17,000y
spin for 1 minute atoom temperature)yhile the sipernatants wergansferred to the
provided spin columnand re-centrifuged under similar conditionshe flowthroughs
were then discarded arb0 pL of provided wash buffer ivere addedo the spin
columns, followed by reentrifugation The flowthroughs were once agdiscarded and
the centrifugation was repeated usiif pL of provided wash buffer.2After the last
flowthroughs werediscarded,the individual plasmids were elutegia centrifugation
under similar conditions usint00 pL of provided elution bufferin order to maximise
the DNA vyield, each eluate wasnsferred back into tireoriginal spin column ande-

centrifuged one final time under similar conditions before being stor2® &C.

Having describedall of the materials andyeneral methods used thrghout the
experimentpresented in theurrent thesis, the following chapteill begin showcasing
the concept development work that led to the creation of the SSBLM platform embedding

reconstituted purified NupC.
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CHAPTER 4

SSBLM Formation and Characterisation

4.1. Target Protein Expression and Purification

Since the current chapter will focus on the diggstepformation and characterisatiof
theSSBLMscreening platforpthe following subsections witiresent the qualitgontrol

resultsensuringthatthe target proteinexpressed and purified a highenough degree
4.1.1.Double Streptagged NupC expression and pufication

After usingthe protocol described in subsection 3.&RSPAGE and Western blotting
wereused to assess the quality of purif@olble Stregagged NupGFigure4.11.1).
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Figure 4.11.1.Coomassie Blustained polyacrylamide gel (toahd corresponding Western blot
(bottom) stained to detecthe Streptags of key samples taken during the expression and
purification of double Strepagged NupC. The lanes represent, frefitb right: I. Protein ladder;

II. PreIPTG inductioncell culture sample;lll. Cell membrane péet; IV. Soluble membrane
fraction; V. Insolublemembrandtraction; VI. Overnight protein binding solution; VII. Elution
fraction 1;VIIl. Elution fractions 2, 3 and 4 (pooled); IX. Elution fractionX6;Protein ladder.
The two red rectangles highlight the bands representative ibiepldtouble Stregagged NupC.
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CHAPTER 417 SSBLM FORMATION AND CHARACTERISATION
Ultimately, the purification of double Stréapgged NupC was clearly successful,
amounting to yields of approximately 0.5 wigoure protein per 4 L of C4A®E3)E. coli
cell culture.Apart from the expected NupC monomer band at approximately 35 kDa, both
SDSPAGE and Western blotting also revealed the presence of NupC oligomers which
co-eluted during the final stages of the purification process (Hao et al., 2016).

4.1.2.Hise-tagged NupC expression and purification

SDSPAGE and Western blottingevealed that Histagged NupCalso expressed and
purified successfullyFigure4.1.2.1) amounting to average yields of 3 mg of pure protein
per 4 L of C43(DE3) E. coli cell culture. Oligomeric Histagged NupC states (clearly
visible on the Western blot) were also detected.
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Figure 4.12.1.Coomassie Blustained polyacrylamide gel (top) and corresponding Western blot
(bottom) stained to detecthe His-tags of key samples taken during the expression and
purification of Hig-tagged NupCThe lanes represent, from left to right:;Protein ladder]l.
Insolublemembrandraction; lll. Soluble membrandraction; V. Elution fraction 1; V. Elution
fraction 2; VI Elution fraction 3VII. Elution fractions 2, 3 and (pooled); VIII. Elution fraction

5; IX. Vivaspin® concentrator filtrateX. Protein ladder. The two red rectangles highlight the
bands representative of purified ktagged NupC.
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4.1.3.Untagged NupC expression andE. coli inner membrane

extraction

Subjecting theskey samples to SDAGE revealed the prasee of untagged NupC at
eachstep of theproteinexpression and membrane Vesting processegigure4.1.3.1).

A BCA assay alsandicated that the total protein content of the separated IM fraction
amounted to 48 mg per 4 L of C4BE3) E. coli cell culture. Tle differences between
the innerand oter membrane fractionsith respect taheir different protein conters
were also higlighted viaSDSPAGE, confirming thai apart from some minor band

overlapi the sucrose density separation wasrall successful.
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Figure 4.13.1. Coomassie Blustained polyacrylamide gel of key samples taken during the
expression of untagged NupC. The lanes represent, fefirtal right: 1. Protein laddertl.
Disrupted cells;lll. Cell debris supernatantjVV. Cell debris pelkt; V. Cytoplasmic protein
fraction VI. Cell membrane pelle¥/ll. SeparatedM fraction; VIll. Separate®©M fraction; IX.
Control IM fraction; X. Protein ladder. The red rectangle highlights the bands representative of
untagged NupC.

4.1.4.Hise-tagged PepTSo exprssion and purification

The NupChomologous bacterial peptide transporter PepTSo (Newstead et al., 2011) was
deemed a suitable negative cohtor the SURFE2R N1 transpattivity assay, as well

asany future assaydeterminng the specificity ofsolatedbinding candidates to NupC.

Key samples takerntoughout the expression of a Htagged PepTSo construeere
loaded onto polyacrylamide gelscasubjected tboth SDSPAGEand Western blotting
(Figure 4.1.4.1 overleaj. Instead of purifying theprotein via highaffinity
chromatography, a sucrodensity gradient was once agaised towads separating the
inner andouter bacterial membrane fractiondtimately resulting ina total IM protein
yield of 34 mg per 4 L of CA@DES3) E. coli cell culture, as revealed by a BCA assay
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Figure 4.14.1.Coomassie Blustained polyacrylamide gel (top) and corresponding Webtetn
(bottom) stained to detect the Kisgs of key samples taken during the expression and
purification of Hig-tagged PepTSd he lanes represent, from left to rightProtein ladderll.
PrelPTG induction cell culturesample; lll. Cell debris supernatant; IV. Cell debris peNét;
Cytoplasmic protein fractignVl. Cell membrane pedt; VII. SeparatedM fraction; VIII.
Separate®M fraction; 1X. Control IM fractionX. Protein ladder. The red rectangles highlight
the bands representative of Hiagged PepTSo.

4.2. Assaying the Transport Activity of Purified NupC

So asto determine whether the nucleoside transport activities of the three NupC
constructs were preserved following their purification or IM extraction, several samples
were prepared for use with the SURFE2R Nitkstation. Double Strefaggedand His-
tagged NupC/POPCLUVs (200 nm, 1% (w/w) proteinlipid ratio9 were formed
according to the protocol outlined by Geertsma et al. (206g8ypducedn subsection
3.4.6 At first, the SURFE2R did nadletect any signal representativef nucleoside
transport fronmeitherproteoliposome sampleata not shown here), suggesting that these
two constructs might not be active whenaestituted into lipid vesiclgsostpurification.
Furthemore, 200 nmuntagged Nup&mbedding UVs extrudeddirectly from E. coli

IMs overexpressing this particular construct also failed to produce signals indioétive

nucleoside transporE{gure4.21.1overleaj.
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Figure 4.21.1. SURFE2R N1 trace of themeasureducleoside transport activityf eintagged
NupC embedded in native IMULVs (200 nmin diamete). The addition of the activating solution
(i.e. PBS buffer containg 5 UM adenosine at = 0 s) did not trigger anyransientcurrents
indicative of nucleoside transpoarito the sensebound LUVs (black arrow).

In order to determim whether the lack oftransport activity wasan unintended
consequence MupCoverxpressionthe IMs weramixed 1:50 (w/w) with E. coli polar
lipid extracts (PLESs) dis$eed in PBS buffer (5 mg/mL), thetip-sonicated 100 using
a Hielkcher UP50H(0.5 cycles, 20% raplitude) before usinghe sameSURFE2R
protocol. With these untagged Nup&@&mbedding IM/PLE UVs, transientcurrents

suggestive of bidirectionaldenosine transpdsecameeadilyapparen(Figure4.21.2).
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Figure 4.21.2. SURFE2R N1 trace of themeasurechucleoside transport activity of untagged
NupC embedded in 200 nm IM/PLBJVs. The addition of the activating solution (iRBS
buffer containing 5 uM adenosirat = 0 S) triggered a transient inward current (blackvayro
indicativeof nucleoside transport into the senbound LUVs. The reintroduction of the control
sdution (i.e. regular PBS buffer at= 2 s) caused the substratébotransported back out of the
adsorbed_UVs and thus generate a traerdi outward cuent (i.e. the depressiontat 2.25 s).
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The amplitudes of the measurednsient currents were expectefthynd to be directly
proportional to the substrate concentratiofghe activating solutionswhich helped

generate a Michaelislentenlike activity profile with akKm of 3.9 uM (Figure4.21.3).
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Figure 4.21.3. MichaelisMenten curve of transient inward current peak amplitudes generated
by increasing substi@ concentrations using IM/PLEUVs embedding untagged NupC. The
following values have been calculated using this ciWvgi= 0.54 nAKn= 3. 9 & M.

The above results confirmed that untagged NupC was still functional while overexpressed
in E. coli IM fractions. Furthemeasurements weperformed during summer internship

by anundergradua student Katrina Moisleyi usingthe double Strepand His-tagged

NupC constructs presented imetsame IM/PLE UV format. Althoughno transport
activity was ever detected from double Sttagged Nup(oresentedn either format,
IM-bound His-tagged NupC di ultimately show signs afucleoside transpqralbeit at

much lowerlevelscomparedo untagged NpC (data not shown here). Wihihis was

not investigated any further, the most likely culprit behind the$avourableesults was
probably the Histag itself(Mohanty and Wiener, 2004\vhose insertion into one of the
extramembranou®ops could havelisrupted the conformation dfe central pore and

thus hamperethe transportapabilitiesof this particular NupC construct.
4.3. Planar SSM Formation and Characterisation

Following the purification or IM extractionf the abovemembrane pr@in constructs
the focus of the projechifted towards characterising and optimising the formation of
lipid SSMson planarsilica substratesowardsthe goal ofultimately embedling the

purified membrane protein targetsa nativelike antibody screening platform
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4.3.1.Monitoring planar SSMformation via QCM -D

Initial attempts at forminglanarSSMs on Si@sensor chips involved runnirZP0 nm
POPCLUVs dilutedto 0.5 mg/mL in MOPS buffehrough a @Sense E4 QCMD set to
a corstant temperature of 22 °C aagpump flow rate of 100 pL/min. These attempts
were met with consistent success and one suelmple is depicted ifigure4.31.1
below.After the addition othe POPC LV solution to the SIQQCM-D sensorA), the
measured frequency droppeapidly while dissipation increaseproportionatelydue to
the adsorption oincreasing numbers ofesicles to thesensorsurface (Richteet al,
2006). After the crital concentration of adsorbed LUVs hbhdenreached (B), the
vesicles begato fusetogetherand burst, increasing frequency as buftes released
from therupturedLUVs. These then reassemtblieto a continuous lipid bilayer on the
sensor surfacgC) and, once theurplus vesicles were washeid with MilliQ ® water (D)
andplain MOPSbufferwasreintroduced to the system)(Ehe resultingstableSSM was
characterised by frequency shift of-25 Hz mirrored by a dissipatiorvalue of
approximately0.1x10°® (Cho et al., 2010)

POPC SSM Formation Kinetics
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Figure 4.31.1.Planar lipid SSM formation kinetics given lngequency (blue, left Yaxis) and
dissipation (red, right Yaxis) asmonitored via QCMD using POPC UVs suspended in MOPS
buffer at a concentration of Orbg/mL: (A) The POPC UV solution is introduced; (B) Critical
LUV coverage is reached and lipid lpaformation begins; (C) IntactUlVs are washedff with
MilliQ ® water, (D) PlainMOPS buffer is reintroduced; (E) Stable SSM formation is reached.
The data was presented at tfe 3" and 11" resonance overtones of the $SIQCM-D sensor.

Due toproviding a better representation of the nativembrane environment of NupC,
200 nmLUVs were alscextruded fromE. coli PLEs towards replicatinthe favourable
POPC SSM formatiomesults on identical SiQ sensors Unfortunately, thisproved

significantlymore difficult, in no small part due tbheconsiderablelectrostatic repulsion
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occurring between the negativathargedE. coli phospholipid headyroups and the
similarly-charged Si@substrate, witih impeded the adsorption of the'\/s to the sensor
surface. In orderot circumvent this issue, a divalent cation solution (i.e. 10 mM £facCl
was mixed with the UV suspensioso as to prometvesiclesubstrate interactiorend,
consequently, facilitate SSM formation (McMillan et al., 201RBurther attempts also
included runningheE. coli PLE LUVs through the QCNMD at higher temperatures that

were closer tdéheideal E. coli proliferation conditions (i.e37 °C).

While applying theabovementionedprotocol iterations did ultimately result iB. coli

PLE SSMs formingon the SiO; sensors, their formatiokinetics were unfortunately
extremely slow, as stable SSMe&w only formed after more than 2 howofsrunning

time. This contrasted sharply witfOPC SSM formation, during which WVs readily
formed lipid bilayers on the Siurface not only without the need for any supplementary
chemical intervention, but also within a significantly shorter time frame as well (i.e. less
than 40 minutes of running timelhe much quicker bilayer forman kinetics reported

with POPC lUVs ultimatelyrendered them dhe better choice for fast and reliable SSM

formation over theiE. coli PLE counterparts.
4.3.2.Planar SSMformation using NupC-embeddingproteoliposomes

In orderto form POPC SSMs featuring embeddi&gC,thepurified double Strepagged
and His-tagged constructs wemeconstituted into 400 nm POPQJVs (1% (w/w)
proteinlipid ratios) diluted in KPi buffer (5 mg/mL) following thprotocol describeth
subsection3.4.6 Unfortunately, he first attemts at forming SSMs using either
proteoliposomes omlenticalSiO; sensors provednsuccessful. While the measurements
did indicateLUV adhesion to the sensor surfaaata not shown here), SSM formation
could not be achieved even after thesedosmotic lysis brought on by tiilliQ ® water
wash. Poteoliposomes extruded through polycarbonate filkdth smaller pore sizes
(i.e. 200, 100- and 50nm) were also teste but without any succedsortunately,limiting
the Triton X100 titrations to thédareminimum required to readRsa: duringthe NupC
reconstitution phasatimately resolved SSM formation usibgth thedouble Strepand
Hiss-tagged NipC/POPQproteoliposomesHigures 4.3.2.1b and 4.2.1coverleaj. Not
only that, butther different dissipation values reported to thattled POPC negative
control S®/ (Figure4.3.2.1aoverleaj also confirmedhe presace of embedded protein.
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Protein-free POPC SSM Formation
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Figure 4.32.1a.SSM formation kinetics given by frequency (blue, lefaXis) and dissipation
(red, right Y-axis) as monitored via QCND using proteinfree, 50 nmnegativecontrol POPC
SUVs: (A) The POPC BV solution is introduced; (B) Critical\$V coverage is reachexuhd lipid
bilayer formation begins; (C) Intact\®/s are washed off with Milli® water; (D) Plain KPi
buffer is reintroduced; (E) Stable SSM formation is reach&de final dissipation vle of
approximatelyO suggested that the SSbtmed a rigidstructure on theensorsurface The data
was presented at th& B" and 11" resonance overtones of the $&2nsor.

Double Strep-tagged NupC SSM Formation
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Figure 4.32.1b. SSM formation kinetics given by frequency (blue, lefaXis) and dissipation

(red, right Y-axis) as monitored vi@CM-D using 50 nm doublStreptagged Nup@POPC SUVs

(1% (w/w) proteinlipid ratio): (A) The NupC/POPC SUV solution is introducd) Critical

SUV coverage is reached and lipid bilayer formation begins; (C) Intact SUVs are washed off with
MilliQ ® water; (D) Plain KPi buffer is rntroduced; (E) Stable SSM formation is reachBue

final dissipation value of approximately @B0° suggested that tfermedSSMalsoembedded
double Stregagged NupCThe data was presented at tffe 3" and 11" resonance overtones of

the SiQ sensor.
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Hisg-tagged NupC SSM Formation
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Figure 4.32.1c.SSM formation kinetics given by frequency (blue, lefaXis) and dissipation

(red, right Y-axis) as monitored via QCND using 50 nnHiss-tagged NupC/POPSUVs (1%

(w/w) proteinlipid ratio): (A) The NupC/POPC SUV solution is introduced; (B) Critical SUV
coverage is reached and lipid bilayer formation begins; (C) Intact SUVs are washed off with
MilliQ ® water; (D) Plain KPi buffer is rtroduced; (E) Stable SSM formation is reachEide

final disspation value of approximately 0«60° suggested that tHermedSSMalsoembedded
Hiss-tagged NupCThe data was presented at tHe 9" and 11" resonance overtones of the $iO
sensor.

While SSM formation using native membrane vesicles is complicaiednly by the
presence ohonbilayerforming lipids but also that ol myriad ofother naturally
occurring membrane constituents(Elie-Caille et al., 2005), positive results have
nevertheless been reporteith proteoliposomes formed aftemixing harvestedchative
membrans with bilayerforming model lipids such as phosphatidylcholiiixodd et al.,
2008).

In order to test this with Nup. coli IMs overexpressinghe untagged construatere
mixed with50 nmPOPC SUVs at a 1:50 (w/w) ratia the freezéhawmethodandwere
fortunately also found to form bilayers on SIGQCM-D sensors Kigure 4.3.21d
overleaj. This resultwas particularly encouraging towarthe futureformation ofSSMs
embedding other classesmaitentialmembrangrotein targeswhile still beingexpressed

in their original native membranenvironmend, without any need to spend additional
time and effort on purifying and subsequently reconstituting them into model lipid
vesicles
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Untagged NupC SSM Formation
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Figure 4.32.1d. SSM formation kinetics given by frequency (blue, lefaXis) and dissipation
(red, right Y-axis) as monitored via QCId using 50 nnE. coli IM/POPC SUVs ovexxpressing
untagged NupC(A) The IM/POPC SUV solution is introduced; (B) Critical SUV coverage is
reached and lipid bilayer formation begins; (C) Intact SUVs are washed off with Rlager;

(D) Plain KPi buffer is rentroduced; (E) Stable SSM formation is reachBtefinal dissipation
value of approximately 1:8.0° suggested that tHermedSSMalsoembedded untagged NupC.
The data was presented at tfe 3" and 11" resonance overtones of the $Sg@nsor.

4.4. SSBLM Formation and Characterisation

Since the positiv€)CM-D results presented above were found to be reproducible, the
focus of the project shifted towards replicating SSM formaitidist lipid-only, then

proteinrembedding onthe surfacsof spherical silica nanopatrticles.

4.4.1.Confirmation of substrate saturation via fluorescence

spectroscopy

SSBLM formation was initially attempted on Ghd 200 nm silica nanoparticlesnggi
fluorescentlylabelled POPC UVs, so as to enable the detection of the nefwlyned
SSBLMs via spectrofluorometry. The fluorescent labelling of POPC was achieved by
first dissolving Texas REITR)-modified lipids in a 1:1v/v) mixture of chlorofom and
methanol (0.5 mg/mL). A 100 pkolume ofthe resulting TR solutiowas then added to

a desiccated mg POPC aliquotfollowed by a vigorous 68econd vortexing to ens

the proper mixing of the different lipiypes The solvent mixture wagmoved at room
temperature by placing the vial first under a nitrogen stream for 60 seconds, then under
vacuum for 2 hours. Theesiccated TR/POPC lipids (1%/{v) ratio) werethen finally
rehydrated using 1 mL of PBS buffer and extruded through a 2@@lycarbonate filter.
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In orderto determine the UV/nanoparticle(w/w) ratios that would saturate ticosen
substrats (i.e. achieve 100% lipid bilayer coverage), fluorescent SSBLMs were formed
onl0Gand 200 nm silica nanoparticles by
solution (i.e. 10 mg/miin deionised watémwith increasing amounts of TR/POPOVs,
ranging fromD-100% (w/w) LUVs/nanoparticles for the 100 nm nanoparticles ab0%
(w/w) LUVs/nanoparticles for the 200 nm nanoparticles. The resulting mixtures were
then eacimade up to 100 pL usindilliQ ® water and subjected to 60 sads of vigorous
vortexing, casingthe LUVs and nanoparties to collide with one another. Ultimately,
this leadto the former collapsing and-ferming into SSBLMs envelopinthe latter.

The SSBLM samples were then left to incubate for 1 hour at room temperature wih gent
roller mixing before theparticles were pelleted in a Thermo Scientific Heraeus Fresco 17
centrifuge (13,00@ spin for 30 seconds &t°C). The supernatants were transferred into
separate Eppendorf tubes and stored at 4 °C, while the SSBLM pellets were washed in
similar volumes oMilliQ ® waterduringa 36minute incubatiorat 4 °Cwith gentle roller

mixing before beinge-pelleted and e s u s p e n d e df PBSrnbuffér @déch. Fhe
particlesamples were then diluted2€@rther in a Hellma Quartz SUPRASIL precision
cuvetteusingMilliQ ® water, after whicka Perkin Elmer LS 55 spectrofluorometer was

used to masure their emissiorag 615 nmwith excitation set to 595 nifrigure4.4.1.1).
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Figure 4.41.1.The fluorescece emissios resulting from 100 nrgleft) and 200 nm (right) silica
nanoparticles coated with SSBLMs formed usliiRtlabelled POPC liposomes (red), as well as
from ther respective supernatants (blue) after pelletingotiréicles. The saturation threshelalt
which 100% SSBLM coverage was achieved weread@ 15% (w/w¥or the 100 and 200 nm
silica nanoparticlegespectively. The error bars represent the standard error of the mean, n = 2.

In the case of the 100 nmis@ nanoparticles, the minimal LUManoparticle ratio that
appeared to saturate the substrates 30% (w/w). Increasing thellvV concentration
beyond this point resulted in the surplus fluorescent material remaining sanmeae

supernatamstand thus leading torairroredincrease in emission that ultimatalgturated
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the spectrofluorometer at the tepd of the spectrunA similar result was observed for
the 200 nm silica nanoparticles, where substrate smturaiccurred beyond an

LUV/nanoparticle ratio of 15% (w/w).

Having determined the sattion thresholds for botparticle sizes, all subsequent
SSBLM experiments were performed at LUV/nanopartreligos ofat leas60- and 25%

(w/w) for the 100 and 200 nnparticles, respectively, in order to ensuregagiratiorof

the silica substrate. This provided not only maximal antigen coverage, but also minimised
the chances of any potential Rspecific interactions occuing between the experimental

solutionsand areas of silica left baas consequencef incomplete SSBLM formation.
4.4.2.Characterisation of SSBLM formation via SAXS

While fluorescence spectrosco@yl indicatethat the POPC lipid material wastaching

to thesilica substrate to the point of saturatidgrgould not also be used to discrimiea
thecorrectformation ofactual SSBLM around the nanoparticles frahe mere adhesion

of intact lipid vesicles to thavailablesilica surfacelt is for this reason then that SAXS

i a technique capable of deriving structural information fromosaed objects
suspended in solutidnwas subsequentiysedfor the detet¢ion and characterisation of
silica-bound SSBLMs. All of the SAXS measurements described in this section were
taken at room teperature by B Amin Sadeghpour froniné School of Foodcience and

Nutrition at the University of Leeds

Prior to starting the SAXS measurementse toptimal beam exposue time was
determined after vigously vortexing both the SSBLM and negative control pare

silica nanopatrticlesamples for 60 secondsd then measuring the time needed for both
particle types to sediment at room temperature under normal gravity. It was thus revealed
that the minimal time required for the complete sedimentation of both samples was in
excess of B hours, terebyensuringthat the SAXS measurements could be performed
using longer beam exposure times in order to improve the resolution oiditaelual

scattering profiles.

Having determied the above, POPC SSBLMs were formed 100 nm silica
nanoparticles at a 0 (w/w) LUV/nanoparticle ratio according to the protocol described
in subsectioM.4.], after which the washed SSBLM pellets were resuspended in PBS

buffer at particle concentrations of 30 mg/nilhese were then measured together with
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their bare stock counterpadasroom temperature and a siggant difference was noted

betweenhe twoscattering profilesKigure4.4.2.1).

—Si —Si
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Unwashed 4 Unwashed

| [au]
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Figure 4.4.2.1.Left: the scattering profilegbtainedrom stock 100 nm silica nanoparticles (red),

as well as POPC SSBLMs before after washingaway the excessWV material (green rad

blue, respectively). Righthe same data after deconvoluting the scattering curves with the beam
profile in order to increase curve resolution (courtesy of Dr. Amin Sadeghploei§chool of
FoodScience and Nutrition, University of Leeds).

The data analysis for the SAXS measurements comparing the 100 nm-dea@ied
nanoparticles to the negative control ones offered confirmationootct SSBLM
formation. By fitting the data from the stock nandjgées and including a Gaussian size
distribution, a radius (R) with a value of 47.8 + 3.5 nm was determined, which proved
consistent with manufacturer nanoComposix's specifications for the stock 100 nm silica

nanoparticles uskethroughout the projecE{gure4.4.2.2).
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Figure 4.4.2.2.The scattering profilegbtainedfrom 100 nm bare silica nanopatrticles (blue) and
POPC SSBLM samples (red), alongside their corresponding fit functions (A) and electron density
profiles presented according to the fitting parameters deduced from the raw data (B) (courtesy of
Dr. Amin Sadeghpay The School of Food Science and Nutrition, University of Leeds).
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The data from the PORE&atedsamples was then fitted with the fixed silica nanoparticle
radius according to a strip model. All electron densibiethe modelled SSBLM layers
were set tdheir literature values and the radial dimensions of the lipid bilayer were kept
free. While this resulted in a correat, fthe lipid bilayer thicknes$ specifically the
phosphatdo-phosphate distandeappeared higher than normal (i.e. 4.6 nm, compared
to 3.9 nmatroomtemperatute ¢ | er ka @t al ., 2011

Unfortunately the very highnangarticle concentratiarequired for obtaining high
resolution scattémg profiles (i.e. 30 mg/mL) were prohibitive towartiking SAXS
measurements of SSBLd¢mbeddig either of the three NupC construdtse to the sheer
amount of purified membrane proteimequired to create such hightpncentrated
samples This ultimatelyprevented the use of SAXS as a means of confirming the
presence of SSBLMmbedded NupC and thus alternative methodsdbd usedo this

endinstead.

4.5. Formation and Characterisation of SSBLMs Enbedding
NupC

After demonstratinghe successful formation @SBLMs on the silica nanoparticle
substrats, the presence of the embeddpbtein was confirmed using suite of

techniqueslescribed throughout the followirsgitsections
4.5.1.Confir mation of SSBLM-embedded NupC via Westerrblotting

Western blotting represented one of the more straightforward methods explored for
confirming the presence of SSBl-mbedded(Hiss-tagged NupC. After multiple

protocol iterations, a protein/lipid reconstitution ratio of 2.4% (w/w) was used ttecrea

200 nmNupC/POPG r ot eo |l i p os o me k SSBtMsampleswiere formdd0 0 ¢
at LUV/nanoparticle ratios of 2Gand 50% (w/w) for the 100 nm nanoparticles and 10

and 25% (w/w) for their 200 nm counterparts. The supernatant solutioftsngesiom

pelleing the SSBLMS$ containingall of the excess proteoliposomal materiatere also

included on th&Vesternblot.

Upon imagingthe blotted membranéllowing its incubationwith 5 mL of HRP-
conjugated mouse Ig@ntiHis antibodiediluted 1:5,000 (v/v) irPBS buffer several
bands were revealed at a molecular weight consistent with that of purifiethiied

NupC, which wasused as a positive control lane X (Figure 4.5.1.1loverleaj. The
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appearance of the bands confirmed that Western blogjmgesents viable means of
detecting SSBLMembedded NupC. Furthermore, theedir relationship between the
LUV/nanopatrticle ratios and the intensity of the bands encouraged the predominant use
of the 100 nm nanopicles in all subsequenéxperiments, irorder to maximise #
available surface area for antigen presentatiotn@r$SBLM particles.

| L} 1 v \ Vi vil Vil X X

250 kDa

130 kDa

100 kDa

70 kDa

55 kDa

35 kDa

25 kDa

15 kDa

10 kDa

Figure 4.51.1.Western blot 0L.00- and 200 nmMPOPCSSBLMs embedding Higagged NupC.
Thelanes represent, from left to right: I. Protein lad(iest visible aschemiluminescengell.
100 nm 20% (w/w) SSBLM; 11l. 100 nm 20% (w/w) SSBLM supernatanty. 100 nm 50%
(w/w) SSBLMs; V. 100 nm 50% (w/w) SSBLM supernatant. 200 nm 10% (w/w) SSBLMs;
VII. 200 nm 10% (w/w) SSBLM supernatan¥lll. 200 nm, 25% (w/w) SSBLM; IX. 200 nm
25% (w/w) SSBLM supernataniX. Purified His-tagged NupCpositive contral The red
rectangle highlights the bands representative oftdgged NupC.

It was certainlyinteresting to notehowever that the supernatagbntaining lanesi.e.

[, V, VIl and 1X) did not produce any bds on the Westn blotat all, especially given

that their respective SSBLM samples had been created using an excess of proteoliposomal
mateaial (as determinedh subsetion 4.4.1). While thisoccurrencavas not investigated

any further, he absence of argupernatanbandssuggested that thentire membrane

protein content of the excess proteoliposohradinsteadbeen completely adsorbedto

the nanopatrticle substrafe@esulting in SSBLMs embedding a hegtNupC content than
anticipated This, in turnwould imply that using UV/nanopatrticle ratie exceeding the
establishedsaturation thresholds dog SSBLM formation couldultimately prove

beneficial towards maximisg the total antigen presenteddgivenparticle population.
4.5.2.Confir mation of SSBLM-embedded NupC vigperoxidase assay

The second method of detecting NupC presented in the SSBLM format focused on

determiningthe accessibilityof the embedded protetiowards antibodyinding. This
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involved the use of peroxidase assay to detect the presenedRétconjugated artHis
antibodies bountb SSBLM-embedded Histagged NupC

To this extenta 1% (w/w) reconstitution of purified Rigagged NupC intodetergent
destabilised200 nmPOPC LUVs yielded protegbosomes that were subsequenibed
towards forming 100 and 200 nm SSBLM sampleat 56 and 25% (w/w)
LUV /nanoparticle ratios, respectiveOPConly LUVs of similar sizes weralsoused

to create proteikiree SSBLMsfor negative cotmol purposes. The washed SSBLM
particles were then incubatedth 1:1 volumes ofHRP-conjugated mouse lg@&ntiHis
antibodies(diluted 1:5,000(v/v) in PBS buffe) for 1 hour at room temperature under
gentleroller mixing beforethe SSBLMs were pelleted via centrifugation (13,08G{pin

for 30 seconds a4 °C) andthe supernatant solutions were removed alongside any
unbound antibodie§he particles werthenwashed twice viawo 10-minute incubations

at roomtemperature with gentle roller miximg1:1 volumes oPBS buffersupplemented
with 2.5% (w/v) POPC lUVs i so as to patchp any potential areas of exposed silica
substraté followed byre-centrifugation

The SSBLMs were finally esuspended in 50 &L CbstaPBS b
flat-bottomed 96well platein 1, 2, 4, 8, 16, 20, 30, 40 and 50 pL volunmaesd
supplemented with ADHP working reagent solution (50 pL/well, prepacedrding to

the protocol supplied by AnaSge The developingfluorescence emission was then
measurecht 590 nmusing a Perkin Elmer Victor X3 Multilabel fluorescent plate reader

throughout dotal reagent incubation time of 30 minut@sgure4.5.2.1overleaj.

Measuring the fluorescence mgular inervalsrevealed an almost lineamcrease in
detected emission that was directly proportionalh®SSBLM sample volumes. The
surprisingly high background signal emitted by the protéiee negative controls was
attributed tothe nonspecific binding ofHRP-conjugated amtHis antbodies to either
patches oéxposed silica following incomplete substrate coverage or to the SSBLM lipid
component itself, likely coupled with an insufficientlyorough wash of any remaining
unboundantibodies prior to the ADHP reagent incubation and fluorescence measurement

phases.
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Figure 4.52.1.The fluorescece emissiogresulting from 100 nnfleft) and 200 nm (right) silica
nanoparticles coated with SSBLMs formed using tgirefree POPC LUVs(blue) and
proteoliposome&mbedding Histagged NupC (red) afte80 minutes of incubation witkhe
ADHP working reagent. The error bars represent the standard error of the mean, n = 2.

Several protocol optimisatisnwere tested towards reducimgnspecfic antibody
binding in hopes of eliminating tregnificantbackground fluorescence emission. Thus,
new 100- and 200 nm SBLM sampleswvererespectivelyformedat 56 and 25% (w/w)
LUV/nanoparticleratiosusing200 nmHiss-tagged NupOPOPC proteoliposomeseated

at 2.4% (w/w) proteinflipid ratios. POPConly SSBLMs wereonce again formed at
similar ratios to serve as protefree negative controls. Following thdilliQ ® water
wash, the SSBLM solutions were divided into 50 uL volumes, pelletezkewtifugation
(13,0009 spinfor 30 seconds a °C) andresuspended in increasing volumes (i.e. 1, 2,
4, 8, 12, 16, 20, 30, 40 and 50 pL)MRP-conjugated mouse Ig@&ntiHis antibodies
diluted 1:5,00Qv/v) in PBS bufferIn an attempt at blocking arawailable norspecific
binding sites, each SSBLM solution when furthersupplemented with mg/mL BSA
and 1% (w/v) POPC WVs before beingmade up to a final volume of 50 uL using

MilliQ ® water, followed byigorous vortexingor 60 seconds.

The SSBLM stutions were left to incubate with tinerespectiveanti-His antibody
solutions for 1 hour at room temperature with gentle roller mixing before the particles
were washed twice ifh:1 volumes othe abovementioned blocking buffevia two 10
minute incubabns under similar conditions, followed by pelleting and resuspension in
the same biffer. The washed SSBLM particledere once again vortexed vigorously for

60 seconds before being transferetb aCostaf flat-bottomed 96well plateand mixed

with 50 pL of ADHP working reagent to ge/final volumes of 100 pL per well.hE
fluorescence emission of the SSBLM samples wlaen measuredsing the same

fluorescent plate readsetupas beforgFigure4.5.2.2 overleaj.
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Figure 4.52.2.The fluorescencemissions resulting from 100 nm (left) and 200 nm (right) silica
nanoparticles coated with SSBLMs formed using preteie POPC LUVs (blue) and
proteoliposomes embedding kisgged NupC (red) after 30 minutes of incubation with the
ADHP working reageniThe sampls were formed according to the optimised SSBLM peroxidase
assay protocolThe error bars represent the standard error of the mean, n = 2.

The results depicteabovein Figure4.5.2.2 not only confirmed the presence of SSBLM
embedded Histagged\upC, but also the elimination of taenormally high background
fluorescenceThe additimn of BSA and proteiiree POPC UVs to the PB®uffer used
during the antibodpinding and washing steps proved greatly beraftowards keeping
the negative control emissiamose to baseline level This was likely due tthe extra
POPC lipids repairingotential defects within the formed SSBLMs and thus covering up
anypatchef exposed silica, while the BSA served to blacky remaining nospecific
binding siteqas in the case &Western blotting)thereby maximising the correct binding
of the HRRconjugated antibodies to the SSBié&vhbedded Histagged NupCThe
iterative changes th&d to the deslopment of theoptimised peroxidase asspgotocol

are reflected byheworkflow presentedh Table 4.52.3below.

Final SSBLM-embedded NupCperoxidase assayletection protocol

SSBLM sample creation
- 50% (w/w) 100 nm NupC/POP&ndPOPConly SSBLMs (2.5 mgarticlesl mL sample)
- 25% (w/w) 200 nm NupC/POP&ndPOPConly SSBLMs (2.5 mgarticlesl mL sample)

Z ®@econd vortexing Z

MilliQ ® water wash
- 1 mL of MilliQ ® water persample
- one wash during a ¥inute incubation at room temperature with gentle rollixing

Z ®#econd vortexing Z

SSBLM sample division
- usehalf of the total sample volumeisg( 500 uL)
- divide these further into a total of 480 uL smaller working samples

Z €6econd vortexing Z
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Anti-His antibodyincubation
- 1:5,000(v/v) in PBS buffer supplemented withmg/mL BSA and 1% (w/v) POPQUVs
-1,2,4,8,12, 16, 20, 380 and 50 uL of antibody solution added pample

Z ®8@econd vortexing Z

Antibody wash
- PBS buffer supplemented withmg/mL BSA and 1% (w/v) POPQUVs
- two washes during tfhinute incubations at room temperatwi¢h gentle roller mixing

Z ®8@econd vortexing Z

Plating
- 50 uL of sampletransferregperwell of a Costaf flat-bottomed 96éwell plate
- 50 uL of ADHP working reagenaddedperwell to give 100 pL final sample volumes

Z 8@econd shaking Z

Results
- NupGembedding SSBLMmission significantly higher than that of PO®Gly SSBLMs
- Fluorescence emissiaf proteinfree negative controls reduced to expected baseline le

Table 4.52.3.Workflow illustrating the optimised protocol for the peroxidase assay detection of
SSBLM-embedded Histagged NupC.

The optimisedperoxidase assay protoodtailed abovevasalso used to test whether
SSBLMs formed using IM/POPLCUVs oveexpressindiss-tagged NupC represented a
viable method for performingntibodybinding studiesgainstprotein targets embedded

in their original biological membranes, since this approach could prove particularly useful
towardsthe futureassayingof membrae proteirs that are difficultto purify and/or
reconstitute into lipid vesicle3o this engd 200 nmPOPC LUVs (diluted t& mg/mL in

PBS buffer) were mixedia the freezethaw methodwith E. coli IMs overexpressing
Hiss-tagged NupC at increasing IM/POR®@/w) ratios (.e. total IM protein content
versus model lipid weight Additional POPC UVs were also mixed at identicel/w

ratios withE. coli IMs overexpressing untagged NupC to serve as negative controls.

The resulting IM/POPC solutions werere-extruded through another 200 nm
polycarbonatdilter to ensure LUV size homogeneityhenmixed with 100 and 200 nm
silica nanopatrticles toespectivelyform 100 pL SSBIM samples at 50and 25% (w/w)
LUV /nanoparticle ratios Following the MilliQ® water wash, he SSBLMs were
resuspended in 1:1 volumest®RP-conjugated mouse lg@ntiHis antibodiediluted
1:5,000(v/v) in PBS buffer supplemented with mg/mL BSA and 1% (w/v) POPC
LUVs, then incubatedor 1 hour at room temperature with gentle roller mixiAdter
that, the SSBLMs wengashed twice itthe abovélocking buffer to remove any unbound

antibodiesthenresuspended in the same buffer, transfeoréol aCostaf flat-bottomed
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96-well plate(50 pL of sample pewell) and supplemented with 50 pL of ADHP working
reagent The fluorescence emission was finatheauredusing a BMG LABTECH
FLUOstar OPTIMA spectrofluoronter at awavelength of 590 nmTrhe assay yielded
reproducible results that consistently saturated the spectrofluorometer beyond the 20
minutereagenincubationmark (Figure4.5.2.4)

60000 4 60000 4
100 nm Hise-tagged NupC SSBLMs

50000 - 50000 -

200 nm Hisg-tagged NupC SSBLMs

[5 s
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Q =]
8 8
L 1
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Fluorescence emission (590 nm)
N\
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Fluorescence emission (590 nm)

y .
/// 10000 4 //""
e 100 nm untagged NupC SSBLMs ] ’ 200 nm untagged NupC SSBLMs
T A — Pt
0% 10% 20% 30% 40% 0% 10% 20% 30% 40%
IM/POPC ratio (w/w) IM/POPC ratio (w/w)

Figure 4.52.4.The fluorescence emissions resulting from 100 nm (left) and 200 nm (right) silica
nanoparticlesoated with SSBLMs formed using IM/POPC LUVs embedding untafujee)

and His-tagged NupC (red) aft@0 minutes of incubation witthe ADHPworking reagentThe
samples were formed according to the optimised SSBLM peroxidase assay pitecetror

bas represent the standard error of the mean, n = 3.

Based on the refts presented aboveigure4.5.2.4, it was decidethat all future mixed
membrane UVs be formed at the highest (i.e. 40%/w)) protein/lipid ratio This
specific ratio was alsemployedby Dodd et al. (2008), who successfully formed and
characterisg mixed membrane SSVon planar silica surfaces and ultimately reported
that this distribution of native membrane to model lipids adldfer an optimal balance

between facile bilayefiormation and embedded membrane protein coverage.
4.5.3.Confir mation of SSBLM-embedded NupC via cryeEM

While the previoussubsections confirmedhat NupC could indeed be successfully
embedded into the SSBLM formaie spectrofluorometric detection methgussented
abovestill could not differentiate between proteich SSBLMs correctlgnvelopinghe
nanoparticles and intact proteoliposomes merely attachirggtsilica substrate without
actually forming a bilayer. The highesolution imaging of Nup@mbkedding SSBM
samples was thus attempted via cBM towards demonstratingorrect bilayer

formationwith embedded protein aroutite chosersilica nanoparticles.

FreshSSBLM samples werg¢husformedby mixing 200 nmHiss-tagged NupC/POPC

proteoliposomes (2% (w/wjrotein/lipid ratio)with 200nm silica nanopatrticles at a%b
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(w/w) LUV/nanoparticle ratio. PORGnly SSBLMs were ao formed at the same w/w
ratio to serve as proteifiee negative controls. After the SSBLMs reewashed in
MilliQ® water, the particles wergesuspended inl:1 volumes of PBS buffer
supplemented with mg/mL BSA and 1% (w/v) POPCUVs and incubatedior 1 hour

at room temperature with gentle roller mixing.

The SSBLMs were then pelleteh centrifugation (13,000g spin for 30 seconds at 4 YC
and resuspended identical volumes of a5 nm Ni-NTA-Nanogol® probe solution
preparedin the above blocking buffeat a 21 probe/proteinmolar ratio Following
another 3éminute incubatiomt room temperature with gentle roller mixjtige SSBLMs
were washed twicé first in blocking buffer and then in regular PBS buffefor 10
minutes pe wash under similar conditionhe washed SSBLM solutions wettgen
diluted 10« in PBSbuffer and aplied tothe cryo-EM grids as describeh subsection

3.4.1 before finallypeingimaged at a magnification of 35,000sing a FEI Tecnai F20
TEM fitted with a Gatan 4K4K CCD camergFigure4.5.3.1).

Figure 4.53.1. Left: 200 nmsilica nanoparticlescoated with POPC SSBLMs embedding His
tagged NupC, imaged at a 35,800agnificationusing a FEI Tecnai F20 TEM fitted with a Gatan
4Kx4K CCD cameraTheparticleshadbeen prancubated wittNi-NTA-Nanogold probesat a
2:1 probe/protein molar ratio order to reveal the presenceS$SBLM-embeddedHiss-tagged
NupC, as evidenced by the black dots representative of the Pprobeconjugatedgold
molecules. The red circleshighlight unfusedNupC/POPCLUVs. Right: 200 nm silica
nanoparticlesoated with POP®@nly SSBLMs for negative control purposes (courtesy of Dr.
Stephen MuenciThe School of Biomedical Sciences, University of Leeds).

The cryoEM images presentestbovein Figure 4.53.1 revealed not only poor fTA
probe coverage (possibly as a consequence of unequal blotting and/eitpization

of the cryoegrids by the FEI Vitrobot), but also unfusedWV remnants, prompting the
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need for morestringentwashingand a higher pitwe/proteinmolar ratio in subsequent
attempts. While verfew probes were visible in this first instance, thaye neverthelss
found in close proximity tdi.e. less than 40 nm) or even on top of the imaged
nanoparticles, suggesting that the SSBLMsawmedeed present, even though the discrete
structure of thie lipid componerd could not be resolved using the TEM seawailable

at our disposal.

The imaging was therefore repeated usiegy 200 nm SSBLMsamplespre-incubated
with Ni-NTA probes ata higher 10:1 probe/potein molar ratio. Concurrently, the
blockingand PBS buffewashing steps were easlipplenented withl-minuterounds of
vigorous vortexing before and after each pelleting and resuspenéiole the resulting
images suffered from ledbanideal vitreous ice quality, the abundance ofNNIA
probes dotting the surfacd the NupCembeddingnangatrticlesi but not that of e

POPConly negative controlsi nevertheless confirmed the presence of SSBLM

embedded Histagged NupC, even though the lipid membrane components revealed by
Mornet et al. (2005r Trépout et al. (2007till remain& unresolvedFigure4.5.3.2).

Figure 4.53.2.Left: 200 nm dica nanoparticlescoated with POPC SSBLMs embedding lis
tagged NupC, imaged aB8,000x magnificationusing a FEI Tecnai F20 TEM fitted with a Gatan
4Kx4K CCD cameraThe multitude of goletonjugated NINTA probes (black dots) detected
eitheron the surfacer in the immediatevicinity of the imaged nanoparticles confirmed the
presence of SSBLMmbedded Histagged NupC. Righ00 nm silica nanopatrticles coated with
POPConly SSBLMs for negative control purposd#sowing no signs of NNTA probe binding
(courtesy of Dr. Stephen Muenchhe School of Biomedical Sciences, University of Leeds).

Having established not only the successful formation of SSBLMs embedding therdiffer
NupC constructs othe 100- and 200 m silica nanoparticles, balso the accessibility of
the targetprotein towards highkaffinity antibody binding, the platform was deemed
suitable forthe phage display screening DARPIn bindersagainst Nup(presented in
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this novelformat For a recapitulative look at the overplatform development plan, a
summary of the experimentahdings presented in the currentaghier carbe found in
Figure4.5.3.3 below.

SSBLM FORMATION AND CHARACTERISATION CONCLUSIONS

NupC construct expressioand purification

<

Overxpressedouble Stregagged, Histagged and untagged NupCEncoli
V Purified or isolated each NupC constractording tahe describegrotocols

Z
Purified NupC transport activity measurement

V SURFEZ2R assaysonfirmed thatiM -bound untagged NupC retainedtitsnsport activity
V IM-bound Hig-tagged NupC also demonstrassmimeactivity, albeit at much lower levels

z

Planar SSM formation and characterisation

<

Successfully formed POPESMs on planar silica substratas reported via QCND
V Achieved successfylanarSSM formationembeddingeach of the threMupC constructs

Z

SSBLM formation and characterisation

<

Establishedhe saturation thresholds resulting in full coveragthefchosemanoparticles
V Confirmedthe correct formation of SSBLMaroundthe silica hanopatrticlesia SAXS

Z
Embedding NupC into the SSBLM platform

V Successfully formed SSBLMs on the chosen nanoparticles using reconstituted Nup(
V Confirmedthe presence araccessibility of SSBLMembedded Nup@ia antibody binding

Figure 4.5.3.3Workflow summarising the experimental findings presented in the current chapter
regardingthe development of our proposed SSBLM phage display screening platform.
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CHAPTER 5

SSBLM-BasedPhage Display Screening

5.1. Introduction to SSBLM -Based Screening against NupC

Following the successfutharactesation of the SSBLMplatform embeddingthe
different NupC constructs, this novel target presentdbomat was used towardbe
selectionof DARPIn binders against Hisagged NupCWhile phage displagcreening
generally requires between-3 panning roundsefore high-affinity binderscan be
isolatedagainst a given antigefidloogenboom, 2002 for the purposes of this project
only two rounds of selection were perfordhagainstHiss-tagged NupCGacrosseachof

the differentscreening formatsletailedin the following subsectiondn short, hese
included traditionalii s o Isélattions performed against detergsuitibilised His-
tagged NpC adsorbed ontwegular 96-well plates as wella s A s csélactioise 0
performedagainstthe SSBLM-embeddedprotein suspended in smallolume liquid
samplesFor providing even better comparisonstween the traditional and SSBEM
basedsaeeningapproachesthe solidselections were performdabth withand without
extra ctergentadded to the screenirmyffers (so as to determine the extent of epitope
occlusioncausedy the detergent micelles), while thelubleselections were carried out
both with and without grior deselection step performea @roteinfree, POPG&nly

SSBLMs (so as to eliminatany nonspecific binders from the final selection output).

After completing all of theselection roundacrosseach othedifferentsaeening formats
describedabove, the amino acid sequences encodingDRRPins forming the final
selection outputvere aligned and examined ander to identify those candidatedich
showed the highest potentlaihding affinity for Hiss-taggedNupC. Following that, he
top 20most promigng DARPIns(i.e. the lead candidajesere purified and subjected to
further binding validationassays againghe two otherconstructs (i.e. double Strep
tagged and untaggedupO), in order to isolateany bindersthat might haveactually
targetedthe His-tag of theNupC construct used duringcreeningand not its natural
epitopes that wouldormallyalso beaccessiblén vivo. To this endthe 20 lead candidate
DARPIns were re-screened against detergsolubilised doubleStreptagged NupC
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presented in the traditionglateboundformat, as well asintagged NupC embedded
within SSBLMs formed using mixed membrane MDPCLUVSs.

5.2. The Different DARPIn Screening Formats Tested against
NupC

DARPIn binders were selected agairdtss-taggedNupC presentedn a variety of
differentformats so as to better allow for comparisons to be drawn between the traditional
method of performing phage display screening agaletdrgensolubilisedmembrane
protein targets and the nowdtergenfree SSBLM platform. The ohividual formatswill

be described ifurtherdetail throughout theulsectiondelow.

5.2.1.Traditional plate-based screening against detergersiolubilised
NupC

Before triallingthe novel SSBLIMbased screening methatraditionakelection against
detergensolubilised His-tagged NupC adsorbed ontolassic96-well platesupportwas
performedaccording to the protocol detailedsubsection 3.4.for comparison purposes
Following the completion of the two selection rounilie sequencingesults revealed a
DARPIn diversity of 67% after panning the libranagainstHiss-tagged Nup(resented
in this format Two newrounds ofselectionwvere therperformedagainsthe platebound
detergensolubilised proteiriollowing the samgrotocolwhile alsosupplementing all of
the screeningolutions and buffers with (686 (w/w) DDM. A summary of the traditional
selections performed agaimstergenssolubilisedHiss-taggedNupCand their respective

outcomescan be found in Table®.1.1below

Antigen presentation Deselected Phage Phage DARPIN
format against input titre | output titre | diversity
Detergentsolubilised His- No 1.8x10'2 3.4x10° 67%
taggedNupC deselection cfu/mL cfu/mL °
DetergentsolubilisedHiss- 2
; >0 No 4.5¢10" 6.5x10°
tagged NupC with additional deselection cfu/mL cfu/mL 93%

0.05%(w/w) DDM present

Table 5.2.1.1.Details and outcomesf the traditionaplatebasedDARPIn selections performed
against detergersolubilised Hig-tagged NupC.
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5.2.2.Novel SSBLMbased screening againgdetergentfree NupC

In order to provie proofof-concept for this novgbhage display screening platform, 1
mL SSBLM sampleswere respectively formed on both 10@nd 200 nm silica
nanoparticles at 6@&and 30% (w/w) saturation ratiosmbedding Histagged NupGt a
4% (w/w) proteinlipid ratio. Proteinfree SSBLMs were also created at identical

sauration ratios fromPOPGonly LUVs for use duringhe deselection phase

Two rounds ofsoluble DARPIn selection were then performed agaiting SSBLM-
embedded Histagged NupC suspensiohsldin 1.5 mL Eppendorf tubes, each round
using only 500 €L (i . e.Tobegnwih)botlottie preteic h S S
freeand NupCembedding SSBLMs were first pelleted via centrifugation (3@8pin

for 1 minute a4 °C) and had thesupernatants replaced withl volumes of blocking

buffer. The SSBLMs were then left to incubate for 1 hour at room temperaturganita

roller mixing, alongside th®ARPIn library solutionsundergoing the samgrocedure

(i .e. two 50 €L DARPin |library aliquots |

Deselection was then performed by pelleting the prdtem SSBLMs via centrifugation
(3,220g spin for 1 minute at 4 °Gnd then replacing their supernatanithihe5 0 0 € L
blocked DARPIn libranaliquots followed by anothenourof incubation under the above
conditions. Afterthat, both the proteifree and Nup&mbedding SSBLI werere-
pelleed the supernatants of the latter samples were discarded ssuptreatats of the
former oneg containing the deselected DARPIn librariesvere added to the NupC
embedding SSBLM pellets. The resuspengeateinrich SSBLMs were then left to
incubate for another hour undéne previousy-stated conditions to allow dr the
deselected DARPIns to bind to the SSBlevhbedded Histagged NupC.

Following this incubation, the Nup@mbedding SSBLMs were pelleted via
centrifugation, their supernatants were discarded and the particles were washed five times
in regular PBS buffevia 5minute incubations at roomemperature with gentle roller
mixing. The bound phags were then eluted by resuspending the SSBLMs in elution
buffer and leaving them to incubate for 30 minutes at 37 °C with gentle roller mixing.
The eluted phages were ami@d by addingeach ofthe particlesupermatants to 4.5 mL

of TG1E. coli culturedto log-phasen 2xTY growth medium and incubating thesulting

mixtures for 1 hour at 37 °C with 15pm orbital shakingFinally, the phagénfected

TG1 cell cultures were serialyiluted in2xTY growth medium from 1:0 to 1:1,000
(vivyiand 100 €L volumes of @<daYAG aghiPeta dishes.n we
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The remaining TG1 callwere thearvested via centrifugation (3,288pin for 1 minute
at 4 °C)resuspended in 1 mL @8kTY growthmediumper pelleand spread ontgeparag
2xTYAG bioassay dishesAn identical volume of norrinfected log-phaseTG1 cell
culturewas also spread onto its 0@RTYAG Petri dish to serve as a negative coht
All of the Petri and bioassay dishasre then left to incubate overnight at 30 °C.

The following day, the TG1 cells harbouring the eluted phages seeped off the
bioassay dishegsing10 mL 2xTY growth medium volumes supplemented with 50%
(w/v) glyceroland used to creat mL -80 °C backups. The remainder of the scraped
bacteria were thetransferrednto 25 mL volumes o2xTYAG growth medium to give
startingDsoonmvalues of 0.1. These cultures were incubated at 37 °C withphb0rbital
shakinguntl log-phase was reachedtwhich pointthey wereeachsuperinfected with
2.5 ¢L atfphelpérphadge stoekd left to incubate for an additional hour under
similar conditions. Followig that, the cells were harvestéd centrifugation (3,22
spin for 10 minutes at °C), thdar supernadnts were discarded and thellets wereeach
resuspended in 0.5 mL @kTYAK growth medium. These cell suspensions were then
used tofurtherinoculate 25 mLvolumesof 2xTYAK growth medium, after which the

phage rescue was allowed to take place overnight at 25 °C wittp@80rbital shaking

Finally, 1 mL volumes were taken from eaokiernight cultureandthe harboured cells

were pelletect maximum speed in a tabiep centrifuge The supernataniscontaining

the amplified phaget were then useduring the second round of selectiperformed

against the remaining 500 polumesof eachinitial SSBLM solution. Once the second

round of selection wasalsocompleted, colonies werdadgged from the serialhdiluted

Petri dish cultures, transferred@ostaf flat-bottomedd6we | | pl at es cont a
of 2xTYAG growth medium per well anéhcubated overnighat 37 °C with 150pm

orbital shakingThe next day, 40 pL samples weedken from each well and transferred

onto new Costd flat-bottomed 96well plates that werdatersent for binder sequencing

and diversity assessment, while the remaining well contents were each supplemented with

40 uL of 50% (w/v)glycerol so as tareate furthebackus for storage at80 °C.

Two rounds of DARPIn selection were also performed against SS&hbbedded His
tagged NupC without prior deselectiordoneon proteinfree particles, so as to evaluate
the usefulness of this stapwards isoling highaffinity binders against membrane

protein targets presented in the SSBLM format. The finqlaecing results revealed
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DARPIndiversities in the range dd1-95% across albf theselections performed against
SSBLM-embedded HistaggedNupC (Tabé5.2.21).

Antigen presentation Deselected| Phage Phage DARPIn
format against input titre | output titre diversity
100 | POPGonly 4.9x10" 4.7x10% 93%
SSBLM-embedded nm SSBLMs cfu/mL cfu/mL
Hiss-taggedNupC
(with deselection)
200 | POPGonly 4.6x10' 5.2x10° 91%
nm SSBLMs cfu/mL cfu/mL
100 No 5.9x10" 5.1x10° 9%%
SSBLM-embedded nm deselection cfu/mL cfu/mL
Hiss-tagged NupC
(without
deselection) 200 No 6.4x10% 1.1x10° 95%
nm deselection cfu/mL cfu/mL

Table 52.21. Detailsand outcomesf the novel SSBLMbasedDARPIn seéctions performed
against detergefitee Hiss-tagged NupC.

5.3. ldentifying the Lead Candidate DARPIn Binders

Following the completion of the DAR® selections across all of the abas@eening
formats the lead candidata@inderswere isolatedor furthervalidationin orderto confirm

their genuinaffinity for NupC.
5.3.1.Aligning the amino acid sequences of the total selection output

Upon aligning the amino acid sequences of the 707 unique DARPIn bselecded

against His-tagged NupCHKigure5.3.1.10overleaj, it was discovered that a number of
these repeated betweerR2@x not only througtout the total selection output, but also
acrosghedifferent screening formats well Therefore, thésolatedcandidategncoded

by these recurring sequences were believed to have the highest chances of representing
genuine NupC binders.
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Figure 5.3.1.1. The DARPIn amino acid sequences featurihg highest number of repeats

throughout the total selectia@utput(shownherein brackets) as algned using Clustal Omega.
The highlighted areasepresent conserved regions sharedebogry consenstisuilt DARPIN,

while the variable regionsinique to each bindérave been lefivhite for enhanced readability
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After examiningthe amino acigequences presentaldovein Figure 53.1.1 it became
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clear that a majaty of the mat promising DARPingeatured tryptophans heavily, which

could have translated into a potentiffinity for the lipid bilayer componestof the
SSBLMsin additionto that againstheembeddedHiss-tagged NupC. Positivelgharged
amino acidsuch as asparagine were gisominentlydisplayed which likely facilitated
binding to the negative regions of the protein or prete@mbrane interfzes, as well as
being indicative of a strong affinity for any negativelyarged patats of exposed silica

Therefore,m orderto highlight thestructurakelationshipsdentifiedbetweereachchosen

candidatea phylogenetic tree was also constructed as showigure5.3.1.2below.

Figure 53.1.2.The phylogenetic teeresulting from aligning theost recirring DARPin amino
Clust al O me lgosen as Thkead
candidatéindersselectedhgainst His-tagged NupGcross all of the differemscreening formats

aci d

Out of the 3@DARPInspresented abovie Figure 53.1.2,a

sequences

W’\ [ ﬂ%ﬁ'\ﬂfﬁ]ﬂ"ﬁﬂ

us i

ng

E10+VV_SSBLM_200nm_E10+mycseql( 0.05727 (5 repeats] X
A0T7+H_SSELM_100nm_A07+mycseql0 0.05811 (5 repeats] )
COB+WV_100nm_REDUXI_COB+mycseqll 0.03987 (6 repeats]
E01+SS-DESEL_100nm_ED 1+ mycsaegld 0.04346 (4 repaali)
S03+W_100mm_REDUX1_A03+mycseqlo 0.03384 (10 repeats) X
FOI+VV_200nm_REDUX1_FO3+mycseqll 0.03667 (4 repeats) X
GO4+_100nm_REDUX1_GO4+mycseqld 0.04169 [4 repeats)
COL+VV_100nm_REDUX1_CO01+mycseqld 0.0464 [7 repests) X
DOF+\W_100nm_REDUXI_DO7<+mycteqld 0.04208 (3 repeats)
GO+ _200nm_REDUX1_GO3+mycseqld 0.04125 [ repests) X
GO4+VV_SSBLM_Z200nm_G04+mycseqld 0.04657 (5 repeats]
CO4+Vy_200nm_REDUX1_CO4+mycseqlo 0.04317 (4 repeats) X
H11+WV_NupC_DDM_H11+mycseqll 0.05807 (3 repeats] X
GO2+S55-DESEL_100nm_G02+mycseqld 0.05518 (4 repests) X
E1l+WV_SSBLM_100nm_Ell+mycsegld 0.05379 (3 repeats]
DO2+WW_SSBLM_100nm_D02+mycseqld 0.04758 |6 repeats] X
E04+y_100nm_REDWUX1_E04+mycseqlo 004857 (3 repeats)
EL1+WV_SSBLM_200nm_E1l+mycseqld 005625 (4 repeats) X
AdR+w_100nm_REDUNXI_AMS+mycseqll 00495 [3 repeats)
AE+_100nm_REDUKI_ADS+mycseql0 0.04685 (16 repeats) X
COT+W_SSBLM_200nm_~COo7+mycseql0 004794 [3 repeats) X
HO4+_100nm_REDUX1_HO4+mycseqll 0.05462 [3 repeats)
HOL1+Wy_200nm_REDUX1_HO1+mycseql0 0.03385 (6 repeats) X
COR+ vy _100nm_REDUXI_CO8+mycseqll 003866 (4 repests)
FOd4 -+ _SSBLM_100nm_Fod4+mycseql( 0.04239 (B repeats) X
COI+VV_100nm_REDUX1_CO3+mycseqlo 0.0491 (4 repeats]
GO1+W_100nm_REDUWZ_GO1+mycseqld 0.04064 (3 repeats) X
A11+W_100nm_REDUKZ_All+mycseqll 0.04727 (3 repeats) )
GO4+_SSBLM_100nm_GO04+mycseql 0.04247 [3 repeats)
HO1+Wy_100nm_REDUX1_HO1+mycseqll 0,04482 (20 repeats] X
AQE+W_100nm_REDUNI_ADS+mycseqll 004292 (3 repeats)
AOZ+A_SSELM_200nm_~aA02+mycseqll 0.04041 (7 repeats] X
E01+\W_100nm_REDUX1_E01+mycseqlo 0.04399 (3 repeats]
H10+VV_100nm_REDUX3I_H10+mycseqll 0.03979 (4 repests)
HO4+Vy_100nm_REDUX2_HO4+mycseql0 0,037 14 (4 repeats) X
EO04+\VV_SSBLM_100nm_E04+mycseql( 0.04119(3 repeats)

fi s h o the RPOiclened

c |

showing the highest number of repeats throughautdtal alignment (each marked with

ar ed

A X0) weasignatadasé leachcaneitiafgnders andaken forward for

purification andaffinity re-assessmeratgainst the other available NupC constructs.
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5.4. Purifying the Lead Candidate DARPIn Bnders

The steps involved in purifyingaeh of the chosen lead candidatésom binderplasmid
isolationto high-affinity chromatography will be pregnted throughout the following

sulsections.
5.4.1.1solating the plasmid DNA encodingthe lead candidate DARPIIs

The plasmids encoding the 2@:ad candidate DARPins were purified using a
ChargeSwitcfi-Pro gasmid miniprep kit according to the protocol supplied hige

manufacturerreproducedn subsection 3.4.8

The purified DARPIn plasmids otained a pC6 expressioncter that Dr. Vincent
Agboh (The School of Biomedical Sciences, University of Lgediscoveredto be
unsuitable for theurification of the selectedindersdue to a malfunctioning amber stop
codonleading to the expressionthie entirdigand-coatfusion protein instead herefore,
each otheisolated DARPIn plasmids had to $idclonednto a new pET1L6bexpression
vector in order to bypass this issti®e this enda double restriction digest wperformed
on commerciallysourced pETL6b for aminimum of 2 hows at 37 °C before the product
wasrun on al% (w/v) TAE agarose gel aride relevanbandi containing the digested
vectori was cut from the gel and cleaned using/ard® SV gel and PCR cleamp
systemthen storeat-20 °C. After thatPCRs wer@erformed on the DARR DNA and
the amplified plasmids were run &?o (w/v) TAE agarose gels. The bands containing
the PCR prodcts were then extractedleaned up usinthe saméwizard® systemand
subjected to @ overnightdouble restrictiondigestso asto remove the DARPin DNA
fragments from the pC6 vectdrhe resultingdigests wereun on and subsequently cut
out of 1% (w/v) TAE agarose gelspplied to thewizard® cleanup system andhen
ligated with the digested pEL6b overnightat a1:10 vector/insert molar ratiorhe
ligation products werdransformed into competent OnMAX E. coli (i.e. 5 pL of
ligation producper20 pL of cell culture) whichverefinally spread ont@xTY agar Petri
dishes supplemented with carbenicil(t00 pg/mL)and left to incubate overnight at
37 °C.

A double restriction digest control was used to confirm the presence of the DARPIn
fragments before an expressitrial was attempted. Figured5l.1 overleaBhowcases

the DNA fragments encoding seveithe lead candidate ORPins, confirming that they
hadbeen successfully ligated with pELBb. The other thirteen lead candidplasmids
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showed similar bands eglentical1% (w/v) TAE agarose gels (not shown here). For extra
validation, all DARPIn plasndis were sent to Source Bioscience for sequencing and the
resultsconfirmed that albf the DNA fragmentsencoding the 20 lead candidatesre

presentvithin theirrespective plasmids after their subcloning into the-gEBbvector.

| nm m v Vv v vi Vi

3kb | S b b b
2 kb
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- > > = e o w

Figure 5.4.1.1.TAE agarosegel of 7 lead candidat®NA fragments subcloned into a pEBb
expression vector. The lanes represent, frdirtderight: 1. 1 kb DNA ladder; II. A11 100 nm
REDUX2; 1ll. C04 200 nm REDUX1; IV. G02 SBESEL 100 nm; V. AO7 SSBLM 100 nm; VI.
HO4 100 nmREDUX2; VII. CO7 SSBLM 200 nmyIll. E11 SSBLM 200 nm. The red rectangle
highlights the bands repmstative of the DARPHencoding DNAfragments.

5.4.2.Small-scale expressiottrial of the lead candidate DARPIIs

A smaltscaletrial was used to verify thexpressiorevelsof the chosemead candidate
DARPIns beforgacklingtheir full-scale purificéion. To this end, all 20 DNAagments
subcloned into a pEI6b expression vector were tréorsned into competent BL2E.
coli (i.e. 1 pLof pET-16b/DARPinplasmidper 10 pL of cell culture),after whichthey
werespread ont@xTY agarPetri dishes supplemented withrbenicillin (100 pg/mL)

and left to incubate overnight at 37 °C.

The following day, 1 mL volumes 0BxTY growth medium suppleented with
carbenicillin (100 pg/mL)were inoculated with oneolony from each plate and the
resultingcultures were left to incubate overnight at 37 °C with 88 orbital shaking
The nextday, other5 mL volumes of2xTY growth medium supplemented with
carbenicilin (100 pg/mL) were inoculated witl250 pL fromthe overnight cultures and
incubated for 2 hours at 37 °C with 2§0n orbital shakingAfter that, the cultures were
segparated into 2.5 mL volumes, M IPTG wasadded to half of these atigenall of
the cultures were left to incubate for adlditional 4 hours under trsameconditions.

Following protein ovezxpressionl mL volumes were taken from each culture and the
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cells were harvested via centrifugation (17,@08pin for 10 minutes a#4 °C). The
supernatants werdiscarded and the cell pellets werachresuspended in 1 maf 2x
PBS bufferbefore being diluted:10 (v/v) using the saméuffer. SDSPAGE loading
buffer (4x) was theraddedn 2.5 pL volumesper 10 pL ofdiluted cell suspension, after
which dl of the samples were left to incubate at 95 °C for 10 min&ieslly, given that
all of the DARPIn fragments also encodedsHeys for purification purposelspthSDS
PAGE and Western blotting were performed in otdererify the outcome ohe smalk
scaleexpression trial usin@ purified E35 DARPIin supplid by Medimmuneas a
positive contro(Figure 5.4.2.1).

I n n v v Vi vil vil IX X

250 kDa

130 kDa -

100 kDa
70kDa | -

s55kDa [N

35 kDa

25 kDa

15 kDa
10kDa §

250 kDa

130 kDa

100 kDa

70 kDa

55 kDa

35 kDa

25 kDa

15 kDa

10 kDa

Figure 5.4.2.1.Coomassie Blustained polyacrylamide gel (top) and corresponding Western blot
(bottom) stained to detect the klimgs ofthe DARPinsamples resulting from tremallscale
expression trialThe lanes represent, fromfl to right: I. Protein laddet|. HO1-; Ill. HO1+; IV.

CO01-; V. CO1+; VI. H1ZE; VII. H11+; VIII. A08-; IX. A08+; X. E35. Thei+0 | anes c¢c o
sanples thathadbeen incubated with.5 mMMIPTG, whereasth&0o | anes ceoethdtai n s
hadbeen kept uninduced

Judging fom theresults depictedbove in Figure 5.4.2, it becameclearthat the isolated
DARPins were noteadily visible on Western bietincubated with our commercially
sourcedantiHis antibodies. Neverthelessll 20 constructs did uitnately express
according to the purified DARPIn concentrations revealed via BCA asghiegite the
fact that all of thelead candidate showedslightly different migration patterns on

136






