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Summary

The rising prevalence of obesity and type 2 diabetes, fuelled by an increase in human life
expectancy, places a major burden upon modern healthcare systems. It has been found that these
conditions can be effectively prevented in mice by the knockout @iglestransport protein, named
mINDY. It is therefore hoped that targeting mINDY in humans will have similar effects, providing a

solution to this modern health crisis.

mINDY is a member of the Divalent Anion/I$gmporter (DASS) protein family, and despiteir
promise as future drug targets, very little is known about their molecular mechanisms. In order to
better understand the molecular principles behind the function of these transporters, we examined
the bacterial family member known as VcINDY fibrio cholerae VCINDY is the best characterised
member of the DASS family and shares structural and functional features with the
pharmacologicallyelevant human homologues, therefore making it an excellent model to probe the

underlying mechanistic prindgs of the wider DASS family.
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interactions and transport cycle in order to build a more complete picture of how the DASS family

achieves controlled substrateamnsport. This resulted in a range of novel findings. Previously

unobserved intermediate transport states were uncovered through the use of single residue
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transpater each resulted in distinct conformational changes. Clear principles of both cation and

anion selectivity, along with a clear order of binding, were established through the use of high

throughput thermostability screening. During the course of this fiigbughput thermostability

screening, several new and unexpected small molecule interactors were identified, which may prove

useful in future DASS family inhibitor design. Binding affinities for both sodium and succinate were

also established for the firsime through the use of thermophoresis based binding assays.



The effect of lipids upon VCINDY were also examined through a range of approaches. Aggregation
based thermostability measurements demonstrated for the first time not only that VcINDY
preferentially interacts with certain lipids, but that the lipid interactions of VCINDY are radically
altered in the presence of substrate. This suggests that lipids may play a complex, dynamic, role in
the transport cycle of DASS family transporters. In ordeutthér examine the relationship

between VcINDY and lipids, methods for the reconstitution of VCINDY into two distinct nanodisc
systems were developed; a Membrane Scaffold Protein based nanodisc, and a polymer based native

lipid nanodisc, allowing vitrotesting of this membrane protein within a lipid environment.

The work presented in this thesis has allowed the creation of a new, far more detailed, mechanistic
model for ligand binding and transpdsy the DASS family, in addition to developing new taols$

techniques that will pave the way for further insights in the future.
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1 INTRODUCTION




1.1 The Lipid Bilayer and Transport Proteins

The basic unit of life is the cell. A cell consists, in the most basic sense, of a barrier separating an
inside compartment from the outside world. Without this barrier there would be no sequestering of
cellular components, no distinction between the ordered living interior and the surrounding world. It
is the most fundamental requirement of life that this barriaust be impermeable to the diffusion

of both macromolecules and small molecules, else cells would be unable to generate controlled

internal environments and maintain metabolic processes.

This barrier is formed by a lipid bilayer; a flexible impermeablétolayer of lipid molecules. These
lipid molecules are generally amphipathic cylindrical units, with a hydrophilic head group and
hydrophobic tail groupHigurel.2.1-1). By orienting their head groups to the aqueous solution and
their tail groups together they form lipid bilayers; remarkably effective barriers between the

intracellular and extracellular worlds.

Hydrophobic Tail Hydrophilic Head

Figurel.2.1-1 Example phospholipid structure. The hydrophobic tail region is typically embedded within the hydrophobic

core of the phospholipid bilayer, while the hydrophilic head group makes contact with the surrounding aqueous

environment. 12:0Phosphatidylglycerpcommonly found within bacterial lipid bilayers, is shown.
In order to cross the lipid bilayer, a molecule must pass through the aqueous external environment,
then into the hydrophobic membrane core, and then back out intoléngely aqueous intracellular

environment; a high energy process inhibitory to the passage of most biologically important

molecules.

A cell cannot exist in isolation. In order to thrive a cell must be able to take up energy sources and

raw materials, se@te unwanted molecules, and sense the nature of its surrounding environment.



The lipid bilayer is the only contact between the cell and the outside world, meaning that these

processes must be mediated through the use of machinery which bridges the hitater

To this end, a wide range of proteins are embedded in the membrane, including proteins dedicated
to tasks such as signalling and maintenance of the membrane itself, although herein we shall focus

on those dedicated to transport.

Early studies orhie diffusion of substrates across bacterial membranes noted the enzymatic nature
of the process, with the saturation of transport rates at high substrate concentrations suggesting the
roll of active transporting proteingl]. These transport proteins are now known to facilitate the
controlled movement of molecules across the membrane, achieving this through several broad
approaches, as overviewéa Figurel.2.1-2 and discussed below. These approaches are similar in
that they are controlled, selective, and energetically favourable; either transmpnholecules down

their concentration gradients, or coupling the transport of molecules against their concentration
gradients to other energetically favourable processes. Generally, transport proteins can be
separated into two main categories; channelglaarriers, with carriers being further

subcategorised based on their modes of transport.

Channels represent a passive approach to the movement of ions and molecules across the
membrane, as exemplified by the potassium channeRKBuring KSA mediated ptassium

diffusion four identical subunits form a homotetramer, interacting to create a central channel
through the membrane which is protected from the lipid environment. Passage through this channel
is controlled by a selectivity filter; a series of pseccoordination positions which the ion must pass
through, allowing the rejection of nepotassium ion$2]. While KsA is capable of undergoing
conformational changes which open and close this central channel, ion transport occurs without the
need for any major conformational changes; a defining feature of this approach to transport.

Channels are therefore very effective mediators of rapid idfusion, however they are also limited
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Figurel.2.1-2 Thelipid bilayer, and representatives of the various forms of transport protein which exist withiiGieéneral classification of transporter types, with example structures for
each. Protein structures are shown with surface rendering and detailing of internal secondary structure features. Reatelosrad according to hydrophobicity; white = hydraphied =
hydrophobic. Blue = transport substrates or competitive inhibitors. Green = other bound substrates. It should be naigd tietelogeneity of structure and function exists within each

mechanistic classification. Structure references, lefigiot; [3] [4] [5] [6]. Each form oftransporter, along with the example presented here, is discussed in the main text.
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to a passive transport role; they only allow the movement of substrates according to their

concentration gradient, and cannot conduct powered transport.

Carrier transport is the other major approach to the task of shuttling molecules across the lipid
bilayer. In this case no open channel is formed through the membrane, with molecular translocation
being achieved through alternating access mechanismspiiheiples of alternating access are
exemplified by the passive carrier GLUT1. GLUT1 contains a central glucose binding site, which may
open to either the extracellular or the intracellular side of the bilayer, but not both at the same time.
Transport is ehieved by the entry of extracellular glucose into this central binding site whilst the
protein is in the outwarebpen / inwardsclosed state, followed by spontaneous translocation of the
protein to the inwardsopen / outwardsclosed state, allowing thednsported glucose molecule to
diffuse into the cel[7]. This process of bridging the bilayer is bidirectional, and will carry glucose
both into and out of the cell dependent upon local concentrations. Through the use of this
alternating access carrier mechanism, the selective trartsgf larger molecules can be achieved

without the risk of noprspecific molecular leakage occurring through large channels.

The alternating access approach to transport also provides an important opportunity; powered, or
active transport. The transporteaready discussed are passive, allowing the diffusion of their target
molecules across the membrane, however, a cell will often require control over this process, such as
to sequester molecules of importance, expel unwanted molecules, or manage cheigicdlirsg
processes. In order to carry a molecule against its concentration gradient, energy must be used. One
approach to this is primary active transport, as exemplified by the K& TPase. The N& ATPase

uses an alternating access mechanism tosenthree Naions to the extracellular side of the

membrane, while also moving twd idns to the intracellular side, regardless of local concentration
gradients. Primary active transporters carry out these energetically unfavourable transport

processes trough the direct application of chemical energy; in this case an ATP is used, with the
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binding and hydrolysis of this energy rich molecule occurring in a distinct allosteric ATP binding site

in order to drive the transport cycl®].

An alternate, and more indi#, way to achieve active transport is through secondary active
transport, as exemplified by VCINDY, the protein upon which this thesis shall focus. VCINDY
transports succinate against its concentration gradient not through the direct application of energy
but by coupling succinate movement to the transport of sodium ions in accordance with their
concentration gradients. During alternating access transport, VCINDY is able to transition between
the outwardopen / inwardsclosed state and the inwaretspen / outwardsclosed state either

entirely empty of substrates or containing three sodium ions and one succinate ion, meaning that
any transport of substrate will include the favourable movement of sodium alongside the
unfavourable movement of succinate, resay in a net energetically favourable procé8K9].

Through this approach secondary active transporters couple the gradients of multiple substrates

together in order to acieve the desired direction of transport.

Transport proteins are extremely varied, and while the underlying principles of transport are given
here, the molecular mechanisms employed to carry out these principles are diverse. Two secondary
active transportes, for example, may have entirely different domain architectures, mechanisms to
facilitate alternating access to the binding sites, numbers of substrates, and directions of substrate

transport.

Here we shall be looking at the mechanisrkbey R + OL b5, Qa4 &aSO2yRINE | OGAQ
attempting to understand the molecular mechanisms which allow this protein to carry out its

secondary active transport of sodium and succinate.
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1.2 The Elevator Mechanismg Overview and Glssifications

Active transport is based upon the principle of alternating access. This has been desctiligthén
Lipid Bilayer and Transport Protejf®weverto summarise; in order to function a nashannel
transporter must alternate the accessibility of its binding site between the two sides of the
membrane. It is vital that the site is only accessible from one side of the membrane at a time, else
protein woud simply form a channel and no form of energy coupled transport could be applied, as
exemplified by CLC family of transport proteins, which contains bt ldxchangers operating
through the alternating access mechanism, anai@nnels which do notomduct powered

transport[10].

Alternating access often achieved through a variation of the moving barrier mechanism, whereby
movements of the protein result in the opening and closing of the intracellular and extracellular
access route to a staticriding site §eel.1The Lipid Bilayer and Transport Protgifid]. Another

mechanism of alternating access transport is possible; elevator mechanism transport.

Reyes et al. 2008ublished the first known transport mechanism forgglan aspartate transporter
from Pyrococcus horikoshRreviously only the outwarefacing state of this trimeric transporter had
been determined, however prstructure work byRenae et al. 200Bad performed cross linking of
introduced cysteine residues which were-26A apart according to the then current outwards

facing structurg12], suggesting that these positions must be brought into proximity by an unknown
conformational state. The use of the previously observetysteines allowed the trapping and
structural determination of the inwards facing state offs13]. This revealed a novel transport
mechanism distinct from moving barrier transport, in which transport was instead facilitated
through translocation bthe binding site across the membrafi]. By 2011 this had been dubbed
the elevator mechanisril4], and it would be rapidly discovered within a range of additional protein

families Figurel.2.31A).
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All elevator mechanism transporters aeté alternating access through the translocation of their
binding sites across the membraffégurel.2.31B). In order to facilitate this, at least twadomains
are present; a scaffold domain, often involved in oligomerisation, and a transport domain. The
transport domain carries out the dynamic process, and as such the binding site must be located

either entirely within this domain, or at the interfacetween the two domain§l5].

These elevators can be categorised based on two major features of their mechanisms; the number
of flexible regions involved in gating, and whether the barrier is fixed or mdbgerel.2.310

[15]. In order to discuss thisis important to emphasise the distinct roles of barriers and gates. The
gate is the dynamic region controlling access between the solvent and the binding site, typically
closing upon substrate binding in order to ready the protein for substrate traastm. The barrier,

on the other hand, is the blocking section of the protein which prevents the leakage of substrates
from the inwards to the outward$acing side of the protein. The gate controls access in and out of

binding site and the barrier contr®imovement across membrane.

1.2.1 Fixed Barrier with One Gate

The Fixed Barrier with One Gate mode of elevator mechanism transport is exemplified by the SLC1
family of sodium dependent amino acid transporters; arguably the best characterised family of
elevatormechanism transporters, with which structures and mechanisms available for four
members Figurel.2.31A) [15]. Amongst them iSlter, the first identified elevator mechanism

transporter[13][16].

The binding site of Giltincludes residues of two hairpin loops, HP1 and HP2. During the transport
cycle HP2 is a substrate responsive region, responsible for th@mgpand closing of solvent access
to the active site in response to substrate bindjag]. Importantly, this sameobp acts as the gate

in both the inwards and outwardfgcing states of the proteifL4], hence the classification as a one

gate elevator.
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The barrier regions of this protein are fixed, with the movement of timelinig site across the
membrane bringing the substrate past the barrier regions, thus achieving trar4i3¢rThis mode

of elevator mehanism transport therefore involves one gate and a fixed barfigufel.2.310).

It is noteworthy that for all currently confirmed instances of éXearrier one gate elevator
mechanism transport the binding site is fully buried within the transport domain, allowing

speculation that this arrangement of substrate binding is required for a single gate mecHaBjsm

1.2.2 Fixed Barrier with Two Gates
Thisapproach to the elevator mechanism is best characterised by Nr which a remarkable
array of transport intermediate crystal structures have been established through the generation of

binding site mutant$18].

During the transport cycle two gates are used instead of one; i.e. in the outward facing state of
CNTwthe helix TM4b moves in order to control solvent access to the binding site, but in the
inwardsfacing state TM4b is largely static, with movementshaf hairpin region HP1 instead

regulating solvent access to the binding $it8].

Similarly to Fixed Barrier with One Gate mechanisms, the barrier region is again static, with elevator

movement of the binding site allowing substrates to pd<s}.

Intriguingly, unlike Fixed Barrier with Two Gates transporters, in all currently confirmed instances of
this mechanism the binding site is located at the interface betweenrresport and scaffold
domains, again allowing speculation that this arrangement of substrate binding is required for a two

gate mechanisnjil 5] (Figurel.2.31C)
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1.2.3 Moving Barrier with Two Gates

As previously discussed, the movement of barrier regions is a typical feature-efexator
mechanism transporters, allowing the regulation of substrate transfer between the inward and
outward facing sides of the pteins while coordinating to prevent uncontrolled movement of
substrates across the membrafEl]. Hevator mechanism transporters, by translocating the binding
site itself relative to a static barrier region, are able to circumvent the need for moving bdfrtgrs
This does not mean, however, that proteins do not exist in which both moving barrieerator
mechanism translocations occur simultaneously. A prominent example of this approach is the bile
acid transporter ASBT. Crystal structure determination in the inwards and outfaithg states for
two closely related homologues has demonstratecetagvator mechanism, with the binding site
undergoing a translocation of 7&perpendicular to the membrane, regulated by two gating regions
[15][19][20]. Curiously, the barrier region does not appear static, alternating blockage with the
transport cycle similarly to a neslevator mechanism transporteindicating a hybrid mode of

transport[15][19][20].

It is interesting to note that in all currently record@tstances of this mechanism, the binding site is
located at the interface of the transport and scaffold domains, and hairpin regions are not required
for substrate binding, again suggesting relationship between elevator transporter architecture and

mechansm (Figurel.2.31C)
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Figurel.2.3-1 Currentlyknown elevator mechanism transporters a

nd their mechanisras compiled by Garaeva at al

2020 A: Known elevator mechanism transporters by family. Transporters for which the form of elevator mechanism
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transport ha been confidently established are coloured blue. For all elevator mechanisms so far studied in sufficient detail,
the form of elevator mechanism transport has been consistent within fanBli€sstance translocated by elevator

mechanism transporter sutrate binding sites relative to a vertical axis perpendicular to the membrane. This movement of
the binding site is the defining characteristic of an elevator mechanism transpbsje€:Known forms of elevator

mechanism transportdil5]. Diagrams show idéand simplified examples designed to demonstrate the key features of

each form of transporter, and as such are not representative of any specific proteins, nor do they take into account

oligomeric states or any specific architectures.
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1.3 TheElevator Mechanisnt The Importance of Lipids

As already much discussed, elevator mechanism transporters rely on large, rigid body, translocations
taking place within the lipid bilayer. This necessitates a complex relationship between the moving
protein regions and the surrounding lipid bilayer. Unfortunately, these interactions are currently

poorly understood.

The SLC1 family of Fixed Barrier One Gate elevator mechanism transporters is best characterised in
this context. These transporters are known todensitive to the components of the lipid bilayer,

with the addition of cholesterol increasing transport activity for both ASCT2 in proteolipod@tdies

and EAATZ2 in whole ce]&2]. Additionally, studies of ASCT2 have revealed the presence of

structural lipids contacting the scaffold domain in multiple locations; including the it ifatween
scaffold and transport domairj23][21][24]. Intriguingly, structural study ohe related EAAT1 found

an inhibitor to bind at this interface between scaffold and transport domains, occupying a region
known to bind cholesterol in ASC[E5]. While this evidence is imperfect, relying on comparisons
between related proteins proteins, it does strongly indicate a vital role for this interface bound

cholesterol in SLC1 transport.

Furthermore, GHntransport has been shown to ksensitive to differently methylated PE
derivatives, conducting transport at a higher rate in the presence -ofi¢thyl PE than monar di
methyl PE26]. Interestingly, in this case, specific mutations have been identified which alter these

lipid effects, suggesting suggest specific and selective interactions to [&&jur

Studies of the transport cycle have also detected major alterations in the curvature of the
membrane to occur during Glttransport at significant energetic cog7][28], which must be
satisfied using substrate binding enel@y], tentatively suggesting a coordinated relationship

between lipid and substrate interactions to occur during the transport cycle.

Studies of the SLC1 family have therefore done much to hint at the complexity of the relationship

between elevator mechanism maporters and lipids, although these interactions are currently
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poorly understood. Beyond the SLC1 family, empirical study of elevator mechanism transporter lipid

interactions is extremely rar|l5], leaving a vast array of questions in need of answering.
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1.4 TheDivalent Anion Sodium Symportg§DASS) Family

The most numerous member of the lon Transporter (IT) superfamily, the DASS family possesses a
misnomer of a namg30]. This family of secondary active elevator mechanism transporters is found
throughout all domains of life, with five members in humans alf31d, named SLC13/4L

Generally, these proteins are secondary active transporters, coupling the transport of sodium to the
uptake of substrat¢31]. It should be noted, however, that the anions they transport include

trivalent ions such as citrate, and at least one characterised DASS transporter is capable of cation

independent anion transpoi32][33][34].

In humans, DASS transporters are responsible for a range of functions, and can be separated into
two broad categories; transporters of Krebs cycle intermediates, and transportstdpbfate(Table
1.2.31). Al human DASS family transporters, however, are entirely dependent on sodium for the

uptake of their anionic substraf@5][36][37][38][39][40][41].

The Krebs cycle intermediate transporters consist of SLC13A2 {NaBIGC13A3 (Nak3{; and

SLC13A5 (NaCT). Tharfer pair exhibit similar functions; expressed in the kidney, they uptake high

energy Krebs Cycle intermediates which have previously been removed from the blood, preventing

their loss in uring42][43][44]. Their specificities are complementary to one another, with SLC13A2

able to uptake thelicarboxylic succinate along with the tricarboxylic citrgg@], and SLC13A3 able

to uptake such dicarboxylates as succinate, malate, fumarate, oxaloacetate;keibglutarate

[37][44]. Between these two transporters almost the entire population of Krebs Cycle intermediates
isknowntobecovered.SI€1 o A& | f &2 SELINB&a&aSR Ay (GKS AyaSadaa
ALISOATAOAGE Aa SYLX 2@ SiRermiefliatedf2i  { S RASGINE YNBO Q3
SLC13A5 carries out a distinctly different physiological role, being expressed primarily in the liver

with a specificity for citrate and weak succinate upt§k®|[39][40][41]. Here SLC13A5 is responsible

for the uptake of these high energy metabolites into the tissue of intermediary metabolism, with

major implications for the balance of anabolism and catabolism both in the liver and bé§&sind
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Health Implicationeand 1.8 INDY Proteing Role inMetabolism

The sulphate transporters are SLB13NaSL) and SLC13A4 (NaS2). SLC13AL1 carries out a similar
physiological role to SLC13A2 and SLC13A3, being primarily expressed in the kidneys where it
uptakes sulphate ions which have been removed from the b[86§42], preventing their loss in

urine [46]. SLC13A4 is expressed in the brain and placenta, where it carriesysialpbically

important sulphate transporf42]. This is a particularly vital transporter, as failure of SLC13A4

suphate transport leads to foetal developmental defept3].

Our current understanding of human SLC13 transporters at a molecular level is limited despite their
important position in human health, as is our understanding of the wider DASS family. At the present
time only one member of this family has published aystructures, theVibrio choleraesuccinate
transporter known as VcINO#8][3]. This makes VcINDY a scientifically important member of the
DASS family, as its known stru@wilows detailed mechanistic studies to be performed.

Accordingly, VcINDY is the first and only member of the DASS family for which a transport
mechanism has been determined, revealing this family to conduct transport through the elevator
mechanism. It ifoped that further study of this bacterial family member will allow the underlining
principles of DASS family transport to be determined, producing further insights which can be

applied to the human transporters discussed here.
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Name Expressed | Cation Anion Function
(Alternate) In
SLC13A1 Kidney Sodium Sulphate, Reabsorption of sulphate
(Nasi1) [35] thiosulphate, from the renal proximal
selenite[35] tubule [46]
SLC13A2 Kidney and| Sodium Succinate, Citrate | (Re)absorption of Krebs cycl
(NaD@G1) Small [36] [36] intermediates in egressed
Intestine tissueg43]
SLC13A3 Kidney Sodium Succinate, malate, | (Re)absorption of Krebs cycl
(NaDG3) [37] fumarate, intermediates in the kidneys
oxaloacetatg37],h- | [44]
Ketoglutarateg/44]
SLC13A4 Brain, Sodium Sulphat€[38] Required for sulphate
(NaS2, SU1) | Placenta, | [38] transport, especially across
Retina placenta into developing
foetus[47]
SLC13A5 Liver, Sodium Gitrate [39][40], Uptake of citrate into
(NacCT, Salivary [39][40][41] | weak succinat¢4l] | hepatocytes, playing a key
mINDY) Gland role in energy signallinig5]

Tablel1.2.31 Namesand functions of humarDASS familyransporters It should be noted that the anions and cations

listed here do not necessarily represent the extent of substrate flexibility displayed by eaah, jpudtrather substrates so
far proven to be transported, as extensive substrate screens have not been performed in all cases. Tissue expression data

taken from the Human Protein Atl§&2]
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1.5 INDY Proteing Origins

Indy proteins are a group of homologous transporters within the DASS family which carry out
conserved physiological functions. Much of the current interest in INDY proteins and the adoption of
this name originated, oddly enough, with the study of learrnimflies. During mutagenesis screening
carried out byBonyton et al 199t the hope of discovering novel learninglated genes, two flies
demonstrated dramatically increased lifespdA8]. While lifespan was not the focus of this original
study, these unusually loHgyed flies were later examined Rogina et al 2000~here it was found

that each fly possessed a mutationtive same gene. As the original mutagenesis screen had
deactivated genes at random, the presence of a shared mutation between the long lifespan flies was
highly intriguing. After further examination indicated a causal relationship between this gene and

lifea LI} yS AdG oF& Rdf & yFYSR Uy b2d 58FR . SGx 2NJ LI

This discovery was of great interest to those studying ageing, as until this time only one single gene
knodkdown had been known to increase lifesparbirosophilathe aptly namednethuselah (mth)
gene[51], although the function of that gene was then unknown. (iiite gene was later identified

as a G Protein Coupled Receptor from a family common to various speBiessophia [52], and

the lifespan extensions were attributed to the roleroth in the insulin producing cells of the fly
brain[53].) INDY, on the other hand, appeared homologous to mammalian dicarboxylate

transporters, making it an appealinggget for further study{50].

Just two years later, in 2002, knockouts of tb@enorhabditis eleganslDY homologues, ceNaC1
and ceNaC2, were observed to confer lifespan extarssin this very different anim@4], and two

years after this a reduction in adiposity@ elegansgvas also observefb5].

It would be remiss not to comment on the level of controversy which came with these findings. A
study byToivonen et ain 2007 boldly claimed to have determined that there was no effect of INDY
knockout on lifespan for eithédrosomilaor C. elegans LINBaSy dAy 3 o6020K GKAa €I

replicate either of these lifespan extensions, and a growing body of literature demonstrating
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inconsistencies foDrosphilaNDY knockoutis6]. This raised the question of why different labs

were producing such different results.

In 2009, a study bwang et alexamined tle relationship between INDY mutation and Caloric
Restriction (CR) iDrosophila producing findings which shed light on the ongoing controversy. They
demonstrated that the effects of INDY knockout were highly interwoven with those of CR; INDY
mutants exhilited CRlike phenotypes, and INDY expression was significantly supressed by CR. Thus,
INDY knockouts would not result in clear phenotypic changeBrasophilaraised on low energy

diets. Furthermore, the relationship between INDY and lifespan was natyhiwith suppression of

INDY expression increasing lifespan significantly more than complete abolishment of tH&gene

Following this, the first and last authao§ the original 2000 paper which initially discovered the roll

of INDY in fly lifespan published a new paper in 2013, in which multiple alleles of INDY were
examined in multiple genetic backgrounds, correcting for potential issues raised in the combative
Toivonen et a2007paper, and finding conclusively that INDY mutations did reliably increase lifespan

in the flies[58].

As such, the intriguing impact of these knockouts was securely established in these simple model

animals, raising the question; what is the role of INDY homologues mammals?
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1.6 INDY Proteing Mammalian Health Implications

Birkenfeld et al2011, provides key insights as to the role of the mammalian homologue, mammalian
INDY (mINDY / SLC13A5). Through the careful study of mouse metabolism and phenotype, this paper
builds a detailed and fascinatingerview of the effects of INDY (mMSLC13A5) knockout, including

both phenotypic and metabolic observations, however the metabolic findings shall largely be
discussed ithe following sectionsMammalian INDY is predominantly expressed in the liver, and

the knockout of this gene results in the impairment of hepatic citrate transport, along with an

increase in plasma citrate concentratidd$]. The phenotypic effects of this slowed citrate uptake

are remarkable. Double INDY knockoutemstiow body weight reductions of around 10% when fed
regular diets compared to WT mice, however on high fat diets this increased to around 17%. These
differences are even more dramatic when relative body fat levels were examined, showing double

knockout mece to produce far lower levels of body fat even whilst fed high fat ik

Further to the reduction in general fat levels, hepatiacylglycerb(DAG) levels are greatly reduced
in double INDY knockout mice, contributing teagty improved insulin sensitivity and glucose
responsd45]. INDY knockouts even protect against the reduction in insulin sensitivity which

normally comes with ageing5].

Finally, mitochondrial biogenessheightened in double knockout mice, as is the expression of

respiratory genes; highly intriguing effects given the role of mitochondria reduction in ggéing

These remarkable impacts, resulting in mice resistant to obasitjstant to type 2 diabetes, and
predisposed to healthy ageing, are both phenotypically and genetically similar to those achieved
through caloric restriction. Analysis of gene expression demonstrated that 80% of pathways are
regulated similarly in INDY &okout and calorically restricted mice, suggesting huge levels of overlap
between these two processes. Furthermore, mice undergoing fasting demonstrated a 48% drop in
mMINDY expression over 36 ho(45], suggesting that mINDY regtiten may be a key component of

the natural caloric restriction response which its knockout emulates.
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Tantalisingly, this relationship between INDY and diet appears to be conserved in other species of
mammal. Rhesus monkey mINDY expression is similargdliokdiet, whereby monkeys fed high

fat, high sucrose, diets exhibit 3 to 4 fold increased mINDY exprg§8bwhile it would be

difficult to perform such controlled diet experiments on humans, correlatlmetsveen human BMI,
waist circumference, body fat percentage, and liver fat content with human mINDY (SLC13A5)

expression all suggest that this relationship also occurs in our own spg@les

Further to thismINDY/SLC13A5 targeting is a potentially useful approach to the treatment of
hepatoma with silencing of this gene resulting in greatly reduces levels of cancer cell proliferation

and colony formatiorj60].

Human mINDY is therefarhighly promising therapeutic target for the treatment of human health
conditions and the promotion of healthy human ageing. Supporting this possibility, drug inhibition of
mINDY has already been carried out in mice, resulting in reductions in hepratie aptake

reminiscent of those observed in mouse mINDY knockj@lfls raising the potential of the

development of similar treatments for humans.
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1.7 INDY Proteing Function and mechanism

The consistent, caloric restriction like, role of INDY homologuesigirout multiple animal systems
begs the question; what is the underlying mechanism? To answer this we will first examine the

nature of these transporters on a molecular level, and then build a metabolic context.

All of the relevant INDY homologues fronetimodel organisms covered so far have been

functionally characterised, allowing comparison of their functiaedracteristics{ablel.2.3-1).

First, e differences shall be discussed. The majority of characterised DASS transporters are sodium
driven, although some are also able to drive transport using lithium. The clear exception to this is the
Drosophilaransporter DrINDY. Strangely enough in thisily of secondary active transporters,

three separate studies have demonstrated the ability of DrINDY to catalyse succinate transport in
the absence of sodium ions, indicating a capacity for unpowered uniporter a¢82ifi33][34].

Perhaps even more intriguing, the transport of citrate also appears to occur in the absence of
sodium[34], but is clearly enhanced in the presence of sodj8&][33], suggesting multiple modes

of transport to occur within DrINDY. This ability to conduct anion independent transport, and
transport different anions with differing cation dependencies, is observed in none of the other

biologically key INDY proteins discus$ere.

While studies have sometimes reported large differences in the absolute rates of INDY homologue
substrate transport, the Kvalues (representing the concentration of substrate required to achieve

half maximal transport rate) are normally within arder of magnitude of one another; in the

micromolar range. In this case, the human INDY, SLC13Ab5, is the exception, with estimations of both

citrate and succinatekranging into the millimolar rangg1].

All of the transporters discussed here are able to transport both citrate and succinate, along with
some similar molecules such as fumarate, although their apparent preferences vary. DrINDY and
ceNaC1 transport suicrate at a higher rate than citrat®2][33][34][55], while ceNac2, mouse

mINDY, and human mINDY transport citrate at a higher rate than sucbagi45][41]. Human
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mINDY demonstrates thisgfierence to such an extent that multiple cell based radioligand transport
assays failed to detect any succinate transg8®][40], despite it being clearly detectible through

patch clamp assay41].

These differences in cation coupling, absolute transport rates, KI Y R YNB 6 Qa 08 0f S Ay
preference likely represent parameters not vital to the phenotypic role of these homologues.
Instead, the common feates of INDY homologues must explain their shared role in caloric

restriction.

These homologues all transport citrate and succinate, which are key high energy metabolites

'da’y

Ay@2t 3SR Ay 020K YNBOoQa / & éeelBINDBRrdteingRoledmY I yR Sy
Metabolisn). Additionally, they share remarkably similar expressiattgons. All the examples

discussed here are predominantly expressed in tissues of intermediary metabolism and energy

storage, be it DrINDY in tligrosophilamidgut[32], ceNac?2 in th& elegandntestinal tract[55],

mouse mINDY in the mouse lij@5], or human mINDY in the human liver (and, interestingly, the

human salivey gland[62], where a citrate concentration of roughly 1AM is found[63]).

Thus, while the INDY homologues vary indBéails of their transport, they share strictly conserved

roles as importers of high energy molecules in tissues of intermediary metabolism.
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Transporter| Host Relative Transport Rateg Known I values| Anion Dependence
DrINDY Drosophila| Succinate Succinate; 39 Succinate transport
fasterthan citrate UM [32]40+4 cation independent
[32][33][34] HM [33] [32][33][34]
Citrate transport cation
independent [34], but
acceeérated by sodium
presencd32][33]
ceNaC1l C elegans | Succinate faster than Succinate; 730 | Sodium dependent
citrate [55] + 50 UM [54] [54]
ceNaC2 C elegans | Citrate faster than Succinate; 60+ | Sodium dependent
succinateg55] 9uM [54], 88+ | [54]
13 M [55]
Citratec 76+ 14
UM [55]
mINDY Mouse Citrate faster than Citrate¢49+9 | Strong sodium
succinatg45] UM [45], 38x5 | dependencd64]
UM [64], 7.2
(6.58.0)uM
[41]

Succinge ¢ 105
+9uM [45], 37
+6uM [64],5.5

(3.%9.2)[41]
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mINDY, Human Citrate, no succinate Citrate¢ 604+ Strong sodium
(SLC13A5) transport accordingto | 73uM [40], 3.5 | dependence

radioisotope assays +0.2 mM[41] [39][40][41].

[39][40] Succinate; 9.3
Weak succinate (7.4c12)mM
transport detected [41]

through patch clamping

[41]

Table1.2.31 Known activities of INDY mutants taken from a range of animal systeAigernate names are shown in
brackets. In many studies definitivea/values are not given, however comparative rates between citrate and succinate are

shown, so this qualitative measurement is presented.
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1.8 INDY Proteing Role inMetabolism

The dramatic metabolic and phenotypic changes achieved through the deletion ohtwidYogues

is grounded in the role of the high energy molecules which they transport. In mouse models, the
knockout of mINDY reduces hepatic citrate uptake by approximately 36%, sufficient to alter the
hepatic energy landscagé5]. This reduction in intracellular citrate has three main effeEigyre

1.2.31).

Firstly, as citrate is a component of the Krebs cycle, shuttled into the mitochaaftiEraconversion

into malate[65], a reduction in its availability leads directly to a reduction in Krebs cycle activity, and
thus energy generation. This inevitably results in a reduction in the ATP to ADP ratio in,tae cell
detected by AMP Kinase (AMHB6][67]. AMPK can be considered a general cellular energy
regulator, responsible for the detection of ATP/ADP ratio flux and regulation of cellular processes in
response. AMPK mediatedgponses to the lowering of ATP levels include increagnoxsome
proliferator-activated receptor Gamma Coactivatealpha(PGELh éxpression through which
mitochondrial biogenesis is stimulat¢4b][67], a suppression oterol regulatory elemenbinding
transcription factor (SREBRc) andacetytCoAcarboxylasd ACC?2) leading to decreased lipogenesis
[45][68][67][69], an upregulation of phosphofructokinase (PFK) resulting in an increase in glycolysis
[67][70], and further interactions leading to decreases in gluconeogenesis and increéase in

oxidation (fatty acid breakdowr}5].

Secondly, citrate is a key substrate for lipogenesis as it is converted first into-Goétyand then
into the cholesterol precursdr-l & R NEntet@ylglutary}CoA(HMGCoA) and the lipid precursor
MalonytCoA[65]. A reduction in the availability of this substrate therefore leads to additional drops

in the rate of lipid anatholesterol production.

Thirdly, citrate acts as a signalling molecule independently of its role as a substrate. Through this
mechanism, a reduction in citrate levels leads to a downregulation of PFK leading to a reduction in

glycolysig67], an upregulation of Fructosk,6-Bisphosphatase {E,6-BP) leading to an increase in
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gluconeogenesig7], and a downregulation of ACC2 leading to a reduction of lipogenesis

[45][67][69].

With these observations, the impact of animal INDY knockouts is well explained. Without lowering
the energy intake of an entire organism, cells responsibleséaondary metabolism are prevented

from taking up a molecule vital for the sensing of energy levels. Without the uptake of citrate, the
balance of anabolism and catabolism is shifted towards catabolism in a manner similar to caloric
restriction, supressinthe creation of fats and other energy stores while promoting the generation

of mitochondria. In this way, healthy ageing, without reductions in insulin sensitivity and with greatly

improved mitochondrial count, is encouraged.

Human mINDY is therefore amtremely promising therapeutic target, offering the potential
benefits of caloric restriction through simple drug treatment, including the reduction of obesity and
diabetes levels. The potential for a human mINDY targeting drug to improve societal dradlth

reduce healthcare burdens is huge.
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MINDY knockout in mice only reduce fransport by 36% in hapatacytas.
Depending on diet, SLC13A3 (pr to partially
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Figurel.2.31 Metabolic impact of INDY repression in mammalian systemsgreatly abridged model of metabolism is shown for simplicity, with only the most relevant components

included. Knockout of the mINDY (SLC13A5) citrate transporter in hepatocytes leads to reduced uptake of citrate intather deffacellular ciate levels lead to a reduction in anabolism
and an increase in catabolism through a combination of direct citrate signalling and reduced energy source availabétiatidbbr FL,6-BP = Fructos#,6-Bisphosphatase, PFK =
Phosphofructokinase, PKC [otein Hidase €, IR = Insulin Recept@pA = Coenzyme AMGCoA 3 -I & R NEniethylgiutarybCoA ACC2 AcetylCoACarboxylase2, DAG = iacylglyceral
SREBRc =Sterol regulatory elemerinding transcription factor JAMPK %' adenosine monophospteactivated protein kinaseATP = Adenosine Triphosphate, ADP = Adenosine

Monophosphate, PG@ " Pdtoxisome proliferateactivated receptofSammaCoactivator alpha Figure references match document references as foII@/s[GG], @ -[71], @ - [45], @ -

[65],[5- [671,[6- [721,[7]- [68],[8 - [69], 9 - [70].
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1.9 INDY Proteing Vibrio cholerae

Until now we have been discussing animal INDY homologues, however the focus of this project is the
Vibrio choleradnomologue, VCINDY. This homologue is arguably the most well characterised DASS
family transporter and the only member of tharfily with known structures, making it an ideal

testbed for examining the molecular mechanism of DASS family transport.

Given thatVibrio choleraeells do not contain tissues of intermediary metabolism, it is worth
considering what role is played by B¥DY homologue a bacterial pathogen. VCINDY is primarily a
succinate transporter, with a,;of 1.0 + 0.2 uM73], lower than many of the INDY homologues
discussedo far Tablel.2.31). It is, however, unable to transport citrate, amthile citrate binding
has been observed both functionally and Hnax crystal structurefr3][48][3], this interaction

appears to be far lower affinity than succinate bindjAg].

VcINDY was recently shown to play a key role in managing the lethality of cholera infections, as
modelled in an arthropod host, owing to the importance o€sinate for diseashost interactions
during infection[74]. During infection, the quorum sensing master regulator HapR oversees a large
number of responses withi¥. cholerad75]. Importantly to us, it greatly reduces the transcription

of VCINDY, resulting in a greatly reduced leva&l.atholeraesuccinate uptaké74].

This reduction in succinate uptake appears to dramatically improve host survivagthtoe

prevention of hossuccinate depletionKigurel.2.31). In HapR knockout infections, even when the
influence of HapR on biofilm formation has already been abolished through the knockeapApf

host survival is dramatically reduced unless hestlfis supplemented with additional succinate.

Host gut cells deprived of succinate perform increased rates of lipolysis, depleting host triglyceride

stores and hastening host deaffd].

Once again, the importance of these high energy Krebs Cycle intermediates for the maintenance of
cellular energy levels is hightited, along with the key role played by INDY homologues in the

maintenance of this balance, even in such bacterial systems. Additionally, specific targeting of
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VCcINDY during infection may represent a novel therapeutic route for the treatment of cholera

infections, reducing the lethality of the disease in combination with other treatments.
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Figurel.2.3-1 Roleof VCINDY in Vibrio cholerae infections as elucidated by Kamareddine et al. Z0iréhg infectio of

an arthropod host HapR expression is upregulated, resulting in phenotypic changes which suit host gut colonisation, such as
biofilm formation through the VpsA pathway. HapR also represses transcription of VcINDY, leading to reduced V. cholerae
succinge uptake. Reduced succinate uptake maintains host gut succinate levels. If HapR were not to supress V. cholerae
succinate uptake this would cause host gut succinate depletion, leading to host cell triglyceride depletion, followed by host

death[74].
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1.10 VcINDY Molecular Function

VCINDY is a dimeric elevator mechangdium coupled secondary active succinate transporter.

1.10.1 Architecture

The structure of VCINDY has been determined through two separate crystallographic studies, both
times in the inwarddacing conformation. These studies are largely in agreement, showiiNDY

to be a homodimeric protein, with one anionic binding site pestomer (Figurel.10.31A)

[48][3][9][76]. Each protomer consists of two main domains; the scaffold domain and the transport
domain. The binding site is mainly contained within the transport domain, with some contacts made
to the scaffold domain. Two hain regions within the transport domain contribute heavily to the
binding site, and these hairpins are a common feature of elevator mechanism transporter structure.
It should be noted, however, that the human mINDY, SLC13A5, has been shown to intdract wit
allosteric inhibitors, suggesting the presence of further allosteric binding sites in this family of

proteins[77].

1.10.2 Substrate Binding

The binding of anionic substrates is highly charge dependent, with previous work examining the
relationship béween pH and binding having shown that both succinate and citrate are preferentially
bound in their doubly charged stat§&3], interacting with the two carboxylate binding regions
(Figurel.10.31B) [48][3]. The first of these carboxylate binding region consists of the N151 side
chain amide and the T152 sigddain carboxyl, while the second consists of the S37 7did

hydroxyl, the N378 sidehain amie, and T379 sidehain van der Waals interactions. Due to this
focus on the binding of carboxylate regions, with only slight van der Waals interactions with the
uncharged backbone of succinate carried out by the T379 side chain, the binding of othar simil
dicarboxylate molecules is possible; however the exact extent of this binding flexibility is currently

unknown[73]. Unlike similaelevator mechanisnransporters such as Gi[78], Gl [79], or CitS
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[80], this anion binding is achieved without the use of charged binding site residues; instead a
combination of polar interactions, oriented helix dipoles, and the positive charge of the co
transported sodium ions themselves are thought to allow the binding of thiathetdly charged

substrate[48][3].

To date only two sodium ion binding sites have been confidently identified, shown by the latest
crystal structure to be located behind simate within the binding pocket so that they likely must
enter before succinate is boun&igurel.10.31A) [48][3]. Sodium 1 is coordinated by the sidieain
hydroxyl of S146 and the siaain carbonyl of N151, along with the mainain hydroxyls of S146,
S150, and G199. Sodium 2 is coordinated by thedidé hydroxyl o373 and the sidehain

carbonyl of N378, along with the madtaincarbonyls of T373, A376, and A420. Binding is therefore

achieved through the use of pentacoordination sites, a common approach to sodium bjading

It should be noted that both of these sodium binding sites had been previously either observed or
predicted. A previous, lower resolution, crystal structure demonstrated the presence sodium binding
site1 YR O2NNBOGfe& LINBRAOGSR GKS 3ASYSNIf LRaAldGAZY
intrinsic structural symmetrysgel.10.3Transporj [48].

Additionally, twoelevator mechanism transporters of the AbgT farmslye(1.2 The Elevator

Mechanismg Overview and @ksificationy MtrF and YdaH, were shown to have extremely similar
architectures to VcINDY, including similarlyaled substrate binding sites [58]. Comparison of these
structures allowed reasonable predictiontbe then undiscovered sodium binding site 2, suggesting
residues T373, S377, N378, T379, S381, S412, and T421. These residues are in good agreement with
the later discovered, and abovementioned, sodium binding site 2, demonstrating the power of this

approach.

A third sodium binding site is known to exist, as functional studies based on the electrochemistry of
transport have determined that three sodium iongdransported per succinate id8], however

the location of this site is unknown. The elusive third sodium binding site may remain urdaend
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to the inability of current crystal structures to resolve the small region of density which represents
the third sodium ion. Alternatively, the third sodium ion simply may not bind to the inwards facing
conformation observed in both crystallographtadies, only associating with the protein as it moves

into a more occluded state ready for translocation across the membrane.

As with anion binding there is some flexibility in cation binding; it has been observed that lithium
ions are capable of faciliteig low levels of succinate transp¢n3], although the molecular details

of cation selectivity are currently obscure.

The molecular details of these binding interactions are still poorly elucidated, with major features
such as order of binding, binding affinities, and the principles of substrate discrimination still lacking

anyexperimental verification.

1.10.3 Transport

The outwarddgfacing structure of VCINDY, and therefore the nature of the transport mechanism, was
determined through an approach known as repsatap homology modelling. Briefly, secondary
active transporters often cdain inverted repeat architecture, in which large sections of the protein
are structurally similar, yet topologically inverted from one anothgg(rel.10.31C). These
structurally inverted regions often show very little sequence similarity, making them difficult to
identify without established protein structures. When these inverted structural repeats are
identified, it is possible through computational apprbas to swap the conformational
arrangements of the inverted repeats. Subtle differences in the structures of each repeat region
cause this swapping to result in a new overall protein conformation. After refinement, the new
model will represent the inverserientation to the orientation to the original structure; i.e. if the
inward facing structure is initially used, repesatap homology modelling will allow an

approximation of the outward facing structure to be formg&].
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The application of this approach to VcINDY, along with careful expetal validation, produced a
model of the outward facing state which allowed the mechanism of transport to be determined
(Figurel.10.31D) [81]. In VcINDY, the alternating access mechamistransport, whereby access to
the binding site alternates between either side of the membrasee(.1 The Lipid Bilayer and
Transport Proteins is implemented through the translocation of the binding site across the
membrane, along with the entire transport domain in a large rigid body movei@dntVcINDY is

therefore an elevatomechanism transporterseel.10.3Transporj.

Currently, very few details arknown beyond this basic two state model. We know that substrates
bind, the transport domain translocates, substrates release, and the now empty transport domain
must translocate back to the start position in order to continue the transport cycle. Wetknow
whether local conformational changes may occur, how substrates affect the dynamics of this
process, or even how the transport of sodium and succinate is coupled to prevent sodium leakage.
Furthermore, it is unclear which form of elevator mechantsamsport is performed by VcINDY as

the movement of gating regions has not yet been identified, preventing the characterisation of this
protein as either a One Gate or Two Gate elevator mechanism transpsetet.¢ The Elevator

Mechanismg Overview and @ksificationk
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Figure1.10.31 VcINDY StructuréA: Architecture of VcINDY. Domains and protomers are differently coloured for clarity.

The peptide backbone is shown as a ribbon, and the hairpin regions responsible for forntirgf thedinding sites are
shown in cartoon form. Sodium ions are shown in blue, and succinate in orange. Structuré&&®RBIBuccinate binding

AAGSYT 6AGK ySINbe NBa&ARdIZSa t10StfSRd +OLb5, @kEndidgdegions y
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as shown. Bound sodium ions are shown as red spheres. Bound succinate is shown through bold stick representation with its

surface area represented in grey. Protein residues are show as thin sticks, with the two carboxylate binding regions
coloured green and blue. Structure PDBULD. C:Inverted repeat architecture of a single VcINDY protomer. Two sets of
AYOSNI SR aidNUzOGdzNIF f NBLISFGE F2N¥Y || £0Lb5, LINRG2Z2YSNE
extracellularside of the membrane. Purple / violet = Scaffold domain inverted repeat. Red / orange = transport domain
inverted repeatD: Comparison of Inward and Outward facing states for VcINDY with roughly approximated membrane

position. Substrates are not visilftem this angle, however their positions have been superimposed on the structure for

aKz2gy

clarity. Colours; Red = Hydrophobic residue, White = Hydrophilic residue, Blue = Succinate (IFS) or Citrate (OFS), Green =

Sodium. IFS Structure PDBULY. OFS model fro Mulligan et al 201631].
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1.11 Insights Into VcINDY Function Provided by Study of Other Elevator Mechanism

Transporters
The DASS family, of which VCINDY is a member, is poorly characterised, especially in comparison to
the extensivelystudied SLC1 fami(ffigurel.2.31A). As such, comparisons to better characterised
elevator mechanism transporters such as CitS ang \@ilt occur frequently throughout this thesis.
Based o comparisons with other elevator mechanism transporters, some speculation can be

performed before experimentation begins.

Firstly, speculation as to transport mechanism. Currently all known Two Gate elevators position their
substrate binding sites at thaterface between scaffold and transport domains, while all One Gate
elevators contain the binding site fully within the transport dom@dig]. VcINDY positions its binding

site at the interface between domains, indicating that VCINDY is likely tofwe &ate mechanism
transporter. As there appears to be no barrier movement in current VCINDY structeesksZ The
Elevator Mechanism Overview and @ksification¥this would suggest VCINDY to be a Fixed Barrier

Two Gate elevator mechanism transporter.

Secondly, speculation as to lipid interactions. These interactions have been studied little fooelevat
mechanism transporters, especially outside the SLC1 family, and not at all for VCINDY. What little is
known, however, suggests a major role for lipids in the transport ¢geksl.3 TheElevator

Mechanismg The Importance of LipidlsGiven that the SLC1 and DASS family must both achieve
transport in similar lipid environments g similar elevator mechanisms, it appears likely that they
must both undertake some level of lipid interaction in order to achieve transport function. Thus,
while details are scarce, it can at least be predicted that VCINDY will have some major lipid

interactions throughout its transport cycle.

Thirdly, speculation as to the applicability of VCINDY study to the wider DASS family, and therefore
to the function of the humamINDY /SLC13A5. For each family in which the form of elevator

mechanism transport&s been categorised thus far, the major functional mechanisms have been
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consistentbetween membersi.e. the number of gating regions used and the nature of the barrier
regiors do not vary within familiesHigurel.2.31A) [15]. While exceptions to this pattern will likely
emerge in time as the diversities of different protein families is further explored, it does at least lend
confidence that major mechartis features of VCINDY will be applicable to the medically important

SLC13A5, greatly increasing the importance of this work.
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1.12 Aims of this work

This work will apply a diverse range of techniques to the examination of VaiN@N in an
attempt to gaina deeper understanding of its mechanism, and in doing so provide a basis by which

other members of the DASS family may be understood.

In order to do this, three general approaches shall be utilised.

Firstly, accessibility assays shall be employed tbgtbe dynamics of the elevator motions of
VcINDY. By focusing on residues which are only solvent accessible in either the anvoartd/ard

facing conformation of the protein it will be possible to detect the conformational preferences of the
protein inthe absence and presence of substrates. Additionally, these assays will allow detection of
local conformational responses in addition to the large rigid body translocation expected, possibly

providing further insights as to the movements of this transporte

Secondly a range of binding assays shall be applied to VCINDY. As previously mentioned, no binding
assay has yet been established for VCINDY. Previous work has largely relied upon transport
measurements, where the processes of substrate binding, traatiln, and substrate release are
interwoven. Specialised binding assays will allow the isolation and examination of the binding
process itself. These assays will include high throughput approaches, allowing extensive
characterisation of binding interactis, assays with high tolerance of additives, allowing the effects

of lipid supplementation to be probed, and high precision assays, allowing binding affinities to be

confidently established for the first time.

Finally, the role of lipids shall be examin&tiis shall be examined partially through the lipid
supplementation of detergent solubilised protein, providing a simple system in which the
exploration of lipid interactions can be carried out. Additionally, two different nanodisc systems shall
be appliedto VcINDY, one allowing the creation of native lipid nanodiscs and the other allowing the
creation of defined lipid nanodiscs. These nanodiscs shall form the basis of new experimental

systems in which multiple aspects of VcINDY lipid interaction canameiesd in detail.
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function may be established, both increasing the current knowledge of this particular transporter,

and informing future study of the medically relevant human menshafrthe DASS family.
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2 METHODS
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2.1 Strains and Plasmids

Bacterial strains and plasmids used are summarisd@lintel.10.31

Bacterial Species| Genotype Sourceand

Strain Catalogue Numbet

BL21AI E. coli | FFompT hsdss (g5, me®) gal decm ar®:: T7RNAP ThermoFisher
tetA C607003

BL21(DE3) | E.coli |fhuA2[lonjompEIl f 6< 5900 &R ThermoFisher
< 590 ' < &BihtYlacL:Rlac\V®:(F| EC0114
ISYySmM0O AHM KYAYp

Lemo21l E.coli |¥KdzZl H wf 2y 6 2YLJX 3¢ New England
pLemo(CamR) BiolabsC2528J
< 590 I' < &BlYlL2 k90
AyayYYotlOLYYtEFO!l £pYY
pLemo = pACYCl&thaBABysY

NEB Turbo |E.coli |[CYU LINB! b. b f I OLI -frdAB)O| New England
ginV galK16 galE15 R(ZMD::Tn10)TetS endAl| BiolabsC2984H

thi-m Kk 6-HcEBIB{

Tablel1.10.31 Bacterial strains used in this thesis.
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2.2 Media and Antibiotics

2.2.1 Lysogeny Broth (LB)
LB broth was made using 10 g tryptone, 5 g yeast extract, and 10 g NaCl per litre. It was autoclaved

as a completed broth.

2.2.2 SOC Broth

SOB broth was made using 20 g tryptone, 5 g yeast extract, 0.58 g NaCl, 0.2 g KCl,,2qMgCl
MgSQ per litre, adjusted to pH 7.5 using NaOH, and autoclaved. 1 M glucose was separately
prepared and autoclaved. 2 % v/v glucose solution was addedket&@B broth to produce SOC

broth.

2.2.3 PASM5052 Broth

PASM5052 was made according to the MemStar sy§8ein The following component solutions

were used; MgS1 M MgSaQ filter sterilised), 20x NPS (100 mM/#PZ5mM S@ 50 mM NH, 100

mM Na, 50 mM K, filter stdised), 50x 5052 (0.5% glycerol, 0.05% glucose, 0.2% lactose, filter
sterilised), 1000x trace metals (0.1 M FeQLM CaG]1 M MnCJ, 1 M ZnS@Q 0.2 M CoG|0.1 M

Cudl. 0.1 M NiGl 0.1 M NaMoQy, 0.1 M Na2Sef0.1 MHBQ;, 50 mM HCI, alomponents added
from individual preautoclaved stocks),.B(100uM Vitamin B, autoclaved), 17aa (1% w/v glutamic
acid monosodium salt, aspartic acid, lysine monohydrochloride, arginine monohydrochloride,
histidine monohydrochloride monohydrate, alanijrgroline, glycine, threonine, serine, glutamine,
asparagine, valine, leucine, isoleucine, phenylalanine, tryptophan, dissolved in this order and filter
sterilised), methionine (25 mg/ml methionine, autoclaved). On the day of use, the following volumes
of these solutions were added to 900 ml of autoclaved@i2 ml MgS& 0.2 ml 1000x trace metals,

20 ml 50x 5052, 50 ml 20x NPS, 1 ml B0 ml 17aa, 20 ml methionine.
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2.2.4 MDAS5052 Broth

The following component solutions were usdigSQ (1 M MgSQ filter steiilised), 50x 5052 (0.5%
glycerol, 0.05% glucose, 0.2% lactose, filter sterilised), 20x M (50 mMb® @M NHCI, 5SmM

NaSQ, filter sterilised), 1000x trace metals (0.1 M FeCLM CaG]1 M MnCJ, 1 M ZnS© 0.2 M

CoCJ, 0.1 M CuGl 0.1 M NiC| 0.1 MNa&MoO;, 0.1 M Na2Sef0.1 MHBQG, 50 mM HCI, all
components added from individual pautoclaved stocks), 17aa (1% wi/v glutamic acid monosodium
salt, aspartic acid, lysine monohydrochloride, arginine monohydrochloride, histidine
monohydrochloride monohyrate, alanine, proline, glycine, threonine, serine, glutamine,
asparagine, valine, leucine, isoleucine, phenylalanine, tryptophan, dissolved in this order and filter
sterilised), methionine (25 mg/ml methionine, autoclaved), 18aa (70% v/v 17 aa, 30 % v/v
methionine), 25% aspartate (25% w/v aspartate, 8% w/v NaOH volume, pH adjusted to pH 7, filter
sterilised). On the day of use the following volumes of these solutions were added to 900 ml of
autoclaved dpO; 2 ml MgS€) 0.2 ml 1000x trace metals, 20 ml 5B562, 40 ml 25x M, 20 ml 18 AA,

4 mL 25% aspartate.

2.2.5 2YT Broth
2YT broth was made using 16 g tryptone, 10 g yeast extract, and 5 g NaCl per litre. It was autoclaved

as a complete broth.

2.2.6 TB Broth

TB broth was made using 12 g tryptone, 249 yeastct, and 5g glycerol per litre, made up to 90%
volume with dHO and autoclaved. 20 ml 1M B8 and 80 ml 1M BHPQ per litre were filter

sterilised and added to form the final broth.

62



2.2.7 Solid Media

Agar plates were made by mixing liquid media with EHggr per litre before autoclaving.

2.2.8 Antibiotics
The following 1000x stock solutions were filter sterilised and added to broth and solid media at 0.1
% v/v when required; 50 mg/ml Kanamycin in@®1100 mg/nm. Ampicillin in dHO, and 25ng/mL

Chlorampheniol in ethanol.
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2.3 Production of Styrene Maleic Acid from Styrene Maleic Anhydrideeflux

Styrene Maleic Acid (SMA) was produced through the hydrolysis of Styrene Maleic Anhydride as
detailed byS. Lee et al 20183]. 25 g of Styrene Maleic Anhydride copolymer was transferred to a
500 mL roud bottomed flask and dissolved in 250 mL 1M NaOH. 0.5 g ebamping granules

were added before heating the solution under reflux at a steady boil for 2 hours, then allowing the
solution to cool whilst still under reflux. The refluxed polymer was tmandferred into two 400 mL
polypropylene centrifuge tubes. Concentrated HCl was gradually added, causing precipitation of the
polymer, until the pH of the solution reached <5. The tubes were then filled to 400 mL usis@ ddH
and centrifuged at 11,000 xgrf@5 minutes at room temperature. The supernatant was then
discarded. The pellet was resuspended in gdldnd repelleted through centrifugation three times

in order to thoroughly wash the polymer. In the same centrifuge tube, 125 mL 0.6 M NaOH was
added and the pellet dissolved either using a magnetic stirrer, or a shaking incubatof@tlBD

rpm. Once resuspended concentrated HCI was again added gradually until a pH <5 wasaedched
precipitation was observed. Water was added up to the capacity of the centrifuge tubes and the
pelleting/ddHO resuspension/pelleting cycle washing cycle repeated three more times. Finally the
polymer was redissolved in 0.6 M NaOH and adjusted ta-hqf ~ 8 using NaOH and HCI. The

solution was transferred to a 1 L round bottom flask, frozer88tC overnight, and freeze dried.
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2.4 Production of Styrene Maleic Acid from Styrene Maleic AnhydridAutoclave

Styrene Maleic Acid (SMA) was produced through the hydrolysis of Styrene Maleic Anhydride in an
approach derived fromA Kopf et aR019[84]. 1 g of Styrene Maleic Anhydride copolymer was
dissolved in 10 ml of di&@ along with 1 molar equivalent of NaOH and transferred to a duran bottle.
This was placed in a standardrishtop autoclave for three runs. Between runs the pH was
recorded, with a reduction of pH indicating that hydrolysis was occurring. If the pH became acidic
before the final run, additional NaOH was added to return weakly alkaline conditions. The solution
was mixed well between runs, breaking up any residue adhered to the bottle. After three runs the
solution was allowed to cool to room temperature. SMA was precipitated through the cautious
addition of 4 mL 1M HCI and pelleted through centrifugation at 4@Dfr 10 minutes. The pellet

was washed through two cycles of resuspension in 15 mL 10 mM HCI and pelleting, followed by
resuspension in 15 mL@ and pelleting. The polymer was resuspended in 10 mO didd made
soluble through adjustment of the pH tovith NaCl. The resultant solution was frozen overnight at

80°C and freeze dried.
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2.5 General Plasmid Handling

2.5.1 Plasmid Amplification and Storage

NEB Turbo cells were used for plasmid amplification and storage. A single colony containing the
plasmid of inteest was used to inoculate a 5 ml LB containing the appropriate antibiotic and grown
at 37°C 190 rpm overnight. The next day 0.6 ml of culture was mixed with 0.4 ml 50% glycerol and
stored at-80°C. When needed, cells could be aseptically scrapped frenfrézen sample and used

to inoculate a new 5 mL overnight culture without defrosting the frozen stock.

2.5.2 Plasmid Harvesting

Plasmids were harvested using standard QIAGEN QIAprep Spin Miniprep Kits and sR%dl at

2.5.3 Transformation of Norcompetent Ceb

For norcompetent BL24Al, BL21(DE3), and NEBrbo cells a low efficiency freetieaw
transformation method could be used for the introduction of plasmid DNA from high concentration
stocks. A 5 ml LB culture was grown overnight at@3790 rpm with theppropriate antibiotic

content for plasmid maintenance, of which 500was used to inoculate a 5 ml LB day culture. This
was grown for 1h at 3 190 rpm before harvesting by centrifugation at 4000 rmp for 10 minutes.
Cell pellets were resuspended in §a@idce cold 50 mM CagHivided into 6 x 10l aliquots and

kept on ice. 100 ng plasmid DNA, ideally in a volume of approximage)ywhs added to each

aliquot to be transformed and the vortexed. Cells were snap frozen usingiesdeghanol mixture

for 1.5 minutes, then thawed at 3T for 2 minutes. 200l SOC was added and the cells incubated
for 1 hour at 37C 190 rpm before ptang on prewarmed selective LB agar plates containing the

appropriate antibiotic. Cells were allowed to grow overnight atG7
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Lemo21(DE3) cells were transformed similarly, but with the addition of 25 pg/ml Chloramphenicol in

all growth media.

2.5.4 Transfomation of Competent Cells

For competent cells a simpler heat shock transformation method could be used. An aliquot of
competent cells were allowed to thaw on ice, an@ fil DNA (either plasmid or ligation reaction)
was added. This was mixed through pijregtand incubated on ice for 30 minutes before a 1.5
minute heat shock at 42C. 20Qul SOC was added and the cells incubated &C3for one hour
before plating on prevarmed selective LB agar plates containing the appropriate antibiotic. Cells

were alloved to grow overnight at 37C.
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2.6 Expression and Purification of VCINDY

2.6.1 Expression of VCINDY
n.b. Volumes can vary between expressions depending on purpose, but a typical éxasgole

below.
2.6.1.1 BL21AIl/ LB Expression

5 ml LB containing 50g/ml Kanamycinvas inoculated with BL2AI cells containing the plasmid of

interest and grown overnight at 3 190 rpm. All 5 ml was used to inoculate a 150 ml secondary

LBKan culture, which was then grown fo#zh at 37°C. Six 500 ml EiBan cultures were inoculated

with 10 ml secondary culture and grown until@F ndy d® Cf | 414 ©6SNBE O2f R &Kz
20 minutes, before inducing with 0.1 mM IPTG and 0.H¥rahinose, followed by incubation

overnight at 19C. Olgyreadings were used in morning to confilexpression as VCINDY over

expression is bacteriostatic under these conditions.

2.6.1.2 PASM5052/Lemo21(DE3) Expression

VCcINDY was expressed using the MemStar sy@2in 150 ml LB containg 50ug/ml Kanamycin

and 25ug/ml Chloramphenicolvere inoculated with Lemo21(DE3) cells containing the plasmid of

interest and grown overnight at 3 190 rpm. 1 L of freshly prepared modified PASM5052 media

[B5]02Y Ul AYAWHBYPNBRBDAYE Hp >3IkYE / KERBaMhose Sy A O2f = |
inoculated with 20 mL of the overnight culture. Cultures were grown &C3¥90 rpm until Ofgo F

0.5, at which point expression was induced beyond the @utliction occurring within the edia

through the addition of 0.4 mM IPTG before overnight incubation at 25 °C 190 rpm.
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2.6.1.3 MDA5052 / Lemo21(DE3) Expression

VCINDY was expressed using the MemStar syi2m 150 ml LB containg 100ug/ml Kanamycin

and 25ug/ml Chloramphenicolvere inoculated with Lemo21(DE3) cells containing the plasmid of

interest and grown overnight at 3@ 190 rpm. 1 L of freshly prepared modified MDA5052 media

O2y Gl AYyAy3a wmnn>3kY{ anhphgricyla@O ySmMRiamrese wast / K 2 NJ
inoculated with 20 mL of the overnight culture. Cultures were grown &C3Z20 rpm in 2.5 L Tunair

full baffle shake flasks with filter caps until@F nop X G SKAOK LIR2AY(d SELINBA
beyond the auteinduction occurring within the media through the addition of 0.4 mM IPTG before

overnight incubation at 25 °C 190 rpm.

2.6.2 Preparation of VCINDY containing Total Membrane Extracts

Cells were harvested through centrifugation at 4000 xg for 20 minutes@tadd resuspended in

16.6 mL INDY Lysis Buffer (50 mM Tris pH 7.5, 200 mM NacCl, 10 % glycerol) per litre of original
culture and per O unit of original culture, with protease inhibitors (1 mgliRefablod 4-(2-
Aminoethyl}benzenesulfonyl fluoride hydrotdride (AEBSF).05 mg/ml Leupeptin) and 1 mglm

DNAse Iplus 0.5 mM TCEP for Cysteine mutants. Lysis was achieved using either cell disruption at 25
kPSI, or sonication for 3 seconds on and 7 seconds off over 10 minutes. Lysate was clarified through
centrifugation at 21,000 xg for 20 minutes af@ and the pellet discarded. Membranes were

pelleted through centrifugation at 130,000 xg for 2 hours &4nd the supernatant discarded.

2.6.3 Solubilisation of VCINDY (Detergent)

n.b. For Cysteine mutants, atllstions contained 0.5 mM TCEP.

Membranes were resuspended in Buffer A (50 mM Tris pH 8, 100 mM NacCl, 5% glycerol) and

homogenised using a glass tissue homogeniser. Once homogenised, membrane samples were made
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up to a final volume of 50 mL for every 3 logfjinal cell culture, with the addition of DDM to a final
concentration of 3%. Samples were solubilised for 40 minutes@twlith agitation, after which
insoluble material was removed through centrifugation at 120,000 xg for 30 minutes and the pellet

discarded.

2.6.4 Cobalt Affinity Purification (Detergent)

Due to the high levels of purity achievable using cobalt affinity purificatiorabged VCINDY was
purified using Clontech TALON Metal Affinity Resin. For every 3 L of original cultyde GO@sin
was incubated with the solubilised membrane fraction overnight & 4The mixture was added to a
gravity flow column, retaining the VcINDY bound talon resin and allowing thetlmugh to be
collected. The resin was then washed with 20 CV (column esukVash Buffer 1 (Buffer A + 10 mM

Imidazole + 0.1% DDM), followed by 20 CV Wash Buffer 2 (Buffer A + 20 mM Imidazole + 0.1% DDM).

Due to the positioning of a trypsin cut site between VCINDY and tHadpis our construct it is
possible to elute throuig a 1 h incubation at 4C with 1.5 ml Elution Buffer 1 (Buffer A +ufiml
Trypsin + 0.1% DDM), and wash with 1.5 ml Elution Buffer 2 (Buffer A + 0.1% DDM). This trypsin

elution provides high purity tag free samples.

If the histag is required for futue experiments elution is instead achieved through replacing the

trypsin component of Elution Buffer 1 with 400 mM Imidazole (pH 8).

2.6.5 Solubilisation of VCINDY (SMALPS)

Membranes were resuspended in Buffer A (50 mM Tris pH 8, 100 mM NacCl, 5% glycerol) and
homogenised using a glass tissue homogeniser. Once homogenised membrane samples were made
up to a final volume of 50 ml for every 3 L of original cell culture, with the addition of either 2:1 or

3:1 SMA to a final concentration of 3%. Samples were solubiiiseone hour at room temperature
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with agitation, after which insoluble material was removed through centrifugation at 120,000 xg for

30 minutes and the pellet discarded.

2.6.6 Cobalt Affinity Purification (SMALPS)

For every 3 L of original culture 300 of esin was incubated with the solubilised membrane
fraction overnight at £C. The mixture was added to a gravity flow column, retaining the VcINDY
bound talon resin and allowing the fletirough to be collected. The resin was then washed with 40

CV (colummvolumes) Wash Buffer (Buffer A + 5mM Imidazole).

For trypsin elution the resin is incubated for one hour &C4Awith 1.5 ml Elution Buffer 1 (Buffer A +
10 pg/ml Trypsin), eluted and washed with 1.5 ml Elution Buffer 2 (Buffer A). This trypsin elution

provides high purity tag free samples.

If the histag is required for future experiments elution is instead achieved through replacing the
trypsin component of Elution Buffer 1 with 400 mM Imidazole (pH 8) in Elution Buffer 1. Increased
yields could be achieed by rebinding the flovthrough to the resin overnight and repeating the

purification process two more times.
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2.7 Expression and Purification of TEV Protease

2.7.1 Expression of TEV Protease
n.b.Volumes can vary between expressions depending on purpose, but a typical example is used

below.

A 100 mL LB culture containing 10§'ml ampicillin was inoculated with BL21(DE3) amiistaining

the plasmidpRK793Addgene plasmid # 8827 ; http://n2t.netfldgene:8827 ; RRID:Addgene_8827

and grown overnight a87 °C 190 rpni86]. 10 mL of overnight cultureas used to inoculate each 1

L LB culture containing 1Q@/ml ampicillin. These were grown &7 °C 190 rpm until OfgeF n ®p = |
which point expression was induced through the addition of 0.4 mM IPTG before overnight

incubation under the same conditions

2.7.2 Purification of TEV protease

Cells were harvested through centrifugation at 4000 xg for 20 minute¥aadd resuspended in 15

mL TEV Lysis Buffer (20 mM Tris pH 7.4, 300 mM NacCl, 10% glycerol) per litre of original culture, with
protease inhibitorsX mg/mL Pefabloc, 0.05 mg/mL Leupeptin) and 1 mdiilAse I. Lysis was

achieved througtsonication for 3 seconds on and 7 seconds off over 10 minutes. Lysate was clarified
though centrifugation at 10,000 xg for 20 minutes &C4and the pellet discardetinidazole was

added to the supernatant to a final concentration of 20 mM along with 1 mL nickel resin per litre of
original culture before incubation atC with agitation for 30 minutes. The mixture was added to a
gravity flow column, retaining the TEWUNd nickel resin and allowing the fletwrough to be

collected. The resin was then washed with 20 CV (column volumes) of TEV Purification Buffer (20
mM Tris pH 7.4, 300 mM NaCl, 20% glycerol) + 50 mM imidazole, followed by elution with 1 CV
additions of EV Purification Buffer + 250 mM imidazole uniibA.2. Elution samples were pooled

and dialysed overnight against a 250 fold greater volume of TEV Dialysis Buffer (20 mM Tris pH 7.4,
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300 mM NaCl, 5 mM DTT, 30 % glycerol). Final concentration wasiestithrough Coomassie Blue

gel staining alongside known BSA standards. Aliquots were created and ste3€tCat
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2.8 Expression and Purification of MSP1E3D1

2.8.1 Expression of MSP1E3D1
n.b. Volumes can vary between expressions depending on purpose, bubhdypiople is used

below.

A 30 mL LB culture containing @§/ml kanamycin was inoculated with BL21(DE3) celtdaining

the plasmidpMSP1E3D(@Addgeneplasmid # 20066 ; http://n2t.net/addgene:20066 ;
RRID:Addgene_200p&nd grown overnight aB7 °C 190 rpn{87]. 30 mL of overnight culture was

used to inoculate each 1 L TB culture containing@®®nl kanamycin. These were grown3at°C 220

rmp in 2.5 L Tunair full baffle shake flasks with filter caps untéddD 1 @254 at which point
expression was induced through the addition of 1 mM IPTG, followed by 4 hours expression under

the same onditions.

2.8.2 Purification of MSP1E3D1

Cells were harvested through centrifugation at 4000 xg for 20 minute¥Capdllet frozen overnight.
Pellets were then thawed and resuspended in 30 mL MSP Lysis Buffer (20 mM NaPhosphate pH 8,
1% TritorX-100) per lite of original culture, with protease inhibitors (1 mg/m? Perfabloc, 0.05
mg/mL Leupeptin) and 1 mg/nibNAse I. Lysis was achieved throgghication for 3 seconds on

and 7 seconds off over 10 minutes. Lysate was clarified though centrifugation at 22 @03B8g
minutes and the pellet discarded. 1 mL of nickle resin was added per litre of original culture before
incubation at 4°C with agitation overnight. The mixture was added to a gravity flow column,
retaining the MSP1E3D1 bound nickel resin and allgitie flowrthrough to be collected. The resin
was then washed with 4 column volumes (CV) of MSP Purification Buffer (40miNCTp$i8, 300

mM NaCl) + 1% Trite¢100, followed by 4 CV MSP Purification Buffer + 50 mM NaCholate, 4 CV
MSP Purification Buffer 20 mM Imidazole, 4 CV MSP Purification Buffer + 50 mM Imidazole, and 8
%, CV fractions of MSP Purification Buffer + 300 mM Imidazole. Fractions are pooled and dialysed

overnight against a 500 fold greater volume of MSP Dialysis Buffer (50mMdlrgH5,100mM
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NaCl, 0.5 mM EDTA). Final concentration was estimated throggteAdings. Aliquots were

created and stored ai80°C.

2.9 Creation of VcINDY Nanodiscs

This process is not yet fully optimised and as such a general method cannot be given. For a
discusion of approaches and the progress made thus far 3&e5Optimisation of the

Reconstitution of VCINDY into MSP1E3D1 Based Nanpdiscs
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2.10 Protein Handling

2.10.1 Concentration Determination

Extinction coefficients and molecular weights were estimated using the ProtParam tool found upon
the EXPASYy servf{88]. The absorbance of protein solutions at 280 nm were measured using a

spectrophotometer and used to estimate concentration according toBeerLambert law.

2.10.2 Concentration of Protein Samples
Protein samples were concentrated usingt SNOSx® t NP GSAY /KMNVOPyIOWT G2 NAR t

MWKQ26mLg KSY NBIljdzA NBR | O02NRAY3 (2 YI ydzFl OGdzZNENDa

2.10.3 Buffer Exchange of ProteiSamples

2.10.3.1 Desalting Columns

For volumes of <1 mL Thermo ScientfieS o v { LAY 5SalfdAy3a /2t dz¥yax

FOO2NRAY3A (G2 YIydzZFlI OGdzZNENRA AyailiNHzOGA2yaod
2.10.3.2 Dialysis

[ F NBASNJ @2fdzvYS LINRPOSAY al YL Sa 6SNB 2 Ryfls Ayiaz
Tubing and stirred overnight at°€C in a 5000 x greater volume of the desired buffer unless specified

otherwise.

2.10.3.3 On Column Exchange

Buffer exchange could also be achieved during the purification process by changing the wash buffer

2 and elution biéfer composition, allowing the protein to be purified into any buffer required.
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2.10.3.4 Storage

In order to avoid sample damage arising from freeze thaw cycles, protein samples were typically
aliquoted into volumes ranging from 10 to 100 puL and shap frozen iixtana of dry ice and ethanol

before storage at80 °C. Samples were used on the same day as thawing and not refrozen.
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2.11 Size Exclusion Chromatography

An AKT/Aure protein purification system with Superdex® 200 10/300 GL column was used for size
exclusbn chromatography, allowing high level purification of protein samples and assessment of the

homogeneity of purified proteins through examination of the in ling, Kace.

2.11.1 Buffer Preparation

All solutions to be run through the SEC column were made dsiHgD. Filtering and degassing of
solutions was achieved by attachibg- £ 3Sy Saf b UIARGSNAE S 5AaLl2alof S
SFCA Membranés Duran bottles containing a magnetic stirrer atop a magnetic stirring plate at 4

°C. A pump was attached the filter top in order to draw buffers through the filter and lower air

pressure inside the bottle. Once filtered, buffers would be stirred for approximately thirty minutes

under this reduced pressure in order to remove dissolved gasses. Detergastg@rely mixed into

buffersafter the degassing process.

2.11.2 Column Preparation and Storage

All runs used a preolumn pressure alarm of 2.0 MPa to prevent damage to the column. The SEC
column was stored in 20% ethanol. Before use the column was firstleqigld into ddHO using a
volume of 50 mL at a flow rate of 0.25 mL/min, followed by equilibration into the desired running
buffer using a volume of 50 mL at a flow rate of 0.5 mL/min. When transitioning from detergent
containing buffers to nowetergent @ntaining buffers an additional wash step of 500 mL falidt

0.5 mL/min was used in order to remove residual detergent from the column before equilibration
into the desired nordetergent containing buffer. Before storage the column was first equilibrated
into ddHO using a volume of 50 mL at a flow rate of 0.5 mL/min, followed by equilibration into 20%

ethanol using a volume of 50 mL at a flow rate of 0.25 mL/min for storage.
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2.11.3 Sample Preparation
Protein samples were concentrated to < 1 ml and centrifugett@t000 xg 4C for 20 minutes to

remove potential aggregates before running on the SEC column.

2.11.4 Running Samples

Unless stated otherwise SEC Buffer (25 mM Tris pH 8, 100 mM NacCl, 5% Glycerol) containing an
additional 0.15% +dlecyH -D-maltoside(DM) for detergent solubilised samples was used. With the
column preequilibrated into SEC buffer, samples were manually loaded into a 1 mL sample loop. At
a flow rate of 0.5 mL/min 5mL of SEC Buffer was used to wash the sample fully onto the column,
followed by 35 mL to achieve elution. This process was monitored through indireadings. 1 mL
fractions were collected. Fractions containing the protein of interest could be pooleerpostnd

concentrated to produce a useful high purity sample.
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2.12 Protein Gels

2.12.1 SDSPAGE

SDSPAGE Gels:

SDSPAGE gels were made according to the following recipe:

Resolving Stacking
30% (w/v) acrylamide/0.8% | 2.65 mL 0.65 mL
(w/v) bisacrylamide
1.875M Tris pH 8.8 1mL 0
1M Tris pH 6.8 0 0.625 mL
10% SDS 500l 500l
H0O 1.45mL 3.675 mL
10% APS 50 plL 50 pL
TEMED 5 pIL 5 pIL

Table2.12.11 Components of the SBFRAGE gels used in this thesis.

Protein samples were mixed in a 3:1 ratio with 4 x-BBG&E sample buffes mM Tris pH 7.2, 5%
SDS, 0.4% bromophenol blue, 40% glygex@INDY samples were loaded without boiling due to the
fragile nature of this protein. Other protein samples were heated t6®@%or 10 minutes prior to
loading. SD®AGE gels were run at 1800V one hour in SDBAGE running buffer (3% Tris, 15%

glycine, 1 % SDS).

2.12.2 Coomassie Blue Staining

Gels were stained with agitation either for one hour or overnight in Coomassie Blue Stain (40%
methanol, 8% acetic acid, 0.2% Coomassie Brilliant BREOR and destained with agitation in
destain solution (10% ethanol, 10% acetic acid) until proteirdbdnecame clearly visible, before

transfer to water and imaging.
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2.12.3 Western Blotting
PVDF membrane was activated through soaking in methanol, followed by five minutes soaking in
transfer buffer (0.2 M glycine, 10 % methanol, 40 mM Tris pH 8.3) along witmblpaper and the

gel itself. Transfer was carried out using a sdryiblotting system at 9V for 20 minutes.

Once transfer was complete, the membrane was blocked through a one hour incubation with 5 %
milk powder TBST (20 mM Tris, 14 mM NaCl, 0.1 %nT2@&dinal solution adjusted to pH 7.6 with
HCI) and incubated with a primary tetrahis antib@@agen tetrahis antibbodyy primary

hybridation buffer (0.05 % tetrahis antibody, 1% milk powder, 1 x TBST) with agitatié@ at 4

overnight.

Next morning he membrane was washed with TBST for 1 x 15 minutes and 2 x 5 minutes. Secondary
antibody binding was achieved through incubation in secondary hybridation buffer (CR0@riega

Goat AntiMouse IgG Polyclonal Antibody (HRP (Horseradish Peroxidegehik powder, 1 x TB$T

for one hour, followed by washing with TBST for 1 x 15 minute and 6 x 5 minute. Blots were
visualisedinaBiwl R / KSYA520u - w{b aedadsSy dzzaiay3a GKS t ASN

YI ydzFl OG dzNBNRA Ay &G NHOGAZY & O

2.12.4 Densitometry

Densitoméry was carried out using the Imag@&9®] image analysis software.
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2.13 PEGylation Assay

2.13.1 Experimental Procedure

Zebat { LAY 5SalfdAy3a /2fdzyyas 1Y a2/ h3x nop Y[ &6SNE
Conjugation Buffer (50 mM Tris pH 7, 5% Glycerol) containing 0.15% DM for detergent solubilised

samples before use. Typical AD reaction mixtures contained 0.5 mg/mL VcWNBDutant, 5%

glycerol, 50 mM Tris pH 7, 150 mM of either NaCl or KCI, any substrate of interest, and 0.15% DM for
detergent solubilised samples. Reactions were started by the addition of 0.4 mM mPEG5K and

fractions of the reaction mixture were quenchedsat timepoints through by mixing with Quench

Buffer (100 mM methyMTS, 2 x SBBAGE sample buffer) ina 1 : 1 ratio.

Quenched samples were loaded directly onto an-BBSE gel and run as normal. After Coomassie

blue staining, resultant band intensitieeve quantified through densitometry.

2.13.2 Data Analysis

At each timepoint the proportion of VcINDY which was PEGylated was calculated as:

WQO00 OWOOOECE 60 QE i QO ®
0 @O0 OmMECE 0 QE | "WV OO OGEE Q& i QO ©

This controlled for differences in gel loading and staining efficiency, allowing the rate of PEGylation
to be accurately visualised. The proportions of PEGylated VcINDY could be averaged between
multiple experiments, even between labs optng on different continents, to produce relatively

clear data. The proportions of PEGylated VcINDY remaining after 60 minutes could be compared
between different conditions throughtests in order to detect significant changes in the rate of

PEGylation.
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Due to the differences in PEGylation rates found when carrying out the experiment on different
days, emerging from to a range of technical factors including the difficulty of accurately controlling
the low levels of MPEG5K, normalisation of datasets altbn removal of a great deal of noise,
resulting in clearer data analysis and more powerful statistical testing. Datasets were normalised so
that the level of PEGylation under the conditions of 150 mM Na and no anion substrate was 1 at all
timepoints, albwing clear visualisation of the differences in the rates of PEGylation between the
various conditions tested. While this approach removes the absolute rate of PEGylation from
datasets and plots only differences in PEGylation rates between conditions, difesyences are the
only feature of the dataset which is required for further analysis. As with thenmomalised data,
normalised proportions of unPEGylated VcINDY remaining after 60 minutes could be compared
between different conditions throughtests in order to detect significant changes in the rate of

PEGylation.
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2.14 CPM Thermoflour Assay

2.14.1 Substrate Preparation

A stock solution concentration of 60 mM was chosen as a compromise between achieving the
highest possible stock concentrations and accounfiamgubstrates with low solubilities. If possible,

the stock solution was made using ddHand adjusted to pH 7.5 using concentrated HCI or KOH so
that the pH of the final experimental mixture was not affected. When potential substrates were not
sufficienty water soluble either DMSO or ethanol was used for stock solution creation, and a higher
concentration of HEPES buffer was used in the final reaction solution to prevent changes to final pH.

These stock solutions were aliquoted and frozen until use.

2.14.2 CPM Stocks
5 mg/mL 7Diethylamine3-(4'-Maleimidylphenyh4-Methylcoumarin (CPM) stocks were made in
DMSO, aliquoted, and stored #®0°C until use. On the day of use an aliquot would be thawed and

diluted 25x into the appropriate assay buffer.

2.14.3 Experimenal Procedure; Typical Melting

The experiments were carried out as describedpighton et al[90] with minor modifications.

VcINDY was buffer exchanged into CPM assay buffer (20 mM HEPES pH 7.5, 50 mM NaCl, with an
additional 1% DDM for detergent solubilised samples). In thin walled optical ¢apuB&s 319 of

protein was diluted in CPM assay buffer containing the substrate of interest to a final volume of 45
ML and incubated on ice for 10 minutes before the addition pE £PM dilute and a further 15

minute incubation on ice with occasional iimig. Samples were loaded into a Thermo Fisher

QuantStudio 3 gPCR system running the following programme; cofCtat5L.6°C/s, rise to 95C
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with a step and hold of 5 seconds, measure fluorescence using an excitation filter of 470 + 15 nm

and an emissio filter of 520 + 15 nm.

2.14.4 Data Analysis; Typical Melting

Melting temperature was determined as the point of maximal change in fluorescence, as indicated
by the peak derivative. Multiple runs showed high levels of repeatability and allowed samples from
separate days to be easily compared. Substrate derived stabilisation was calculated as the difference
between the average melting temperature without the substrate and the average melting
temperature with the substrate. When substrates were added from DMS&hanol based stock
solutions the melting temperatures were compared to VCINDY melting in the presence of either

ethanol or DMSO without substrate, controlling for the effect of these solvents on VcINDY stability.

2.14.5 Experimental Procedure Half Life

Sanples were prepared in the same way as a typical melt experiment. Instead of a melt curve,
however, the QuantStudio 3 software was programmed to carry out a series of 10 minute hold steps
at 40°C followed by another series at @5 taking dluorescence reading at every step. These

readings could be exported and used to form decay graphs.

2.14.6 Data Analysig; Half Life

Half life melt data were normalised so that the fluorescence upon complete denaturation was 1, and
initial fluorescence was 0. €time at which this normalised fluorescence reached 0.5 was
determined by calculating a linear regressing between the final reading before 0.5 and the final
reading after 0.5. Due to the level of noise and variation in this dataset multiple repeats were

required for validation of changes observed.
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2.15 GFP Thermostability Assay

Experimental procedures were carried out similarly to Nji ¢94], but data analysis was carried out

substantially differently.

2.15.1 VCINDYGFP Preparation

GFPtagged VcINDY was grown according to the Lemo21(DE3) / PASM5052 approach. Samples of
purified GFP tagged VcINDY were produced as normal, usingitteezote elutiorapproach in order

to avoid removal of the GFP tag. Membranes containing GFP tagged VcINDY were harvested and

solubilised with DDM as normal, before aliquoting and snhap freezing.

2.15.2 Experimental Procedure Temperature Range

GFPTS can be ceed out using solubilised membranes without the need to purify the-@gged

protein; in the case ofdmo21(DE3) / PASM5052 production DDM solubilised membranes were

dilutedto 80 mL GFPS buffeo mpn Ya bl / f X Hn Ya ¢NDO@pdr/ £ LI T dp
original litre of culture. When using purified protein, GiaBged VCcINDY was diluted to 0.01 mg/mL

in GFPTS buffer.

For temperature range experiments 150 uL samples were heated for 10 minuteg2@t 30, 0,60,

60, 70, 80, and 10C before pelleting foaggregates at 18,000 xg for 30 min &€ 4Supernatant was
transferred to a clear bottomed 96 well plate and pellets resuspended inulL8BFFTS buffer

before transfer to the same plate. Fluorescent intensity was measured using either a BMG LABTECH

FLUG@tar Omega or CLARIOstar Plus.

2.15.3 Experimental Procedure Fixed Temperature

Fixed temperature experiments were carried out similarly to temperature range experiments,

however samples were all heated to the same temperature of Tm + 5°C.
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2.15.4 Data Analysig, Temperature Range

Due to the loss of GFP fluorescence with heating raw fluorescence readings were not used to
determine melting temperature. Instead the proportion of GFP fluorescence in the supernatant
verses the pellet was compared at each temperature, ahitig for loss of GFP fluorescence. The
resultant supernatant fluorescence data were fitted to a sigmoidal dose response curve in R using
the nis() functior{92]. The equation itself was as follows, where x equals the current temperature

and Tm equals the melting temperature:

- - - ®O W
O 6 €1 QIYRQA & Qg QW

w

Typically a temperature range was carried out in triplicate, with each replicate independently fitted,
allowing for statistical erroto be determined for melting temperatures. For the fulbgramme, see

7.2 Appendix Z; R script used for the fitting of GHFS data

2.15.5 Data Analysis; Fixed Temperature

Fixed temperature experiments analysed tiv®portion of GFP fluorescence in the supernatant
verses the pellet similarly to temperature range experiments. T testing was used to determine

significant differences between conditions.
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2.16 Microscale Thermophoresis (MST)

MST was carried out using the NanoTemper Monolith NT.115 and was generally used according to

YIydzFlF OGdzZNBNRa AyailiNHzOGA2yaod

2.16.1 VcINDY Preparation

Either GFRagged or fluorescently labelled VcINDY was used for MST experirGéiRsagged

VCcINDY was grown according to the Lemo21(DE3) / PASM5052 approach. Purified samples of GFP
tagged VCINDY were produced as normal, using imidazole elatander o avoid removal of the

GFP tag. NoGFP tagged VcINDY fluorescent labelling was achieved by puréyiup1(DE3) /
PASM5052 produced VCINDY using the imidazole elution approach to preserve the his tag. This
purified histagged VcINDY was then labellechgsihe Monolith HisTag Labeling Kit REDs-NTA

FOO2NRAY3I (G2 YIydzFlI OGdzZNBEBNDRa AyadiNdHzOiAz2yao

2.16.2 Experimental Procedure

MST compatible substrate stock solutions are produced by dissolving substrates in the assay buffer
itself and adjusting pH with either KOHCI so that the addition of substrate stock solution to
samples will result in no chemical changes other than the introduction of the substrate itself. Prior to
use a 10 uL serial dilution of the stock solution is created, diluting with the assay itgdferGFP

tagged VcINDY is diluted to 40 nM and fluorescently labelled VcINDY is diluted to 500 nM. 10 pL
diluted VcINDY stock is added to each 10 pL serial dilution sample, mixed gently, and incubated at
room temperature for five minutes before loadimgo capillary tubes and insertion into the
NanoTemper Monolith NT.115. Standard binding affinity protocols in the MO.Control software were
used. Data analysis is discussed in detail4n3Careful Analysis of VCINDY MST Data is Required In

Order To Provide
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2.17 Lipid Handling

Regardless of final application, the same general metbogreparation of lipid stocks in desired
buffers was used. A round bottomed flask was washed witiodidllowed by ethanol, and dryed

under a stream of N Lipids dissolved in chloroform were then added to the flask and dried under

the N stream until nochloroform was visible, followed by an additional 30 minutes of drying to
ensure no chloroform remained. The lipids were then solubilised with pentane, and once more dried
under the N stream until no pentane was visible, followed by an additional 30 remof drying to
ensure no pentane remained. Lipids were finally solubilised in the desired buffer using a bath
sonicator. Resuspended lipid samples were snap frozen in a dry ice / ethanol mixture and thawed

three times before aliquoting and storage-80 °C until use.
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2.18 Proteoliposome Reconstitution.

n.b. Typical volumes are given, but actual volumes used varied dependent on experimental

requirements.

VCcINDY liposomes were produced using the rapid dilution method. 25 pug VcINDY solubilised in Decyl
I -D-maltopyranoside (DM) containing buffer and 8 mg lipid were diluted into 2ml of reconstitution
buffer (20 mM Tris pH 7.5, 150 mM NacCl, 5% glycerol, 0.1% DM). This mixture was incubated on ice
for 10 minutes before rapid dilution into 65 mL Inside Buf&d mM Tris pH 7.5, 1 mM NaCl, 199

KCI). The proteoliposomes were harvested by centrifugation at 160,000 xg at 4 °C for 3 hours. The
resultant pellet was resuspended in 1ml Inside Buffer before snap freezing in a dry ice / ethanol
mixture and thawing thre times. The final proteoliposomes was either used immediately or stored

at-80°C.
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2.19 Transport Assay

Typical volumes are given, but actual volumes used varied dependent on experimental requirements.

2.19.1 Proteoliposome Preparation

1 mLproteoliposomes were passed through a 400 nm filter 11 times usirgx@ader in order to

produce proteoliposomes of uniform size. The proteoliposomes were then pelleted through
centrifugation at 140,000 xagt 4 °C for 30 minutes and resuspended in 10Mglde Buffer (20 mM

Tris pH 7.5, 1 mM NacCl, 199 KCI), giving a lipid concentration of 80 mg/mL. From this point onwards

the proteoliposome solution was not placed on ice.

2.19.2 Experimental Procedure

[*H]-succinate was diluted in Transport Buffer (20 mM {Hs7.5, 100 mM KCI, 100 mM NaQiM
Valinomycin, 0.9tM succinate) to a final concentration of 100 nM, and the resultant Hot Transport
Buffer incubated at 30C on a heating block. To begin the reactionul®f VCINDY proteoliposome
solution was addedat 1.5 ml Hot Transport Buffer and immediately mixed through vortexing u200
samples were taken at predetermined timepoints and added to 2 mL ice cold Quench Buffer (20 mM
Tris pH 7.5, 200 mM ChCI). This guenched reaction was them immediately adde@ {o\& O
nitrocellulose membrane mounted on a vacuum manifold, removing the buffer solution and
retaining the proteoliposomes. Once the timecourse was finished the membranes were placed into
Liguid Scintillation Counting vials, and an unused membrane wagddsato an additional vial

along with 50 pL of the transport buffer to allow maximum counts to be calculated. 3 mL of Liquid
Scintillation Cocktail was added to each vial and 15 minutes given to allow the membranes to
dissolve. The vials were then traesied to a Hidex 300 SL scintillation counter for quantification of

beta radiation emission.
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2.19.3 Circular Dichroism (CD)

Protein was buffer exchanged into CD Buffer (50 mM Tris pH 8, 100 mM NacCl) with the addition of
0.1% DDM for detergent solubilised sampiesl diluted to 30QuL 0.1 mg/mL. The sample was

loaded into a glass cuvette and placed into a Jasd®JCD circular dichrometer for measurement.
Readings were taken for buffer only samples to allow the effect of buffer components to be
removed from finafreadings. For spectra measurements, a range of 197 to 260 nm was used due to
significant buffer interference at lower wavelengths, and three were readings averaged to reduce
noise in the final data. For melting experiments a wavelength of 222 nm wasareshis an

indicator of the transition from alpha helix to random coil.
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3 RESULT&SVCINDY Solubilisation Technigues

Chapters3.1and3.2can be considered technical sections of this thesis. They discuss two
approaches to the detergent free solubilisation of VCINDY, naBtghgne Maleic Acid Lipid Particles
(SMALB) andMembrane Scaffold Protein (MSP) nanodiscs. These detergent free VCINDY

preparations will be used throughout this thesis.

Chapterst.1, 4.2, 4.3, and4.4focus instead on the application of different experimental techniques
to the study of VCINDM order to further our understanding of the molecular mechanisms behind

its function.
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3.1 The SMALP Native Lipid Nanodisc Systahows In Vitro Examination of

VcINDYin a Near Native Environment

3.1.1 Introduction

Styrene Maleic Acid (SMA) is apmmymer formed of repeating units of styrene and malic acid in a
defined ratio Figure3.1.1-1); most commonly 2:1 or 3:1. When added to lipid membranes this
polymer spontaneously enters the hydrophobic core of the bilayer, wherein membrane
deformations caused by its presence result in membrane disruption and the fornaftagueous

pores. The polymer molecules then line these pores, placing themselves at the interface between
the bilayer core and the surrounding agueous solution. As this process continues, discrete discs are
formed, consisting of circular sections of lipicbntained by a belt of SMA polyn{8B]. If proteins

are contained in the membraney will also be solubilised into these discs. These nanodiscs,
containing both proteins and their native lipid contacts within a SMA polymer belt, are known as

Styrene Maleic Acid Lipid Proteins (SMALPS).

SMALPs owe their existence to the repurposifigasmetic pharmaceutical technigues. In 2005 the
newly founded Marvin Cosmetics Ltd. was addressing the issue of solubilising hydrophobic
substances, particularly for topical use. The existing emulsions were considered oily and unpleasant,
driving the seech for an alternative delivery method. The same year a patent was filled for the use

of styrenemalic acid polymers, allowing the creation of discrete lipid discs in which hydrophobic
substances could be solubilisg#]. This patehwas immediately followed by another relating to

the same 2:1 and 3:1 ratio SMA polymers, in which the process for the creation of native lipid
nanodiscs containing proteins is detailed; the prepared SMA polymer powder is added directly to a
biological menbrane, allowing the solubilisation of the entire compliment of proteins and lipids into
discrete nanodiscs, from which the target protein can be purified by standard affinity

chromatographyf95]. This process is essentially unchanged in current publicd@&hs
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The feature of this nanodisc system which makes it of suehtgrse to membrane protein research

is its ability to cdsolate lipids and proteins directly from their native membranes. Membrane
proteins, by definition, make extensive contact with the lipids within cell membranes, and are often
surrounded by specifilipids with which they interadi96]. The lipid content of this protein induced
micro-environment may vary substantially from the lipid content of the total membri@&.

SMALPs appear able to preserve this native lipid microenvironment. Existing work has found distinct
lipid compositions within SMALPs containing three distinct membrane proteins, with clearly altered
lipid ratios both compared to each other and compared to the total membrane from which they
were isolated96][97][98]. Given that the process SMALP solubilisation itself appears to be non
selective for lipid typ§99], this strongly indicates that SMALPs are able to generate nanodiscs with
lipid contents representative of the local microenvironment of individual proteins, even when the
exact nature of that environment may be unknown to the experimenter. It may be cautioned,
however, that changes in the overall total membrane composition have been known to result in
alterations SMALP lipid contef@7], suggesting that while there is a protdipid selectivity, this
process is likely manifested as a protein specific shift in local lipid concentrations, not an absolute
protein specific determination of local lipid concentrations. The imparéaof the nature of the lipid
environment for elevator mechanism transporter function is discussdd3iheElevator

Mechanismg The Importance of Lipids

Since the early demonstrations of the power and potential of native lipid nanodiscs for the study of
membrane proteins, a wide range of alternative polymers have been devetbpewagh the

modification and substitution of functional groups in the SMA polymer. While the work in this thesis
will focus only on 2:1 and 3:1 ratio SMAs, it is important to recognise that that a diverse range of
alternate polymers exists, with varyinggmerties such as pH tolerance, ion tolerance, disc size,
solubilisation abilityf100], and thermostabilityf101]. This range of polymers could, if the application
of SMA to VCINDY does noeld satisfactory results beyond this thesis, provide many interesting

alternatives for the future solubilisation of VcINDY. For example, DIBMALPs produce 30 nm
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nanodiscs and with little impact on acyl chain dynarfii€®], far larger and unrestrictive than the
10 mndiscs associated with traditional SMALF33]. The field of polymer development is rapidly
advancing at the present time, and it is expected that once this thesis is complete, an alternative
polymer such as DIBMALPs will be established as a far more suitable alternative to the G8¢4lL Ps

herein[100]. This will be an area for future experimentalists to monitor closely.

SMALPs have proven to be compatible with a wide, ever growing, range of procesdisg xray
crystallography104], cryocEM[105], HydrogerDeuterium eXchange Mass Spectroscopy @N3X

[97], lipidomics (selected examples inclU8&][96][99][98][106]), all manner of thermostability
assay$107]108]109]101][110][103]98][111], fluorescent binding assaykl1], radidiand binding
assay$107]108], the detection of proteirprotein interactiong112], and various activity assays
[103][106]. This is by no meanscamplete list, as dozens of SMALP publications are emerging each
year, but rather an example of the widely compatible nature of this sy$i€f)]. A particular
advantageof this nanodisc system, and one source of this wide compatibility, is that it does not
introduce unwanted peptides into the experimental system, unlike MSP nanodee3.2.1

Introduction), removing a major barrier imposed by traditional nanodisc systems.

Here, we shall attempt to apply this solubilisation technique to a D&8Byftransporter for the first

time, using the traditional SMA polymer with 2:1 and 3:1 subunit ratios. Once a native lipid nanodisc

is created it shall be quality control tested using Circular Dichroism (CD) to confirm maintenance of
the secondary structre, and HPLC SEC to confirm sample heterogeneity. The use of SMALPs in
PEGylation based accessibility assays and CPM based thermostability assays, along with their impact
on GFPTS thermostability assays, can be found in their respective sectiead.(.5VCINDY

Substrate Induced Accessibility Changes Are Similar Within Both Detergent and Native Lipid
Environmentsaand4.2.5Native Lipid Nanodisc Solubilised VcINDY Shows Extreme Thermostability

Along With Substrate Induced Destabilisajion
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Figure3.1.1-1 SMA polymer composition, showing a styregemalic acidg styrene monomer sequence.
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3.1.2 The Final Yield Produced From Affinity Purification of VCINDY Is Dependent Upon
Both the Composition and Concentration of the SMA Polymer Used For Initial
Solubilisation

As an initial test of compatibility, BL21(Al) membranes containing expressed VcINDY were solubilised

using varying concentrations of 3:1 SMA. The remaining insoluble fraction was separated through

ultracentrifugation, and the resultant samples were exaed through both total protein Coomassie

Blue staining and hitag specific westerblotting (Figure3.1.2-1). Thisresulted in successful

solubilisation of VCINDY, as a band of the expected MW was observed during western blotting of the

soluble fractions. Increasing the concentration of SMA usexttoeve solubilisation incrementally

from 1 % to 6 % appeared to result in increasing solubilisation of VCINDY, as the intensity of the

western blot detected VCINDY band decreased in the insoluble fraction and increased in the soluble

fraction. Examinatioof the Coomassie blue total protein stained gels revealed that while most
membrane proteins achieved almost full solubilisation at high SMA concentrations, being almost
entirely present within the soluble fraction, three distinct protein bands appearetemesistant to

total solubilisation, remaining partially within the pellet fraction even at 6 % SMA solubilisation.

Comparison to the VCcINDY western blots indicates that one of thesesoliabilisation resistant

proteins is VCINDY.

5% | 6%

Figure3.1.21 Solubilisation of VcINDY containing BL21(Al) membranes with varying concentrations of 3:1 SMA.
Percentage weight per volume SMA used for solubilisation is indidateav indicates hight of VCINDY baRd= Phet
(insoluble fraction), S = Supernatant (solubilised fraction). Western blot specifig¢dagdesl proteins, and therefor VcINDY,

is shown along with a total protein Coomassie Blue stain of the same samples.
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In order to examine whether this populatia@i nonSMAsolubilised VcINDY could be recovered
through repeat cycles of 3% SMA solubilisation, VCINDY containing BL21(Al) membranes were
solubilised with SMA before separation of the insoluble fraction through ultracentrifugation and
attempted resolubilsation of the remaining insoluble fraction. In this manner the membrane was
solubilised thrice with SMA, and finally once with DDM. The resultant soluble fractions were purified
through cobalt affinity purification as normage2.6.6Cobalt Affinity Purification (SMALP#jigure
3.1.22A). This provided two interesting results. Firstly, repeat rounds of SMA solubilisation did not
solubilise any additional VcINDY into SMALPs; it appears that there is a population of VCHiDY wit
the membrane which is in some manner resistant to SMA solubilisation. This population is, however,

able to be solubilised through treatment with detergent.

Secondly, the level of SMALP solubilised VCINDY compared to DDM recovered VcINDY in this
solubilsation series is unusually low given that 3% SMA should have already solubilised almost half
the available VcINDY, according to the previous solubilisation tFiglare3.1.21& Figure3.1.22B).

The previous experiment relied upon western bt@tsed detection of VCINDY, in contrast to the
current experiment which relied upon the affinity purification of solubilised VCINDY. As such it is

possible that DDM solubilised VCINDY is more readily purifiable than SMA solubilised VcINDY.

In order to examine this possibility, the affinity purification of aNIZ¥GFP conjugate solubilised

dzaAy3d o: {a! éla Y2YAU2NBR UGKNRdAZAK (KdgreRSGSOGAZ2Yy
3.1.22B). Of the VcINDGFRwhich was correctly inserted into the membrane, roughly half was

solubilised, in agreement with western blot dateiqure3.1.21). Of the solubilised &INDY, only

around 15 % was extracted through cobalt based affinity purification, indicating that SMALP

solubilised VCINDY was not binding effectively to the cobalt affinity resin. Binding levels were so low

that the flowthrough from affinity purificatiomttempts could be réncubated affinity resin multiple

times, continuing to extract comparable levels of VcINEFP on each round of binding.

99



In order to better examine the relationship between initial SMA concentrations and final purification
yield, VcIND containing BL21(Al) membranes solubilised with either 1%, 3%, or 5% SMA were
purified, with four cycles of rebinding to the affinity reskigure3.1.220). Interestingly, 1% SMA
solubilisation resulted in the highest yield of purified VCINDY, producing in the highest concentration
of purified VCINDY for all four cycles of resin binding, despite being the concentration known to
solubilise VCINDY leadfieiently. Additionally, increasing the incubation time of the solubilised
membrane samples with the cobalt affinity resin resulted in increased yields of purified VCINDY in all

cases.
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SMA1 | SMA 2 SMA 3 DDM
E1|E2|E3|E1|E2|E3| |E1|E2|E3|E1|E2|E3

Post-Lysis Pellet: 8.00

Soluble Protein: 54.10

Total: 100.00 Calls: 102.70

SMA Insaluble 17.00 I

1st E1: 310
SMA Soluble: 23,60 15t E2: 070

2nd E1: 0.78
2nd E2:0.10
did E1: 0.49
Jid E2: 0.08
4lh ET: 118 =
4th EZ: 0.26 —
Sth E1: 043
Sth E2: 0004
B Gith E1: 0.25
&th E2: 0.03

2 hours Over Night
Binding|1 %|3%|5 %1 %|3%|5%

First “--. ™
- — -

iy g

Second

Third

» g

P

Fourth

Figure3.1.2-2 Optimisation of the slubilisation and purification of VCINDY with SMA. Repeat solubilisation and

purification of a single VcINDY containing BL21(Al) membrane. The elution fractions from repeated solubilisation and
purification of the insoluble membrane fraction with three cycles of 3:1 SMA, followed by DDM detergent, gbown u
Coomassie Blue stained geésPurification of VCIND®FP using 3:1 SMA. Total VcINEFP content at each stage of the
purification is shown, as determined by fluorescence measurements and corrected for solution @dRuriécation of
VcINDY folling solubilisation with various concentrations of SMA and multiple rounds of binding to cobalt affinity resin,
shown upon Coomassie Blue stained gels. Incubation time with cobalt affinity resin is indicated for each solubilisation

concentration, along wit the number of bindings the affinity resin.
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In order to examine why this may be, the ratio of SMA to VcINDY present in samples of purified

VcINDY was estimated. This was done usingglva & LISOGNR aO2Lke | a F2fft26aY
extinction coefficient cald be estimated through the ExXPASy ProtPram server from its sequence as

57075 Mt cn! [88]. Using this value, examinationo®\. b 5, Qa | 0a2Nb Il yOS &aLISOd NI
nm coefficient to be estimated as 59113"m* (Figure3.2.2-2A). For SMA, a standard curve could

be constucted from known dilutions, allowing the 260 nm and 280 nm extinction coefficients to be
estimated as 12353 NMcnt! and 507 M cm! respectively for concentrations bellow 1981 (Figure

3.2.22B). Using these values, measurements of 260 and 280 nm absorbances can be used to

estimate SMA to VcINDY ratios for mixed samples through the solving of simple simultaneous

equations. This methodology was applibe purified VCINDY containing SMALPs produced using 1

%, 3 %, and 5 % 3:1 SMA, demonstrating them to contain VcINDY to SMA molar ratios of

approximately 5.0, 7.0, and 9.5 respectivétiglre3.2.220). This indicates that the increased initial
concentration of SMA, while allowing for a more effective solubilisation of VcINDY, leads to higher
concentrations of SMA throughout the purifiaati and into the final product, possibly interfering

with binding to the affinity resin. As such, excess SMA should be minimised.
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Example VcINDY Spectrum 260nm
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for calculations
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Figure3.1.23 Estimation of SMA / VCcINDY ratio for differing VCINDY SMALP prepsxample absorbance spectrum for
detergent solubilised VcINDE:.Standard curves for 3:1 SMA absorbance using weight average molecular weight for SMA,
note the saturation of absorbance at 260 nm occurring at concentrations far in excess of those found in SMALFCsamples.
Estimated molar ratios of 3:1 SMA / VcINDY id?adre shown for final elutions following solubilisation with varying SMA %

weight/volume concentrations.
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After the generous gift of 2:1 SMA from Dr. Alice Rothnie (Aston University), this alternative polymer
could be tested. VCINDY containing BL31(Aknibiranes were solubilised using 3 % 2:1 SMA, 3 % 3:1
SMA, or 5 % DDM, before purification and comparison of the final (redre3.1.24).

Solubiliséion using the 2:1 SMA polymer lead to a yield of purified VcINDY comparable to that
achieved through DDM solubilisation, and far higher than that generated through 3:1 SMA
solubilisation, indicating the 2:1 polymer to be far more suitable for use withI¥¢lthan the 3:1
polymer. While the exact reasons for this difference are unclear, further examination of this system
is beyond the scope of this thesis now that a useful yield of SMALP solubilised VCINDY can be

produced.

VcINDY can therefore be solulslisinto both 2:1 and 3:1 SMA polymer SMALPs, and while the 2:1
ratio polymer allows far more efficient purification, it is entirely possible to produce usable levels of
VcINDY SMALPs using the 3:1 ratio polymer so long as low polymer concentrationsldos thee

initial solubilisation of VCINDY.
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Figure3.1.2-4 Solubilisation and purification of VCINDY using differing SMA polym@ffinity purification elution
fractions for VcINDY solubilised using 5% DDM detergent, 3% 3:1 SMA, or 3% 2:1 SMA, shown upon Coomassie Blue stained

gels.
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3.1.3 SMALP Solubilised VcINDY pgars Correctly Folded, Monodisperse, and Highly
Thermostable

Before the newly produced VcINDY SMALPs could be used, quality control and characterisation of

these novel nanopatrticles was required.

In order toestablish the presence of a homogenous species, representing correctly folded VCINDY
embedded in a SMALP, and rule out the possibility that the produced SMALPs population consisted
entirely of aggregates, HLPC SEC was perforRigdr€3.1.31A). Three main observations were

made. Firstly, the presence of a clear, sharp, peak indicated the presence of a major homogenous
population. Secondly, this main gealutes slightly before detergent solubilised VcINDY, indicating a
larger particle size for SMALP solubilised VcINDY within lipid nanodiscs, compared to the detergent
solubilised VCINDY within micelles. Thirdly, there is a large shoulder eluting pitiernmain peak,

much of which begins to elute at the void volume, indicating the presence of a significant quantity of

very large molecules and/or aggregated material.

la GKAA {9/ O2ftdzry ot a f I (SN <ed¢325@lindisatiSnof tie2 NJ S & G A
Reconstitution of VCINDY into MSP1E3D1 Based Nanddiscsii KS {121 5Qa wl RAA 27
solubilised VCINDY can be estimated as 5.2 nm and 6 nm respectively. This additional 0.8 nm radius

indicates sufficient room for lipid inclusion within thesd.

bSEGEZ Ay 2NRSNI (2 O2yFANY (GKIG x0Lb5, Qa aSO02yRI N
far-UV CD was carried out. Due to difficulties in accurately determining the concentrations of both

detergent and SMA solubilised VCINDY, the resufipegtra were not expected to be of identical

magnitude; therefore the falJV spectra, once corrected for buffer effects, were normalised to

equal magnitudeKigure3.1.3-1B). This resulted in near identical spectra, showing the two troughs

within the 200¢ 230 nm range characteristic bfhelix containing proteins, indicating clearly that

the secondary structure of VCINDY is maintained similarly for D&t and SMA solubilisation.
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The stability of VCINDY within SMALPs was also tested through CD, following the reduction in signal
at 222 nm, representing the transition frofmhelix to random coil spectraigure3.1.310.

Detergent solubilised VCINDY is observed to undergo the transition to random coil, with an
estimated secondary structure melting temperature of 78189.92 (95% C.lI.). SMA solubilised

VANDY, however, only undergoes moderate alterations in signal, indicating melting to not occur
within the temperature range observed, denoting a high level of SMA thermostability, innkeeping
with data gathered through CPilhermofluor See4.2.5Native Lipid Nanodisc Solubilised VCINDY

Shows Extreme Thermostability Along With Substrate Induced Destabiljsation

The ability to carry out substrate binding and substrate dependent conformational change was
demonstrated through the established cysteine accessibility assay elsewhere in thisgshedid 6
VCcINDY Substrate Induced Accessibility Changes Are Similar Within Both Detergent and Native Lipid

Environment}
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Figure3.1.3-1 Characterisatiorof VCINDY SMALPA: In line 280 nm absorbance readings for HPLC SEC runs, showing
affinity purified samples of VCINDY solubilised with either DDM or 3:1 SMA, normalised to maximum fluorBsEantl/
circular dichroism of DDM detergent and 3:1 SMA solubilised VcTHB¥XMA solubilised VCcINDY spectra is corrected for
magnitude due to uncertainties surrounding its concentration. Average results from 3 scansGtH®eaundary structure
thermal denaturation of DDM and 3:1 SMA solubilised VcINDY observed throughrige oh&D signal at 222 nm.

Starting magnitude for SMA solubilised VcINDY is normalised for ease of comparison. Values are fitted to four parameter

sigmoidal melt curves, with 95 % C. |. shown for DDM solubilised VcINDY.
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3.1.4 SMALPs Have Been Employed ThroowghThis Thesis for Various Purposes
SMALPs have been used throughout this thesis. A brief summary of the major findings are presented
here for the reader merely interested in SMALPs themselves. For fuller discussions and the relevant

data, please view theelevant section.

In4.1.5VcINDY Substrate Induced Accessibility Changes Are Similar Within Both Detergent and
Native Lipid Environmentthe accessibility of key residues in the presence and absence of
substrates was compared between DDM and 3:1 SMA solubilised VcINDY. It was observed that the
level of MPEGS5K label required todéhimtroduced cysteine residues in SMALP solubilised VCINDY
was higher than that required to label DDM solubilised VcINDY, but the substrate induced

accessibility changes were identical between the differently solubilised forms of VCINDY.

In4.2.5Native Lipid Nanodisc Solubilised VcINDY Shows Extreme Thermostability Along With

Substrate Induced Destabilisatidhe thermostability of SMALPs was found to be extreme, able to
gAOGKAaGEFYR K2dzNB G ySFENI 02AfAy3a GSYLISNI GdzNBa 06S+
in sharp contrast to the lower thermostabiliogf DDM solubilised VCINDY. Additionally, it was

observed that the addition of succinate to SMALP solubilised VCINDY resulted in a reduction in
thermostability. Work examining lipisubstrate relationshipésee4.3.4The Effects of Lipids Upon

VCcINDYGFP Thermostability Are Altered by the Presence of Suctmaigested that this ragttion

in thermostability was likely due to succinate binding disrupting preligid interactions within the

SMALPs themselves, as the succinate bound protein preferentially binds alternative lipids to the

succinate free protein.

In4.4.6Preliminary MST Examination 8MALFSolubilised VcIND¥idicates that the SMALP System
May be Capable of Isolating Transient LipidiEonments the properties of VCINDY SMALPs
produced in the presence of succinate were found to differ from VcINDY SMALPs produced in the
absence of this substrate. This demonstrated an ability of SMALP nanopatticktain information

regarding the substrate binding state of VCINDY at the point of solubilisation, likely through the



isolation of transient, substrate dependent, VCINDY lipid interactions. This suggests that SMALPs
may be a useful tool for the exanation of dynamic lipid interactions, and raises a number of future

research questions.
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3.1.5 Chapter Summary
The solubilisation of VCINDY via the SMALP system has been trialled for the first time, allowing useful
yields of native lipid nanodisc solubilisedNDY to be produced, providing a viable alternative to

detergent or MSP nanodisc basedvitro examination of this protein.

SMA appears unable to achieve 100% solubilisation of VCINDY despite repeated treatments, with a
SMA resistant population of VcINB)pearing to be only solubilisable through detergent extraction.
This SMA resistant population likely consists of dense protein patches containing insufficient lipid
content to allow SMA accefkl3), as has been observed for a range of proteins in a variety of cell
types[110]111]. Itis likely that the introduction of additional lipids could allow the dispersal and
SMA solubilisation of these dense VCINDY patfhE3], however the introduction of additional

lipids is likely to alter the lipid compositions of the produced SMA®AsThis approach is therefore

not recommended, duea the possibility of creating nenative lipid nanodiscs, thereby forfeiting

one of the great advantages of the SMALP syq4&6nh

The initial concentration of SMA used to solubilise VaIN@s found to greatly impact both

purification efficiency, and the final product. Higher initial concentrations of SMA resulted in greater
solubilisation of VCINDY, but significantly reduced purification yield and increased SMA
concentration in the fingpurified product. The exact reasons for this are unclear, although previous
literature has recommended the use of buffer exchange to remove excess SMA from solubilised
membranes prior to the addition of affinity resin, demonstrating recognition of thetdatmus

interactions between excess SMA and affinity refl@s].

Existing literature has widely recognised the weak interactions between some SMALP solubilised
proteins and higag affinity binding resingl14], and many studies have adopted approaches to
compensate for this. Batch binding to affinity resin is common, either for two H8Gi©98], or
overnight[115][106][107][83][111], supporting the observation made here that greater incubation

times resulted in greatepurification yields. Furthermore, in this project only 10 mM imidazole was
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used when washing the resin bound VcINDY SMALPs in order to remogpagific protein

interactions, compared to 20 mM used for DDM solubilised VcINDY. This lower concentration was
adopted in order to preserve weak interactions between SMALP solubilised VCINDY and the affinity
resin, and similar low imidazole washes can be observed in the literature, employing Q165

mM [106], or even 0 mM imidazolg 15].

2:1 SMA solubilisation resulted in far higher yields of purified VCINDY than 3:1 SMA solubilisation. It
has previously been observed that while both of these polymers are similarly able to solubilise
membrane proteins, use of the latter polymer consistgmtsults in poorer purification yield$10].
Previously it has been unclear whether this difference in purification efficiency was due to
differences in affinity resin binding, or SMALP stalilify0]. Herein we have demonstrated SMALP
solubilised VCINDY to exhibit extreme levels of thermostability, a general behawhatir occurs for

both polymers (data not shown), therefore indicating that the discrepancy in purification efficiencies
between these two polymers is likely due to differences in their interactions with affinity resins, and

not due to SMALPs denaturing ahe course of the purification process.

The HPLC SEC UV absorbance trace generated for SMALP solubilised VCINDY is very similar to that
reported in previous literature, in which negative stain EM examination of the resultant fractions
indicated that thehigh MW peaks eluting before the main nanodisc peak consisted of large
membranous particles, generated by raniform SMA solubilisatiofL17]. The pesence of these

large membranous species after purification is a possible explanation for the poor SMALP

purification efficiencies. It is evident that these impurities can be removed through the use of HPLC
SEC based purification, although this procesgegally results in a mueteduced yield. The impact

of these membranous particles upon apparent protein function in biochemical assays is unclear,
although they do not appear to have interfered with the assays carried out within this thesis, in

which SMALBolubilised VcINDY behaves largely similarly to detergent solubilised VcINDY, with the

exception of thermostability assays, which are discussed elsewhere.
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Beyond the matters of purification, VCINDY SMALPs appeared to be an effective nanodisc system of
great use. In this chapter and elsewhere in this thesis VCINDY SMALPs have been shown through
HPLC SEC to contain an appropriately sized homogenous species, through calibrated SEC to possess
ample room for lipid content, through CD to have similarly formecbsdary structures to

detergent solubilised VcINDY, and through an accessibility assay to perform the same dynamic
substrate responses as detergent solubilised VCINDY. They have been effectively employed either to
confirm the validity of detergent basedeasurements, as in the case of PEGylation based

accessibility assaysge4.1.5VcINDY Substrate Induced Accessibility Changes Are Similar Within

Both Detergent and Native Lipid Environménts to demonstrate the importance of lipids and thus
open new avenues of research, as in the case of CPM thermofluor leading-ItiS@ER4.2.5

Native Lipid Nanodisc Solubilised VCINDY Shows Extreme Thermostability Along With Substrate
Induced Destabilisatioand 4.3 Aggregation Based Thermostability Measurements Indicate a

Complex Relationship Between Substrate Binding and Lipid Interacramthermore, by analysing
SMALPs through the high precision technique MST, the ability of the SMALP system to isolate
functionally important transient lijol environments is explored (sde4.6Preliminary MST

Examination oSEMALFSolubilised VcINDWdicates that the SMALP System May be Capable of

Isolating Transient LipichEironments.

SMALPSs have therefore been successfully applied to VCINDY, providing a simple and highly

compatible nanodisc system for the examinatiortto$ elevator mechanism transporter.



3.2 MSP Based Nanodiscs AllowsVitro Examination ofVcINDYn a Defined

Lipid Environment

3.2.1 Introduction

The importance of lipids in the study of membrane proteins has already been well introduced in this
thesis, with eamples of the practical difficulties involveseg4.2.6Direct Supplementation of Lipids

to Detergent Solubilised VcINDY Results in Poor CPM Thermofluor Pdipatissions of the crucial
roll played by lipids in elevator mechanism transpsggl.3 TheElevator Mechanism The

Importance of Lipids and novel observations indicating a complex but obscure relationship to exist
between VcINDY and the mengnre 6ee4.2.6Direct Supplementation of Lipids to Detergent
Solubilised VcINDY Results in Poor CPM Thermofluor Q4dtputThe Effects of Lipids Upon
VCINDYGFP Thermostability Are Altered by the Presence of Succinadd.4.6Preliminary MST
Examination oSEMALRSolubilised VcINDWdicates that the SMALP System May be Capable of
Isolating Transient LipichEironment9. As such multiple approaches to examining VCINDY lipid
relationships have already been presented. These include lipid supplementation of detergent
solubilised samples and the formationmdtive lipid nanodiscs known as SMAL8s chapter
introduction shall avoid, wherever possible, repeating information presented elsewhere, and will

focus on this particular system.

The MSP nanodisc system owes its existence to the ApoAl protein. This protein is the major

component of higkdensity lipoproteins (HDLSs); naturally occurring lipoprotein structures involved in

the trafficking of cholesterol in humans. It represents a natapproach to the solubilisation of

lipids for transport in an agueous environmd@t.8]. Consisting of a series of amphipathic helical

repeats with a modest cytoplasmic domain, this protein can be expressed and reconstituted in vitro.

By emplging purified ApoAl with careful control over the conditions and lipid content it was
L2aaArAotS G2 ONBIFGS aGRAAO0O2ARIf YAOStfSa¢éT RAAONEBI

ApoA1[119].
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These discs, while heterologous and unsuitable for use in biophysical studies, provided tantalising
evidence that a functional nanodisc system could be created and used to achieve thiéssaiab

of membrane protein$120]. AccordinglyT. Bayburt et a2002created the ApeAl derivative

Membrane Scaffold Protein (MSP), allowing the creation of far more homogenous discoidal micelles
[121]. With these tools, the reconstitution of other membrane proteins into discoidal micelles, or
AAYLX & ayly2RAa0a¢é 0S02YSa LI2aaAot SZudedt26Ay3
Further modifications of the MSP sequence have been made over the years, resulting in a range of
available MSP proteir{220]. For the work in this thesis the MSP derivative MSP1E3D1 shall be used.
MSP1E3D1 is modified in two ways from triginal MSP protein; a deletion of the ngnotein/lipid
interface residues-11, and the addition of three 22 amino acid alpha hel[8&3. This derivative

was chosen for use as the additional alpha helices result in the formation of larger nanodiscs, around
12 nm in diameter, in contrast to the 9.7 nm nanodiscs of M$P2]. The use of a larger nanodisc
reduces the risk of VCINDY being bound too tightly by the MSflsct behave in a physiological

manner.

The process of generating MSP based VcINDY nanodiscs differs greatly from that of SMALPs.
Reconstitution of a membrane protein into SMALPs merely requires a lipid membrane containing the
protein of interest to bancubated with the SMA polymer of choice, leading to the spontaneous
formation of native lipid nanodisd83]. Nanodisc reconstitution requires pure, detergent

solubilised, membrane proteins to be mixed with experimentally determined ratios of lipids and
MSP, before the detergent is gradualgmoved, forcing the constituents to form defined nanodiscs
[120]. A great advantage of this approach is the ability to define the lipid content of the nanodisc,

thereby allowing detailed investigation of the relationship between proteins amdslip

A prominent example of the power of these nanodiscs for the examination of elevator mechanism
transporters comes from work upon &ltThe protomers of this trimeric symporter were expected

to operate independently, however detergent solubilised stures predominantly showed the
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protomers to occupy the same state. Structures gathered in nanodiscs, however, demonstrated a
range of conformational ensembles, including those with differently oriented protof2&is
Accordingly, it is clear that the transition from detergent to nanodisc in some way alters the

dynamics bthis transporter, with the nanodiscs most likely to represent the native behaviour.

With the key role played by lipids in elevator mechanism transporter function discusdeilihe
Elevator Mechanism The Importance of Lipidshe ability of this nanodisc system to provide
customisable lipid environments, in a manner knowréve significant impacts upon elevator
mechanism transporterf7], will allow key questions raised by GF8 $ee4.4.7Chapter Summaljy

to be answered.

The aim of this chapter is simply to create a functional MSP based nanodisc system for VCINDY, a
process requiring the expression of two proteins (MSP1E3D1 and TEV protease) and multiple layers
of careful optimisatiorf120]. Once thesare created it is hoped that nanodiscs containing varying
defined lipid environments can be applied to the high resolution MST binding asss/4.1

Introduction) in order to assess the roll of lipids in substrate binding. The questions of whether the
low succinate affinity so far observeskg4.4.7Chapter Summailyis representative of the

physiological nature of the protein, and how theanplay between substrate and lipid preferences

affect binding affinity can be definitively answered using the tools developed in this chapter.
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3.2.2 Troubleshooting and Optimisation of MSP1E3D1 Production

Expression and purification of MSP derivatives for thigpse of nanodisc formation is a common
process, and such many labs already have well established protocols. Two expression protocols were
initially trailed for the expression of himgged MSP1E3D1, protocol 1 andrak{le3.2.21), and the
resultant protein purified through nickel affinity chromatograplsg€2.8.2Purification of

MSP1E3D1 Examination of the final elution products through Coomassie blue stained gels revealed
Condition 2 to produce significantly more M$&Ry(re3.2.21A) than Condition 1, however the yield

was poor, and due to the low levels of target protein the final elutions contained high levels of
contaminant resulting from nospecific protein interactions with the nickel resin. As such, neither

condition produced useful levels of MSP1E3D1.

1 2
Strain BL21(DE3) BL21(DE3)
Media 2YT B
Incubator shaker speed 210 rmp 210 rpm
Growthtemperature pre 37°C 37°C
induction
Induction Olgwo 3.04.0 2.2-25
IPTG concentration 1 mM 1 mM
Growth temperature post 28°C 37°C
induction
Expression time 4 hours 4 hours

Table3.2.2-1 Initial expression conditions trialled for the expression of fiégyged MSP1E3D1.



Due to this poor yield, two rapid optimisation experiments were carried out. In the first experiment,
a 1 L culture was grown according to #h&rent best conditions, and aliquoted to allow a range of
purification conditions to be trialled, quickly determining the optimal purification conditions for this

protein.

For this purification optimisation the possibility of large quantities of theresged MSP entering
insoluble inclusion bodies was examined through the solubilisation of the post lysis and clarification
cell pellet with 6 M Guanidine Hydrochloride (Gmd HCI) supplemented buffeGdimeiQ

concentration was maintained in all bufferatil the protein was bound to the affinity column, at

which point the sample was washed into ndanaturing buffer to allow refolding. Comparison of
MSP1E3D1 purified from the soluble fraction, and from the Gmd HCI solubilised pellet, showed that
while soubilisation of possible inclusion bodies from the pellet allowed additional protein, likely
MSP1E3D1, to be recovered, the MSP1E3D1 recovered from the pellet was of far lower yield and
purity than that purified from the soluble fractiofrigure3.2.21B). As such, it appears that the

majority of the available MSP1E3DL1 is not entering the pellet, and the solubilisation of inclusion

bodies does not greatly improve final yields.

Nickd and cobalt based affinity resins were examined, along with the timampge incubation with
the resin. Increasinthe incubation timeof the solubilised membraneith the affinity resinresulted
in therecovery of additional MSP1E3D1 for both nickel and cobalt based (Efinse3.2.21C and
Figure3.2.21D respectively)with both a change from flowthrough (no priorcinbation) to 30
minute incubation, and a change from 30 minute incubation to 16 hour incubation, resulting in
higher concentrations of protein being recovered into the final elwidn the case of all incubation
times trialled, nickel resins allowed tinecovery of higher quantities of protein than cobalt resins

(Figure3.2.21E).
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Figure3.2.21 Optimisation of MSP1E3D1 purification. Elution of MSP1E3D1 purified according to the two sets of

conditions detailed iTable3.2.21. Condition 2 forms the basis for further optimisation attempt€Elution of MSP1E3D1
purified either from the soluble fraction resulting from the clarification of cell lysate, or from the Gdm HCI solubilised
inclusion bodies from the same cell batch, expressed through conditil2tion of MSP1E3D1 expressed thioug
condition 2 and purified using nickel sepharose resin. Time of incubation of the clarified lysate with resin is shown, with
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ax

MSP1E3DDgressed through condition 2 and purified using cobalt sepharose resin. Time of incubation of clarified lysate
gAOK NBaAy Aa akKz2goys gA0K aFt2é AYRAOFGAY3I (GKS fealdasS G2
resin.E:Elution ofMSP1E3D1 expressed through condition 2 and purified using either nickle or cobalt resin, both with no

resin incubation prior to addition to the gravity flow column and overnighiipeabation of the clarified lysate with resin.



With purification optimigd, a range of expression conditions were trialled in small scale cultures and
the yield examined through purification, according to the optimal conditions established above.
Lowering Kanamycin concentration from 10§/ mL to 5Qug / mL, and again to 3000ug / mL

resulted in incremental increases in final MSP1E3D1 yield, likely do to reducing pressure upon the

expressing cell§{gure3.2.2-2A).

Varying combinations of growth temperatures (37°C and 25°C), inductieasOB.5 and 1), and
expression times (2, 6, and 6 hours) were compared in order to allow a quick exploration of the
effects of these factordqjgure3.2.2-2B-G). It was consistently observed that growth at 25°C resulted
in higher MSP1E3DL1 yields levels than 3Figlife3.2.22B), indicating that the slowed expression
rates encouraged by a lower incubation temperature were beneficial to production of this protein.
The lower expression Qfaof 1.0 appeared to consistently allow higher yields of MSP1E3D1 than
3.5 Figure3.2.220), as it seemed the expression of this protein was not taxicell growth and
therefore cell count could continue to increase even whilst expression continued. Finally, increasing
expression times from 2 to 4 hours, and from 4 to 6 hours consistently resulted in a higher yield of
MSP1E3Dat both 37C Figure3.2.22D &Figure3.2.22E), and 2%C Figure3.2.22F &Figure

3.2.22G),as production continued toutpace degradation in this slowly expressing system.

As an alternative approach, the MDA5052 system used for VCINDY expressidit (1.3MDA5052

/ Lemo21(DE3) ExpressipamployingLemo(DE3) cells in a complex, defined, autoinducing media,
was trialled as this system is known to be effective for difficult to express prd&2hdowever this
resulted in very poor yields compared to the BL21(DE3) approach examined tkitig) fae

3.2.22H).
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Figure3.2.22 Elution fractions of MSP1E3D1 expressed with variations on method Eluion fractions for MSP1E3D1

expressed according to condition 2, in the presence of varying concentrations of kan@ykition fractions for

MSP1E3D1 expressed according to condition 2, grown at either 37 °C o€25ldton fractions for MSP1B2 expressed
according to condition 2, whereby expression was induced either at OD600 = 1. EA#ON fractions for MSP1E3D1
expressed according to condition 2, whereby cells were harvested either 2 or 4 hours post induction of expression using
IPTG.E:Elution fractions for MSP1E3D1 expressed according to condition 2 with the modification of inducing expression at
OD600 = 1.0, whereby cells were harvested either 4 or 6 hours post induction of expression usmBIIR®G fractions

for MSP1EB1 expressed according to condition 2 with the modification of cells being incubated at 25 °C , whereby cells
were harvested either 2 or 4 hours post induction of expression using@GFHIGtion fractions for MSP1E3D1 expressed
according to condition 2 ith the modifications of indicting expression at OD600 = 1.0 and the cells being incubated at 25
°C, whereby cells were harvested either 4 or 6 hours post induction of expression usirgHERIEiGn fractions for

MSP1E3D1 expressed either accordingtalition 2, or through the Lemo21(DE3) MDA5052 expression system used for

the expression of VCINDY elsewhere in this thesis.
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The results of these two experiments indicated that MSP1E3D1 was produced at a leixicon

rate inE. coli resulting in modesyields. This differed sufficiently from existing reports of MSP

production that it became clear that something in the current expression system was behaving in an
unexpected manner. Two possibilities were considered; either the hard water content ofdent

y2G 0SAYy3 LINRPLISNI& NBY2OSR 08 GKS hiél 00 2LJdaNIAF/ASAR (i A
unexpected ions, or that there was a problem with the BL21(DES3) cell stock. Thus, new test cultures

were grown using the current optimal conditions (@§mLKanamycininduction Olgep= 1,

expression 2%C, expression time 6 h).

The change to ultrpure water had no impactgure3.2.23A), however the newly sourced
BL21(DE3) cells produced vastly more MSP1H3Bré3.2.23B). The source of the strange

expression behaviour was, therefore, found to be a faulty glycerol stock.
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Figure3.2.2-3 Elution fractions from troubleshooting of MSP1E3D1 expression using the best conditions as determined

in Figure3.2.22; 30pg/mL, 25C expression, indetion OQxge= 1, 6 hours expression timé: Elution fractions for
MSP1E3D1 grown in media containing either the Mpli@fied water used throughout this thesis, or with ultrapure
biotech grade waterB. Elution fractions for MSP1E3D1 expressed using either the original BL21(DE3) stock used thus far,

or a new stock of BL21(DE3).
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Moving forwards, the purification optireation data was perfectly usable, and would continue to
define the purification conditions used. The expression, however, would need totestesl. Now

the expression levels exhibited by the fresh BL21(DE3) stock were sufficient for a Coomassie blue
stain of clarified lysate to clearly observe any change in expression. Again, a combination of
conditions were examined in order to allow swift one shot optimisation of expression, effectively
establishing the optimal set of conditions for expressieigre3.2.24). The highest expression of
MSP1E3D1 clearly occurred with an inductiondo@f 2.2, an expression time of 4 hours, and an

expression temperaturef 37°C.

Now, with expression and purification optimised, the protein could be produced in large quantities
without difficulty. Large scale expression using this system produced ~127 mg of MSP1E3D1 from 6 L

of original culture, giving a yield of ~21 myg Figure3.2.2-5).
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Induction ODgyq [2.2]2.2]2.2]2.2| 1|1 |4 | 4
Expression Time |4h|2h|4h|2h|4h|2h|4h|2h

10

Figure3.2.24 One shot optimisation of MSP1E3D1 expression with variants of methdau2 to the high expression

levels purification was not required for screening. Instead Coomassie blue stained clarified lysate is shown.

FT [W1/W2|NiA|NiB|E1 |E2 |[E3 |E4

' | ! ,

15~

10

Figure3.2.2-5 Final yield of MSP1E3D1 produced with optimal conditions and fresh BI21(DE8)esults of nickel
Sepharose affinity purification are shown. Fractions: FT = Flowthrough. W1 = Wash 1. W2 = Wash 2. NiA = Nickle buffer A.

NiB= Nickle buffer B. E4 = Elution fraction-4.
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3.2.3 Optimisation of TEV Protease Production

Now that MSP1E3D1 could be produced at acceptable levels, the next component of the nanodisc
process could be optimised. The current MSP1E3D1 construct containteanirdl his tag, used for
purification of the protein. In order to be compatible with later steps in the nanodisc creation
process ¢ee3.2.50ptimisation of the Reconstitution of VCINDY into MSP1E3D1 Based Napodiscs
this his tag must be removed through the cleavage of a TEV protease recognitidriggite (

3.2.31A) [87].

In order to achieve this, TEV protease was produced recombinantign\&pressed alone iB. coli,

TEV protease folds poorly, rendering the majority of produced protein insoluble and uni2Ble

In order to compensate for this, TEV prage is expressed linked to Maltose Binding Protein (MBP),
which acts as a folding chaperone. The construct used here contains a TEV cleavage site between
MBP and TEV, allowing specifivivocleavage to separate these two proteins, providing a pure

product (Figure3.2.31B) [123][124].

In order to swiftly optimise the expression of TEV protease, existing protocols were compared
through the growth of small scale 10 mL cultures, cell pelleting, resuspension and lysis in 1 mL of
lysis buffer, and examitian of the clarified lysate by Coomassie blue staining EGFHOD$or
details). All cultures were LB broth + 10§/ mL ampicillin, grown until an @fgof 0.6 at which

point expression was induced through IPTG addition, and expression continuedgtwebiffering
IPTG concentrations, 0.4 mM vs 1.0 mM,-pr@uction growth temperatures, 37C vs 25C, and
postinduction growth temperatures, 37C vs 25C, were trialled. It was observed that the highest
expression of TEV protease was achieved using 0.4 mM IPTG and a constant concentratién of 37

(Figure3.2.32A).

Using these conditions, large scale expression allowed ~136 mg to be produced fréiguge. (

3.2.32), giving a final yield of ~22.7 mg/L



MSP1E3D1

TEV

Protease

Figure3.2.3-1 Location of TEV protease target sequences in expressed constAld#dSP1E3D1, showing the TEV target
sequence located to allow cleavage and removal of theslgi§87]. B: TEV protease expression construct, showing the TEV

target sequence located to allow in vigizavage and removal of the MBP expression chapd@8j[124].

IPTG Conc. (mM)|0.4 1.0[0.4 1.0 0.4 1.0 FT W E
Growth Temp. 37°C | 25°C | 25°C 2§8
Expression Temp.| 37°C | 25°C | 37°C %00
70
38 L 55— .
100
70 »
55 39 .
35— 25 14 | .
25
1514
15—
A B 10—z —

Figure3.2.3-2 Production of TEV proteasé: Clarified lysates for BL21(DE3) cells expressing TEV protease with varying
incubation temperatures and concentrations of IPTG used to induce expression. While TES¢ BnotddBP are produced

at an equimolar ratio, the far larger MBP protein stains to a greater intensity. MBP intensity is, therefore, a usefué measur
of TEV expression leveis Nickel sepharose based affinity purification of TEV protease producedtbedsgst stablished

conditions. Labels: FT = Flowthrough. W = Wash. E = Elution.
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Now that MSP1E3D1 and TEV protease are alide faroduced in sufficient quantities, the removal

of the histag from MSP1E3D1 by TEV protease must be optimised. Step 1 of this process is to ensure
sufficient cleavage takes place. Literature conditions for this process vary from 18 {Cavi28 a

1:30 ratio of TEV to MSP1E3[B¥][125]to 1.5 h at room temperature with a 1:150 ratio dEV to
MSP1E3D[126]. Here, 3 hours at room temperature was trialled with varying ratios. Due to the

drop in molecular weight associated with the removal of thethgs the process was assessed

through Coomassiblue stained gels. The addition of TEV protease resulted in some cleavage of
MSP1E3D1 in all conditiorfsigure3.2.41A). Low levels of TEV proteasech as 1:200, resulted in

only partial cleavage under these conditions, demonstrated by the separation of MSP1E3D1 into two
bands, one of the original MW, and new, lower MW, band representing MSP1E3D1 without the his

tag region. Increasing the levelsTEV protease used to a ratio of 1:50 TEV to MSP1E3D1 or higher
resulted in almost complete cleavage of the MSP1E3DL1 his tag, and depletion of the band
representing uncleaved MSP1E3D1. As such, a TEV protease to MSP1E3D1 ratio of 1:50 will be used

as standed from hereon.

Step 2 of this process is to ensure the cleavedduss effectively removed. This is performed
through reverse affinity chromatography, as the cleaved protein mixture is passed over an affinity
column, sequestering the cleaved tag anidwing hisfree MSP1E3D1 to flow through. Initially,
cleaved MSP1E3D1 was incubated for one hour with nickel affinity resin in the presence of 50 mM
Tris pH 7.0 and 200 mM NacCl before purificatmae.8.2Purification of MSP1E3DPFigure

3.2.41B). While this approach effectively removed the cleaved his tag from the flowthrough, the
majority of cleaved MSP1E3D1 was also lost from the flowthrough, largely entering the elution
fractions along with the cleaved Higg. This is likgldue to interactions between these amphipathic
helices causing hisee MSP1E3D1 molecules to-porify with the few remaining uncleaved

MSP1E3D1 molecules.



In order to compensate for this a rapid optimisation experiment was performed. Previous literature
supports either the substitution of the nickel based resin for cobalt based [E2#], or

supplementation with the detergent cholir{87][125]. Cobalt and nickddased resins were directly
compared Figure3.2.410), showing that while nickel resin lead to both MSP1E3DL1 itself and the
cleaved higag occurring predominantly in the wash and elution fractions, cobalt resin led to both
MSP1E3D1 itself arie cleaved his tag occurring predominantly in the flowthrough elution

fractions. As such, neither resin provided the desired separation of MSP1E3D1 and cleaved his tag

under these conditions.
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Figure3.2.41 Initial optimisation of the cleavage and removal of the MSP Hég). A: Trial digestions for various ratios of
TEV protease to MSP1E3D1, including a zero TEV control. Digestion is carried out over 3 hours at room temperature.
Digestion can be aserved through the reduction in molecular weight after the removal of theagiSB: Initial attempt at
removal of the cleaved hiag from MSP1E3D1 through reverse affinity purification, using a on hour incubation with nickel

based affinity resin with no additiveS:Comparison of nickel and cobalt based resins for the removatéafi¢aved hisag

from MSP1E3D1 through reverse affinity purification.
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The effects of the addition of 10% glycerol to the buffers in order to break hydrophobic interactions,
or 50 mM cholate to fully coat the hydrophobic patches upon the MSP moleeudes,trialled for

both affinity resin types. For cobalt based purification, the introduction of 10% glycerol increased the
proportion of the cleaved hitag found within the elution fraction, and the introduction of 50 mM
cholate increased the proportionf @SP1E3D1 found within the flowthrough fractidfigure

3.2.42A). Both supplements therefore improved the level of separation between MSP1E3D1 and the
cleaved higag during cobalt based reverse affinity purification, but failed to provide sufficiently high
levels of separation. For nickel based purification, the introduction of 10% glycerol increased the
proportion of MSP1E3D1 found within the flowthigluand increased the proportion of cleaved-his

tag found within the elution fraction, while the addition of 50 mM cholate provided similar effects,

but of a far higher magnitudd-{gure3.2.42B). Nickel based reverse affinity purification in the
presence of 50 mM cholate therefore allowed effective separation of MSP1E3D1 and the cleaved
histag, with the majority of MSP1E3D1 being found in the flowthtoagd wash fractions, whilst

almost all of the cleaved hiag was found in the elution fraction. As such, nidkated resin with

the supplementation of 50 mM cholate is chosen for future use in this process.

During this optimisation a wash of 2 columrwmes (2CV) has been used. For the final adaptation

to this process, the wash volume is increased to 5 incremental 2CV additions to ensure all possible
cleaved MSP is recovered. With this final modification, the process is ready to be used in large scale
processing of MSP, providing high levels of separation as the vast majority of MSP1E3D1 is found
within the flowthrough and wash fractions, while almost all the cleaveddyds found within the

elution fractions Figure3.2.420).
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Figure3.2.42 Optimisation of the removal of the MSP hiag. A: Effect of the addition of 10% glycerol or 50 mM cholate

to cobalt based reverse affinity purification removal of cleaveddgsrom MSPB: Effect of the addition of 10% glycerol or

50 mM cholate to niel based reverse affinity purification removal of the cleaveddigigrom MSPC:Final reverse affinity

purification basedemoval of cleaved hiag from MSP1E3D1 using nickel resin with 50 mM cholate supplementation and

additional wash steps. Labels: FT FT = Flowthrough. W = Wash. E = Elution.



3.2.5 Optimisation of the Reconstitution of VcINDY into MSP1E3D1 Based Nanodiscs
The first parameter of this process which must be optimised is the ratio of VCINDY to MSP1E3D1.
Previous work on the related elevator mechanism transportes,@&tnd the optimal ratio to be 3:5
[27], however protocols provided by another laboratory for VCINDY specific work suggested a 1:25
ratio to be optimal. In the facef such uncertainty a screen of possible ratios was carried out,

namely 1:2, 1:5, 1:10, and 1:25.

The reconstitution method used here is a biobead based method. VcINDY, MSP, and Lipids are mixed
at the desired molar ratio and allowed to equilibrate 4C4or one hour, before the addition of 0.25

g/mL biobeads, followed by another 3 hours of incubation“& t allow detergent removal. After

this, the hopefully reconstituted VcINDY nanodiscs are incubated with nickel affinity resin and

separated from emptyanodiscs through standard affinity purifications.

These test ratios of VCINDY to MSP1E3D1 were examined with a fixed VcINDY to Lipid ratio of 1:500,
usingE. Colilotal Lipid Extract (s€kable4.3.41). It was observed that the level of VCINDY found in

the flowthrough, likely aggregate unable to bind to the resin, compared to the level of VCINDY co
eluting with MSP1E3D1, likely indicating nanodiscsegareatly with differing MSP1E3D1 to

VCINDY ratiodgure3.2.51A-D). 1:2 resulted in by far the most lost VCINDY, while 1:5 appeared to
result inthe highest level of VCINDY incorporation into possible nanodiscs, with almost all VcINDY
remaining soluble and eeluting with MSP1E3D1 under this condition. The lower ratios, 1:10 and

1:25, while also showing little lost VCINDY in the flowthrough, shdaedr levels of incorporation

of VCINDY into the elution fractions, especially the 1:25 ratio. As such the 1:5 ratio of VCINDY to

MSP1E3D1 was carried forward as the optimal ratio.
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Figure3.2.51 Reconstitution of VCINDY into MSP1E3D1 nanodiscs using varying ratios of VCINDY t8IMSP.
reconstitutions are performed with a VcINDY to TLE ratio of 1:500. Reconstitutions were carried out through one step
removal of detegents with Biobeads. Reconstituted VcINDY nanodiscs were incubated with nickel affinity resin and purified,

removing empty nanodiscs and aggregates. The ratio of VCINDY to MSP for each experiment is indicated.
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Now that a good reconstitution efficiencyatl been achieved, with sufficient yields of VCINDY

remaining solubilised in the absence of detergent, the homogeneity of the produced nanodiscs had
to be examined and optimised. Putative nanodiscs produced through VcINDY to MSP1E3D1 ratios of
1:25 and 1:5vere analysed through HPLC SEC with inline Zbdeéection. This resulted in two
overlapping peaks in both instances, around 10.5 mL and 1Figuré3.2.52A), not the single peak

desired, indicating that optimisation of the VCINDY to lipid ratio, currently 1:500, was required.

A lower lipid concentration was trailed, with a VCINDY to MS3Fkypid ratio of 1:5:100, producing

highly efficient reconstitution as followed by Coomassie blue stained gels. This new ratio resulted in
a clear change to the absorbance trace generated through SEC arfalysie3.2.52A), with a clear
reduction of the 12 mL peak intensity in comparison to the 10.5 mL peak. Examination of fractions
produced by this run through Coomassie blue stainedISBSE shows theahd representing

VCINDY disappearing from later peak fractions while MSP reniEqe€3.2.52B), indicating that

the 12 mL peak observed in these teads in fact empty nanodiscs.
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Figure3.2.52 HPLC SEC in line 280 nm absorbance- readings for varying VCINDY nanodisc reconstitutioAratios.

Putative VcINDY nanodiscs created using differing reconstitution ratios of VCINDY : MSP1E3D1 : TLE lipids are shown. A
reference detergent (DM) solubilis@dT VcINDY trace is displayed on a second axis for comp&iJdre 280 nm

absorbance spectrum of putative VcINDY nanodiscs reconstituted using the 1:5:100 ratio of VCINDY : MSP1E3D1 : TLE, with

elution fractions shown through Coomassie blue staining.



In order to confirm this observation, the SEC column, a Superdrex 200 Increase 10/300 GL, was
calibrated against known commercial standarflalfle3.2.51). While SEC calibration is often viewed
as a technique for the estimation of protein molecular weight, it is more accurately a technique for
determining the frictional coefficient of molecules. While molecular weight and frictional coefficient
will correlae for uniformly shaped proteins, these two parameters deviate substantially for proteins
of differing shape$§l127]. The frictional coefficient may not seem of greaeuhowever for practical
purposes this value can be substituted with the Stokes Radius; the radius of a smooth sphere
possessing the same frictional coefficient as the molecule in queldtitd]. As such, calibrating the
column according to known Stokes Radius values will allow rough estimation of the sizes of
molecules run on the SEC column, remembering that the values found will not account well for

features such asllipticity and will include any hydration shells.

The calibration run was effective, with all standards resolved into clear pEajkg€3.2.53A),
allowing calibration curves to be plotted and equations to be derived for both estimated molecular

weight Figure3.2.53B &Figure3.2.530) and Stokes RadiuBigure3.2.53D & Figure3.2.53B).

Applying this to the data already gathered it is seen that18.5 mL peak has a Stokes Radius of

around 7 nm, while the 12 mL peak has a Stokes Radius of around 5Fgume3.2.53F. Common

literature estimatons of empty MSP1E3D1 size to range from 5.5 to 6.0 nm, as determined through
Analytical Ultracentrifugation (AUC28][129]and Small Angle-Ray Scattering (SA{$30]. These

@t dzSa | AINBS ¢Sttt gAGK GKS {(i21SQa& wlkRAdzA SadAyl
to represent empty nanodiscEigure3.2.53F). Observing the relative hight of this putative empty

nanodisc peak compared to the putative VCINDY containing nhanodisc peak in the 1:25:500

reconstitution sample compared to the 1:5:500 restitution sample, it is seen that a reduction of

excess MSP1E3D1 leads to a reduction in the formation of empty nanodiscs compared to nanodiscs

containing VCINDY; a reasonable observation which supports this identification of the peaks.
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The yield and qudy of reconstituted VcINDY nanodiscs has therefore been greatly improved over

the rounds of optimisation carried out herein, with a VCINDY to MSP to TLE ratio of 1:5:100 providing
the highest level of incorporation of VCINDY into homogenous hanodiscevieofuture work

should be carried out in order to further improve the heterogeneity of the reconstituted samples

through fine tuning of the constituent ratios and alterations in the reconstitution method itself.



Protein Mw (kDa) Stokes Radius (nm)
Thyoglobin 669 8.5

Ferritin 440 6.1

Aldolase 158 4.81%

Conalbumin 75 3.64

Ovalbumin 44t 3.05

Carbonic Anhydrase 29 2.3

Ribonuclease A 13.% 1.64

Table3.251a 2t SOdzf  NJ 6 SA3IKG A

GE Healthcare Gel Filtration Calibration Kits used to calibrate the superdex 200 increase 10/300 HPLC SEC column.

Values taken from the GE HealthedGel Filtration Calibration Kit ManualValues absent from GE Healthcare

{21504 wl RAdza &A1l

documentation taken instead from Sigma Aldrich documentation of the equivalent product.
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Figure3.2.53 Calibration of the superdex 200 increase 10/300 SEC coldmimitial calibration run. The following

proteins were loaded onto the column simultaneously, and their resultant absorbance peaks are labelled; 3 mg/mL
Thyroglobin, 0.3 mg/mL Ferritin, 3 mg/mL Aldolase, 3 mg/mL Conabumin, 3 mg/mL Ovalbumin, 3 mg/mlc Carboni
Anhydrase, 3 mg/mL Ribonucleasd3A<nown molecular weights of standard proteins against retention volume as
determined in part A of this figur€:Logarithmic fitting of molecular weight and retention volume, producing a standard
curve applicable tsimilarly shaped globular proteind: Known Stokes Radii of standard proteins against retention volume
as determined in part A of this figurg:Logarithmic fitting of Stokes Radii and retention volume, producing a standard
curve for estimation of Stoké&adii of unknown molecules: Estimated Stokes Radii of major peaks produced by VcINDY
nanodisc reconstitutions with varying VcINDY : MSP : TLE ratios, in order of elution. Literature estimations of empty

MSP1E3DL1 sizes are indicated by horizontal éindsa highlighted rangfl128][129]130].
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3.2.6 Chapter Summary

The creation of MSP based nanodiscs required the expression and purification of two proteins,
MSP1E3D1 and TEV protease. High throughput troubleshooting work was carried out upon
MSP1E3D1 production, greatly improving the existing purification protocolisadvering issues

with the laboratory stocks of BL21(DE3) cells. Further high throughput optimisation allowed a final
yield of 21 mg / L to be achieved using simple TB media. The other protein, TEV Protease, benefited
from lessons learnt in MSP1E3D1 apsation, being expressed with the fresh BL21(DE3) cells
throughout its own optimisation process, allowing yields of 23 mg / L to be achieved using simple

2YT media.

Next, MSP1E3D1 needed to be processed ready for use. During nanodisc reconstitution VCINDY
containing nanodiscs are separated from empty nanodiscs through affinity purification using

+ OL b 5 -taQ,anakiqg itiital that the MSP1E3D1-tag is cleaved by TEV Protease and removed
from solution through reverse affinity purification. The enzyimateavage itself proved to be a
robust and simple process, performing effective cleavage with a TEV protease to MSP1E3D1 ratio of
1:50, similar to the 1:30 ratios used in previous publicaf@¥][125]. Balancing the removal of the
histag from cleaved MSP1E3D1 solutions with retention of thdrbis form of MSP1E3D1,

however, required carfell optimisation. In agreement with previous literature, the addition of 50
mM cholate, a mild detergent, was found to break repecific interactions between the

amphipathic MSP1E3D1 helices, greatly aiding the efficiency and effectiveness of the pratess
allowing high levels of separation to be achiey@d|[125], although it is noteworti that the

addition of 10 % glycerol also aided the efficiency of this process, and while not as effective as
cholate addition, the addition of glycerol is a potentially useful alternative in cases for which

detergent addition is undesirable.

Optimisationof nanodisc reconstitution took place in two stages. In the first stageP2OE gels

were used to follow the quantity of VCINDY maintained in solution in the absence of detergents and
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associated with MSP1E3D1, finding the VcINDY to MSP ratio of 1:@ptital. In the second

stage, calibrated HPLC SEC in line 280 nm absorbance was used to optimise the heterogeneity of the
VCINDY containing nanodisc samples. Through adjustment of reconstitution ratios, including
reduction in excess MSP and lipids, thegundion of VCINDY containing, homogenous, nanodiscs

could be greatly increased, with a VCINDY to MSP1E3D1 to TLE ratio of 1:5:100 as the best known

condition thus far.

Unfortunately, due to the COVAI® pandemic, further optimisation was not possible. Next
objectives would be to continue to alter the current ratios in order to improve the homogeneity of
the SEC Aotrace, as well as optimise the reconstitution process. The current process uses a single
addition of 0.25 g/mL bideads to remove detergent ev three hours, although previous work has
found sequential smaller bibeads to be effective, and it has been noted in literature sources that

careful control of the bidbead ratio is important for effective nanodisc formatif3v][126].

The nanodiscs produces herein were briefly trialled in M8&4.4.1Introduction) where they

showed similar affinity to DDM detergent solubilised VcINDY, however due to the aforementioned
lab shutdown experiments examining the effects of defitipidl environments on stability

(examined through CPM thermofluor), affinity (examined through MST) and dynamics (examined

through cysteine accessibility assays) could, sadly, not be carried out.

In this chapter, therefore, the groundwork has been laidviorking with VCINDY within controlled
nanodisc environments. The production of two proteins, MSP1E3D1 and TEV protease, has been
optimised, along with the cleavage and removal of the MSP1E3Badhithe determination of

suitable VcINDY to MSP1E3Dlasfor efficient reconstitution, and a greatly improved VcINDY to
TLE ratio has been established for the formation of homogenous nanodisc samples. The tools and
techniques required to finish the optimisation of this nanodisc system are fully establisheid he

and will allow future experimentalists to rapidly begin using VcINDY nanodiscs in order to answer a

wide range of questions as to the functional nature of this elevator mechanism transporter.

143



144



4 Resultsc Examination of The Mechanism and
Interactionsof VCINDY
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4.1 Single Residue Accessibility Assays Reveal Substrate Driven Conformational

Changes

4.1.1 Introduction

Cysteine is a uniquely useful amino acid for biochemical research. Accounting for around 1% of
naturally occurring residues, this amiaoidis sparingly used in natuf&31]. When it does occur it
follows distinct patterns of conservation, with cysteine residues typically possessing either extremely
high or extremely low levels of conservation, representing the tight evolutioc@amjrol over the

placement of this key residy&32].

Chemically, the large atomic radius of sulphur along with the low dissociation energy eHthe S
bond, combined with the moderate pKa of ~6, allow nucleophilic and radtixe functions to be

performed and controlled im manner unmatched by other residugs83][134]. This allowsysteine
to take up a diverse range of roles, including metal binding, catalytic nucleophile action, redox

catalysis, regulation, and structural disulphide formatjib84].

It is no coincidenceherefore, that this uniquely active residue is of great value to biochemical
techniques. The field of bioconjugation focuses on the covalent modification of protein residues
through a multitude of approaches, many of which which are better reviewed &lsev
[135][136][137][138]. Within this field, cysteine is@articularlyuseful target. Firstly, as mentied

above, it is amenable to reaction with a range of diverse chemical labels. Secondly, due to its low
abundance many proteins will have only a few native cysteines, which can be removed through
mutagenesis to produce cysteine free backgrounds upon wieglhcysteines can be introduced.
Through this approach, a single, controllable, chemical target can be placed anywhere on the protein

without fear of unwanted side reactions with other native residues.

Any chemical reaction with this single cysteine rasiwvill, of course, depend on the position of the
cysteine within the protein; if a residue is buried within the tertiary structure, reactive molecules

may be unable to interact with it. This simple fact allows accessibility assays to be performed,
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wherebythe observation of cysteine labelling can report on whether the cysteine residue is solvent
accessible. The means of labelling vary throughout the existing literature; with multiple approaches
to the detection of solvent accessible cysteines having beseldped. Perhaps the most prominent
example of this general method, known as siieected alkylation, can be observed in work carried
out on the LacY transporter. On this transporter, dozens of positions have been examined in multiple
studies, with mulgple techniques applied. Fluorescent labelling with tetramethylrhodar®ne
maleimide (TMRM) followed by detection of fluorescent intensity produced accessibility data
broadly in keeping with that gathered through radiolabelling with radioactijethlyl-1-
14Clethylmaleimide (NEM139], followed by detection of radioactive sigrja#0]. Both studies

observed clear substrate induced accessibility changes, indicating shifts to the inward and outward
facing states, dependent upon the substrates adff2D][140]. A further study employing the

TMRM labelling approach confirmed that the accessibilities observed, along withahgehin
accessibility induced by the addition of substrate, were identical for both detergent and nanodisc
solubilised LacM41], indicating the method of solubilisation to not greatly imptdetse assays. The
method of detection, therefore, may vary but the technique of examining cysteine accessibility to

gather structural and dynamic data is both consistent and powerful.

Another notable approach to cysteine accessibility assays is theéviatah of the protein through

cysteine specific binding, followed by activity assays to detect the level of inactivation. This has been
used to detect a substrate dependent shift to the outward facing state for the Tyt1 transporter

through the monitoringof transport inactivatiorf142], and the reciprocal effects of cocaine and

ibogaine on the LeuTiry & LJ2 NIi SNR& O2y F2NX I A2y GKNR[Z3IK GKS
Accessibility may also be detected through is the labelling of accessible cysteines with a non
fluorescent dye, followed by denaturation and the labelling all free, previously inaccessible,

cysteines witha fluorescent dye so that a reduction in fluorescence indicates an increase in

accessibility, as has been performed successfully for the LeuT transiai4ér



In all the cases discussed above, substrate additions have resulted in accessibility changes,
transitioning the transporters involved to either their inwamr outwardfacing states. VcINDY
dynamics are poorly understood, and as such the effects of @atbdbinding on the dynamics of this
elevator mechanism transporter are currently unknown. Given the remarkable record of cysteine
accessibility assays for detecting these nuances of transporter behaviour, we developed an assay to
LIN26S =+ OL b5  néldyndnybaseddpdn iha nding of the cysteine specific maleimide

Poly(ethylene glycol) methyl ether (NPEG5K), detected through the increase in mass gained upon

the binding of this 5 kDa tag.
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4.1.2 VcINDY Substrate Induced Conformational Changes are DatéetThrough

Cysteine Accessibility Measurements
mMPEG5K is a walharacterised cysteine modifying compound with two main caveats. Firstly, the
bulky nature of this compounds means that it is sterically unable to birggteineresidues which
are partialy blocked by the tertiary structure. Secondly, the reaction between mPEG5¢y sieihe
is slow, with a timescale of minutes, not secofit¥s]. For our purposes, however, these are
advantageous features. The inability of this compound to react with partiallydedicysteine
residues makes it an effective reporter on their changing accessibilities, and the slow reaction allows
us to easily quench mPEG5K reactions through the addition of a faster, competing, cysteine reactive

compound.

Acysteinefree VCINDY mutarbackground is used for these experiments, with fmative cysteines
introduced at locations of interest. The criteria for the selection of cysteine locations were threefold;
low evolutionary conservation, predicted alteration in accessibility based istirexinward and
outward-facing model$81], and the ability of the single cysteine mutant to carry out transport as
determined through radiesuccinate transport assays, indicating their ability to sample all states

required for transport.

The VcINDYsiesM157C mutant was known from prexis work to be succinate responsive

(unpublished data), and as such was used for proof of principle experiments.

DM solubilised VcINR¥M157C was incubated in the presence of mPEG5K at room temperature

in order to allow labelling to occur. Throughdhe reaction, samples were quenched through the
addition of a large excess of methMITS (MMTS) in a denaturing SBSGE sample buffer, rapidly
reacting with all cysteine residues as yet unmodified by mPEG5K and preventing further PEGylation,
therefore capuring timepoints. As mMPEG5K is a 5 KDa mass tag, PEGylation can be observed on a
standard Coomassie Blue stained $I2&E gel as an increase in MW. Through the use of such a gel,

a 5 KDa higher MW band can be seen to form over the course of the expeas\®itiNDY becomes



PEGylated over time. The proportion of VCINDY remaining in the low MW unPEGylated band can be
compared to the proportion which has entered the high MW PEGylated band through densitometry,

allowing the rate of reaction to be assessed.

The expected high MW band was observed to form during the Homg experiment, increasing in
density over time and confirming the labelling process to work as intenéigdie4.1.2-1A). By 1
hour, around 60% of VcINDY had been PEGylated, indicating that the experiment was operating at a

rate which could easily detect both increases and decreases in the rate of PEGylation.

For the remainder of this chapter, SPAGE gel images can be found.ibAppendix I Raw

PEGylation Datawith each gel clearly identifiable by the number indicated here.

Now it has been observed that this system can detect mPEG5K conjugation over time, the suitability
of this system for observirgubstrate induced changes must be confirmed. As VaNEM157C is

known to be succinate responsive, a succinate titration was carried out in order to demonstrate

dose dependencyHgure4.1.21B ¢ Appendix 1 #15R-1, #157R-2-Chris). Increasing concentrations

of succinate were observed to result in increasingly supressed levels of PEGylation, demonstrating a
clear dose dependency, and confirming tidglity of this system to report on varying degrees of
substrate interaction. It is worth noting that of the two replicates in this figure, one was carried out

by Dr. Christopher Mulligan at the NIH in the USA, while the other was carried out by myielf at

University of Kent in the UK; representing a high level of intercontinental repeatability.
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Figure4.1.21 Principle of the mMPEG5K accessibility asgayExperimental overview, showing how a single cysteine

VcINDY mutant, along with any desired substrate, is mixed with the slow reacting mass tag mPEG5K and allowed to
undergo a labelling reaction until quenogiis performed in a denaturing buffer containing an excess of the fast cysteine
reacting MMTS. This results in a series of timepoints which can be visualised through Coomassie Blue s2/®H S
quantified through densitometry, quantifying the pation of the protein which has reacted with the 5 kDa mPEG5k mass
tag at each timepointB: Dose dependent effect of Succinate on the labelling of Velhdd157C PEGylation in the
presence of 150 mM sodium. The proportion of VchyHed1157Creacted with the mPEG5k mass tag at each timepoint is

indicated.
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4.1.3 Monitoring of Single Residue Accessibilities Reveals Novel Conformational
Responses to Substrate Addition
Now that an accessibility assay has been established and shown to be substratesiespthe
impacts of substrate addition can be examined. VCINDY conducts substrate transport through an
elevator mechanism, in which transition from the inward the outwardfacing state is predicted to
be facilitated by a rigid body movement of thetisport domain relative to the membrane, carrying
the binding site along with iseel.10.3Transpor}. This raises the question; are the dynamics of the
transition between these two states affected by substrate binding in a way that alters their
equilibrium? Does the binding of substrates cause VcINDY to favour the ifacamdstate, the

outward-facing state, or some intermediate state?

In order to test this, 15 functional single cysteine mutants were pueadh of which fulfilled the

criteria described id.1.2VcINDY Substrate Induced Conformational Changes are Blgteect

Through Cysteine Accessibility Measuremeffitsese were proven to be functionaktiugh

radioligand transport assays, in which the uptake of radiolabelled succinate into proteoliposomes
was measured compared to empty liposome negative contfifpufed.1.31). In all cases, inclusion

of VCINDY single cysteine mutants in the liposomes resulted in increased levels of radiosuccinate
compared to the empty liposomes, and therefore increased final proteoliposome radiation levels.
This proofof activity was vital, demonstrating not only that these mutants were correctly folded, but
also that they were capable of transitioning through all conformational states required for transport

to occur.

The accessibilities of these introduced cysteinas @xamined under four condition: sodium only
(150 mM sodium), sodium + succinate (150 mM sodium, 1 mM succinate), substrate free (150 mM
potassium), and succinate only (150 mM potassium, 1 mM succifdte)resultant datasetare
summarised irFigure4.1.32 to Figure4.1.316 so that the underlying data may be seen. These

datasets will form the basis of further discussion and analysis throughout this section.
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InFigured.1.32 to Figure4.1.316 the normalisedinaccessibility graph represents the data in a

more wseful but far less intuitive manner than rgwoportion PEGylatd. A significant proportion of

random variation between replicate runs is due to variation in the rate of PEGylation between days,

and if possible this should be corrected for. For our purgoiee absolute rate of PEGylation, as

shown by the raw data graph, is not of importance. Our hypothesis, that the addition of substrates

may alter the accessibility of certain residues, only requires us to examine the difference in

PEGylation rates betweevarying conditions within each run. As such, the runs may be normalised

G2 LINPRdzOS 4Gt 9DeftlGA2y NIdGS NBfIGAGS G2 &2RAdzy
chosen as the benchmark as it is most often a medium rate condition, and thus dentessha

least extreme variation with respect to other conditions. Due to the initially low values for the of

proportion PEGylated VCINDY causing difficulty in normalising such data, the depletion of non

PEGylated VcINDY is followed instead. This result&iS ONXB I A2y 2F (GKS awSft I

metric, equalling [Proportion NeREGylated]/[Proportion NeREGylated for the Na only condition

from the same experiment].

This is presented alongside the simple increase in PEGylated VCINDY over tiniéhsotiha
extremes of the data processing may be seen; the most intuitive, albeit noisy, graph alongside the

most noise free and statistically useful, albeit unintuitive, graph from which p values are calculated.
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Figure4.1.3-1 Transport data for thecysteinemutants used for PEGylation assays, performed by Matthew Stewart.

VcINDY containing proteoliposomes were exposed3erfidiosuccinaten the presence of an inward facing sodium

gradient. Transport was allowed to continue for the time indicated before quenching and removal of external
radiosuccinateThe level of radiosuccinate sequestered into the proteoliposomes by VcINDY transpyrisactcorded

i K NR dz3 K -rddiaton @efectirtg sdintillation counter. Cysless is the VcByBréinefree background upon which

these mutants are created. Empty shows liposomes with no VcINDY, indicating background levels of radiation gained in t
experiment. In every case except 79C, radiation levels at the final timepoint were significantly (p < 0.05) higher than in
empty liposomes, confirming transport. In the case if 79C the clear accumulation of radiation over time, in contrast to the

constant level of radiation observed for empty proteoliposomes, is clear evidence of transport.
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Figure4.1.3-2 CysteineAccessibility Profile for VCINRYesd 154CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible based upon manual
structure examination. The computationally estimated relative solvent accessibility change from the Fawiaigl State to

the Outward-Facing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vanessa Leone,
NIH (Unpublished Data), is also shownlntroduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a function of time, quantified

through densitometry. This is displayed as the average proportion of VCINDY PEGylated at eaclt,temegbia relative
accessibility metric (discussed in main te@tSimple {test results for the effects of substrate addition as monitored

through the relative accessibility metr@: Reference numbers of the associated gels, which can be fodpbéndix 1
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Suggests succinate driving VCINDY towards OFS or Occluded State.
C Shows Necessity of sodium fauccinate binding.
D Appendix lgels: #1571, #157E2-Chris

Figure4.1.3-3 CysteineAccessibility Profile for VcINRYesM157C.Title Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible based upon manual

structure examination. The computationally estimated relative solvent accessibility changthérémwvardFacing State to

the OutwardFacing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vanessa Leone,
NIH (Unpublished Data), is also shownlntroduced cysteine residue highlighted on the latest imfacing crystal

structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a @ion of time, quantified

through densitometry. This is displayed as the average proportion of VcINDY PEGylated at each timepoint, and the relative

accessibility metric (discussed in main te@tSimple itest results for the effects of substrate additias monitored

through the relative accessibility metrl@: Reference numbers of the associated gels, which can be fodmpbéndix 1
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C Suggests sodium driving VcINDY towards OFS or Occluded State.
D Appendix lgels: #1771-E, #177-E, #1773-E

Figure4.1.3-4 CysteineAccessibility Profile for VcINRYesd 177CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible based upon manual
structure examination. The cquatationally estimated relative solvent accessibility change from the InWaoihg State to

the OutwardFacing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vanessa Leone,
NIH (Unpublished Data), is also smow: Introduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a @tion of time, quantified

through densitometry. This is displayed as the average proportion of VcINDY PEGylated at each timepoint, and the relative
accessibility metric (discussed in main te@tSimple itest results for the effects of substrate additias monitored

through the relative accessibility metr@: Reference numbers of the associated gels, which can be fodpbéndix 1
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D Appendix lgels: #126E1, #120E2-Chris
Figure4.1.35 CysteineAccessibility Profile for VcINRYesA120CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible based upon manual
structure examination. The cquatationally estimated relative solvent accessibility change from the InWaoihg State to

the OutwardFacing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vanessa Leone,
NIH (Unpublished Data), is also simow: Introduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a @tion of time, quantified

through densitometry. This is displayed as the average proportion of VCINDY PEGylated at each timepoint, and the relative
accessibility metric (discussed in main te&tSimple test results for the effects of substrate additias monitored

through the relative accessibility metriD: Reference numbers of the associated gels, which can be fodpbéendix 1
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Figure4.1.3-6 CysteineAccessibility Profile for VcINRYesS381CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible based upon manual
structure examination. The cquatationally estimated relative solvent accessibility change from the InWaoihg State to

the OutwardFacing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vanessa Leone,
NIH (Unpublished Data), is also simow: Introduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a @tion of time, quantified

through densitometry. This is displayed as the average proportion of VCINDY PEGylated at each timepoint, and the relative
accessibility metric (discussed in main te&tSimple test results for the effects of substrate additias monitored

through the relative accessibility metr@: Reference numbers of the associated gels, which can be fodpbéndix 1
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Figure4.1.3-7 CysteineAccessibility Profile for VcINRYesd 215CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible based upon manual
structure examination. The cquatationally estimated relative solvent accessibility change from the InWaoihg State to

the OutwardFacing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vanessa Leone,
NIH (Unpublished Data), is also simow: Introduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a @tion of time, quantified

through densitometry. This is displayed as the average proportion of VCINDY PEGylated at each timepoint, and the relative
accessibility metric (discussed in main te&tSimple test results for the effects of substrate additias monitored

through the relative accessibility metriD: Reference numbers of the associated gels, which can be fodmppéndix 1
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Figure4.1.3-8 CysteineAccessibility Profile for VcINRYesk-384CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible based upon manual
structure examination. The cquatationally estimated relative solvent accessibility change from the InWaoihg State to

the OutwardFacing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vanessa Leone,
NIH (Unpublished Data), is also simow: Introduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a @tion of time, quantified

through densitometry. This is displayed as the average proportion of VCINDY PEGylated at each timepoint, and the relative
accessibility metric (discussed in main te&tSimple test results for the effects of substrate additias monitored

through the relative accessibility metriD: Reference numbers of the associated gels, which can be fodpbéendix 1
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Figure4.1.39 CysteineAccessibility Profile for VcINRYesy388CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible basedyal
structure examination. The computationally estimated relative solvent accessibility change from the Fawiaigl State to

the OutwardFacing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vamessa Leo
NIH (Unpublished Data), is also shownlntroduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a function of time, quantified

through densitometry. This is displayed as the average proportion of VCINDY PEGylated at each timepoint, and the relative
accessibility metric (discussed in main te@tSimple ttest results for the effects of substrate addition as monitored

through the relative accessibility metriD: Reference numbers of the associated gels, which can be fodpbéendix 1
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Figue 4.1.3-10 CysteineAccessibility Profile for VcINResE42CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible based upon manual
structure examination. The computationally estimated relative solvent accessibility change from the Fawiaigl State to

the Outward-Facing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vanessa Leone,
NIH (Unpublished Data), is also shownlntroduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a @tion of time, quantified

through densitometry. This is displayed as the average proportion of VCINDY PEGylated at each timepoint, and the relative
accessibility metric (discussed in main te&tSimple test results for the effects of substrate additias monitored

through the relative accessibility metr@: Reference numbers of the associated gels, which can be fodpbéndix 1
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C No substrate affect observed.
D Appendix lgels: #3831, #383E2, #383E3

Figure4.1.3-11 CysteineAccessibility Profile for VcINResA383CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible based upon manual
structure examination. The cquatationally estimated relative solvent accessibility change from the InWaoihg State to

the OutwardFacing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vanessa Leone,
NIH (Unpublished Data), is also simow: Introduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a @tion of time, quantified

through densitometry. This is displayed as the average proportion of VCINDY PEGylated at each timepoint, and the relative
accessibility metric (discussed in main te&tSimple test results for the effects of substrate additias monitored

through the relative accessibility metr@: Reference numbers of the associated gels, which can be fodpbéndix 1
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C No substrate affect observed.
D Appendix lgels: #43€E1, #430E2, #430E3

Figure4.1.3-12 CysteineAccessibility Profile for VcINResS430CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible based upon manual
structure examination. The cquatationally estimated relative solvent accessibility change from the InWaoihg State to

the OutwardFacing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vanessa Leone,
NIH (Unpublished Data), is also simow: Introduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a @tion of time, quantified

through densitometry. This is displayed as the average proportion of VCINDY PEGylated at each timepoint, and the relative
accessibility metric (discussed in main te&tSimple test results for the effects of substrate additias monitored

through the relative accessibility metr@: Reference numbers of the associated gels, which can be fodpbéndix 1
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PEGylation not affected by affected by sodium [p = 0.8209]
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PEGylation not affected by succinate in absence of sodium [p = 0.7614]
C No substrate affect observed.
D Appendix lgels: #7991, #79E2, #79E3

Figure4.1.3-13 CysteineAccessibility Profile for VcINRYesE79CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible based upon manual
structure examination. The comfationally estimated relative solvent accessibility change from the Imkagihg State to

the OutwardFacing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vanessa Leone,
NIH (Unpublished Data), is also shownintroduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a @tion of time, quantified

through densitometry. This is displayed as the average proportion of VCINDY PEGylated at each timepoint, and the relative
accessibility metric (discussed in main te&tSimple test results for the effects of substrate additias monitored

through the relative accessibility metr@: Reference numbers of the associated gels, which can be fodpbéndix 1
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Mutant: 148C | Most AccessibledFS | Change:139.4
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C No substrate affect observed.

5 Appendix Igels: #1481, #148E-2, #148E-3

Figure4.1.3-14 CysteineAccessibility Profile for VcINResW148CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessiblepoasetoual
structure examination. The computationally estimated relative solvent accessibility change from the Fawiaigl State to

the OutwardFacing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vamessa Le
NIH (Unpublished Data), is also shownlntroduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a function of time, quantified

through densitometry. This is displayed as the average proportion of VCINDY PEGylated at each timepoint, and the relative
accessibility metric (discussed in main te@tSimple ttest results for the effects of substrate addition as monitored

through the relative accessibility metr@: Reference numbers of the associated gels, which can be fodpbéndix 1



Mutant: C178 | Most AccessibledFS | Change:78.8
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C No substrate affect observed.

D Appendix Igels: #1781, #178E-2, #178E3

Figure4.1.3-15 CysteineAccessibility Profile for VcINRYesy 178CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible based upon manual
structure examination. The cquatationally estimated relative solvent accessibility change from the InWaoihg State to

the OutwardFacing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vanessa Leone,
NIH (Unpublished Data), is also simow: Introduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a @tion of time, quantified

through densitometry. This is displayed as the average proportion of VCINDY PEGylated at each timepoint, and the relative
accessibility metric (discussed in main te&tSimple test results for the effects of substrate additias monitored

through the relative accessibility metr@: Reference numbers of the associated gels, which can be fodpbéndix 1
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PEGylation not affected by affected by sodium [p = 0.6739]
PEGylation not affected by succinate in presence of sodiun®[p197]
PEGylation not affected by succinate in absence of sodium [p = 0.6125]
C No substrate affect observed.
D Appendix lgels: #43€E1, #436E2, #436E3

Figure4.1.3-16 CysteineAccessibility Profile for VcINResS436CTitle Annotations:Position of the introducedysteine

mutant is indicated, along with a prediction of the conformation in which this residue is most accessible based upon manual
structure examination. The cquatationally estimated relative solvent accessibility change from the InWaoihg State to

the OutwardFacing State, with positive values indicating greater accessibility in the IFS, as predicted by Dr. Vanessa Leone,
NIH (Unpublished Data), is also simow: Introduced cysteine residue highlighted on the latest inward facing crystal
structure[3], and the predicted outwardacing structurg81]. B: Level of PEGylation as a @tion of time, quantified

through densitometry. This is displayed as the average proportion of VCINDY PEGylated at each timepoint, and the relative
accessibility metric (discussed in main te&tSimple test results for the effects of substrate additias monitored

through the relative accessibility metr@: Reference numbers of the associated gels, which can be fodpbéndix 1



First, mutants which do not provide useful information are identified and remo®@édhe 15

expressible mutants teetl, 4 gave poor levels of PEGylation under all conditions. These 4 mutants
(F79GC Figure4.1.313, W148GC Figure4.1.314, Y178C Figure4.1.315, and S48C- Figure

4.1.320) were only able to be clearly labelled with the addition of 1.2 mM mPEG5K, a threefold
increase with respect to all other mutantstims study, and showed no clear change in response to

the addition of substrates. PEGylation rates were constant for each mutant in all conditions tested. It
may be observed that a significant p value was found for VeNEW 148 when comparing no
subgrates to sodium only, however as this change is extremely minor and not also present in the
change from succinate to succinate and sodium, it may reasonably be assumed this is one of the
inevitable false positives associated with the conductance of maests. As such, despite

appearing to be accessible in current models, these residues appear to be relatively constitutively
inaccessible in the VCINDY micelle. This may be due to either discrepancies between the models and
the actual conformations of VcDN, or due to the detergent micelle itself blocking access to these

positions.

Of the residues which were readily labelable, 3 showed no detectible substrate response (E42C
Figue 4.1.310, A383C Figure4.1.311, and S430¢eFigure4.1.312). In these cases good levels of
PEGylation occurred, however PEGylation rates appeared constant for all conditions examined. It
may be noted again that a significant p value was achieved for VgJNE¥2C suceate addition in

the presence of sodium, however once again this does not look to be a true impact, and is likely
another false positive, as is to be expected. The VaNRE42C mutation undergoes some minor
predicted accessibility change, howevesitargely accessible in both conformations, functioning as
a useful control residue, displaying no great substrate impact on the chemical process of labelling.
On the other hand, VcINBYesA383C is predicted to be more accessible in the OFS, while
VCINDYcys1es5430C is expected to be more accessible in the IFS, yet they show no substrate response.
These two positions are reminders that the current model of VcINDY conformational shift is only

experimentally verified for large scale movemef&$], and the results producedytthese residues
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are possibly representative of subtle differences between their true locations and current models.
Additionally, VCINDYsiesA383C and VcINByesS430C showed particularly poor transport, and while
they allowed significantly greater stinate uptake than empty liposomes, their exceptionally poor
transport may indicate that these mutant proteins are functioning particularly poorly. As such it is
possible, and perhaps likely, that the failure of these mutants to demonstrate clear substrate

response is simply a failure of these mutants to emulate the behaviour of the wildtype protein.

The remaining 8 mutants our datasetdemonstrated clearly detectable substrate dependent
accessibility changeand will be used for the analysis of substratduced accessibility changes
(T154G Figure4.1.32, M157C Figure4.1.33, T177G Figure4.1.34, A120GC Figure4.1.35, S381C

- Figure4.1.36, T215C Figure4.1.37, L384C Figure4.1.38, V388G Figure4.1.39). In all of these
cases, the mutants demonstrated clear differences in the rate of PEGylation in the response to the
addition of substrates, as confirmed byetsting carried out upon the Noratised Inaccessibility

metric.

In order to determine the impact of substrate addition on VcINDY conformational state, two
mutants will be examined in detaNcIND¥siesd 154C, which is accessible in the inward facing state,

andVcIND¥ysesS381LC whichis accessible in theutward facing statgFigure4.1.317A).

In the absence of substrat&8&IND¥siesd 154Cshowed rapid PEGylation, reaching 65% after one

hour, however the addition of substrates almost completely abolistiellND¥,siesd 154CPEGylation
(Figure4.1.317B&C¥ ¢ KA & AYRAOFGSa GKFGO NBAARAZSS mpn Aa az
az2t @Syid Ayl OO0OSaaaofS A yAccor@inghoihe Quarentivazatateirigitl ibdy o6 2 dzy F
model of VcINDY translocatigRigurel.10.31D), this suggests that substralendingdrives VCINDY

into the outward facing state.

If this were true position 381, which is solvent accessible in the outwaiddatate, but not the
inward facing state, would be expected to PEGylate more rapidly in the presence of substrates.

Unexpectedlythe inverse is trueYcIND¥,sesS38LCPEGylates rapidly in the absence of substrates,
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reaching around 50% after one hotigwever the addition of substrates once again abolishes

PEGylatiorfFigure4.1.317B&C) This behaviour cannot be explained by the current two staid rig

body model of VCINDY movement.

In order to rule out a direct effect of the substrates upon the PEGylation reaction rate, the control
mutant VCIND¥,sesE42Cin which the introducedysteineresidue is not predicted to alter

accessibility during VCINDY conformational change, is examined. It is seen that substrates have no
impact upon PEGylation ratéBSigure4.1.317B&C) demonstrating that substrate induced changes

in PEGylation rates do indeed resiuim changes in solvent accessibility.
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Figure4.1.3-17 Impact of substrates on the accebdity of key VcINDY residuegigure taken from Sampson et al 2020

[146], created by Christopher Mulliga&: Hybrid structure showing the predicted outwards facing state (left) known

inward facing state (right) of VCINDY. Orange = Transport domain. Blue = Scaffold domain. Purple = Boun¥ eltmiv =

Bound succinate. Red = Location of introdunedeineresidue B: Representative raw PEGylation gels for eagdteine

mutant, performed in the absence and presence of substrates. The PEGylated (P) and unPEGylated (U) bands are indicated.

C:Proportion of each mutant PEGylated over tifidification Efficiency)n the presence and absence of substrates.

172



This informs us that the addition of substrates causes VcINDY to favour a previously unobserved
conformational state in which both residsd.54 and 381 become solvent inaccessible. Examination
of six additionatesidues predictedo change solvent accessibility during VcINDY translocation
shows all positions tested to reduce accessibility in response to substrate adddiwsistent with

the behaviours of 154 and 3§Figure4.1.318and Table4.1.31). This further indicates that VCINDY
does indeed favour a novel intermediate conformation in response to substrate binding, in which
the positions examined become solvent inaccessible either due to the steric effectsteftingy

structure, or the surrounding detergent micelle environment.
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Figure4.1.3-18 The effects of substrate addition on the accessibility of substrate responsygteinepositions within

VcINDYFiguee taken from Sampson et al 20P16], created by Christopher MulligaA: Positions of substrate responsive
cysteinepositions, along with the control position E426 the inward facing structure of VcINDY. Orange = Transport

domain. Blue = Scaffold domain. Purple = Bound sodium. Yellow = Bound succinate. Red = Location of ¢ysteiueed
residue B: Change in the proportion of each mutant PEGylated after one (iadification Efficiency) in response to the

addition of substrates. Positive values indicate an increase in PEGylation in response to substrate addition. Negative values
indicate a decrease in PEGylation in response to substrate adififfute = Residuepredicted to be accessible in the

Outward Facing State. Grey = Residues predicted to be accessible in the Inward Facing State. Black = Control residue

predicted not to change accessibility in response to substrate addition.



In order to further analyséhese results, the impact of sodium and succinate additions upon
PEGylation rates can be examined separatekamining the singleysteinemutants
VCIND¥ysiesd 157Cand VCIND ¥ys1esS38 L, shows that the addition of succinate in the absence of
sodium dos not result in a significant changeadysteineaccessibilityKigure4.1.319). In fact, the
addition of succinate in the absence of sodium does aeult in accessibility changes for any
residue tested hereTable4.1.31), demonstrating that sodium must bind first in order for

subsequent succinateinding to take place.

The addition of sodium accounts for the entirety of substrate induced accessibility change for
VCIND¥ys1esS38L (Figure4.1.319B), in stark contrast t&/cIND¥ysiesd 157Cfor whichthe addition of
succinatein the presence of sodium accounts for the entirety of substrate induced accessibility

change(Figure4.1.319A).
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Figure4.1.3-19 Effects of individual substrates upon the PEGylation rates of specific smygiteine residuesThe

proportion of VCINDY PEGylated (Modification efficieoeg) timeis shownA: VCIND¥ysiesI 154/C. B: VCIND ¥ys1esS381C

174



Inward or Residue Sodium Effect? | Succinate Effect | Swccinate Effect
Outward Facing in Presence of | in Absence of
State Accessible Sodium? Sodium?

IFS 154 Supress Supress None

IFS 157 None Supress None

IFS 177 Supress None None

OFS 120 Supress None None

OFS 215 Supress None None

OFS 381 Supress None None

OFS 384 Supress None None

OFS 388 Supress Supress None

Table4.1.31 Effects of substrate addition on the ability of mMPEG5K to label single cysteine mutants at varying positions
within the protein. True effect for the purpose of this table is determined byest carried out upon normalised

accessibility values at 60 ssws upon the datahown inFigure4.1.32 to Figure4.1.316. Resultanp values o#{).05

indicated an effect of substrate addition. Due to the large numbetests carried out here, false positive and negative
readings are highly possible. As such this table is intended as a quick reference, and any further interrogation of the data
should reference the data tablés Figure4.1.32 to Figure4.1.3-16., where the full datasets are shown. The

conformational states in which the residues are predicted to be most accessible based upon manual structural examination

are also indicated for reference.

In order toproperly assess the differing impacts of sodium and succinate upon residue specific
accessibility changes, the proportion of the total substrate derived accessibility change triggered by

sodium alone is calculatddr each substrate responsive mutaam bllows:

01 éNé0OWD GERE 6 ©i 01 d6 '@ n £ 10 OWHE b EBYR QQ6 &
1 €NéIDOWD GERE 60 0i 01 M6 @ N &I0OD®a bEWEDB 0 @i 01

Y& Q00N & Gy

Equation4.1.3-1 Calculation of the proportion of total substrate induced change in residue accessibility for which sodium
isresponsible.
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This allows sodium and succinate responses to be separated, demonstrating that some residues are
more affected by sodiumwyhile others are more affected by succinakgure4.1.3-204). In

particular, VCINDYsiesM157C, VCINDYsiesk-384C, and VCINBYesY388C show higlevels of

succinate response compared to the other residues examined. This raises the question; is there a

structural basis for the difference in the magnitude of these responses?

Examination of the structure allows these cysteine positions to be dividedtiree broad

categories; hairpin residues with a large succinate response, hairpin residues without a large
succinate response, ambn-hairpinresidues without a large succinate responBigy(re4.1.3-20B).

No nonrthairpin residues demonstrated large accessibility changes in response to succinate binding,
suggesting that any succinate driven changes in VcINDY conformation are largely localised to the
hairpin regionsBriefly, these are two pairs of hairpin helices which enter from opposite sides of the
membrane, forming much of the binding sigee1.10VcINDY Molecular Functi@md Figure

1.10.31A)..

Examining the hairpin regions in more detail allows clear structural differences between succinate
sensitive and insensitive hairpin residues to be seen. The two succinate insensitive hairpin residues,
T154C and S381C, are located in extreme proximitgdaum binding sites. Examination of

VCIND¥siesd 154C and VCcINBYesS381C raw PEGylation dafagure4.1.32 and Figure4.1.36)

shows that the binding of sodium massively reduces the accessibility of these residues, reducing
PEGylation rates to such an extent that any further effect of succinatgdaa® impossible to

detect. This suggests that while these residues may be in a succinate responsive region of the
protein, the impact of close proximity sodium binding abolishes their ability to report on any further
accessibility change$he succinateesponsive hairpin residues on the other hand,

VCIND¥siesM157C, VCINDYs1esk-384C, and VCINBYesyY388Care located away from the sodium

binding sites, allowing them to report on the succinate induced hairpin movements.
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As such the three groups a#sidues can be understood as follows: Residues not located in the
hairpins are affected by a general sodium driven conformational shift towards an occluded state
which affects much of the transport domain. Residues located on the hairpins in extreme ipyoxim

to the sodium binding sites are affected by the change in local environment as sodium enters their
proximity. Residues located on the hairpins at least several residues away from the sodium binding
are strongly affected by the binding of succinate asiecinate induced conformational shift appears

to affect these regions.
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Figure4.1.3-20 Single cysteine positions and their substrate response in the PEGylation based accessibility/Assay.

Separation of the magnitude of the accessibility change induced by the addition of sodium only and the change induced by
the addition of both substratefer each cysteine position, demonstrating differing levels of sensitive to these two

substratesB: A single VcINDY transport domain showing the locations of single cysteine mutations for which a substrate
dependent change in accessibility was observed.hgirpin regions are shown as cartoons, the general domain backbone

is shown as a ribbon, the residues used for single cysteine mutations are shown as spheres, and the substrates are shown as
spheres. HP = Hair Pin. The colours are as follows; Orargjepirttegion. Yellow = Non hair pin residue, succinate

insensitive. Pink = Hair pin residue, succinate sensitive. Blue = Hair pin residue, succinate insensitive. Green uknown sodi

ion location. Red = Succinate. Based on the crystal structure[3JUL7
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