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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 of a single transport 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/Na+ Symporter (DASS) protein family, and despite their 

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 from Vibrio cholerae. VcINDY is the best characterised 

member of the DASS family and shares structural and functional features with the 

pharmacologically-relevant human homologues, therefore making it an excellent model to probe the 

underlying mechanistic principles of the wider DASS family. 

²Ŝ ŀǇǇƭƛŜŘ ŀ ǊŀƴƎŜ ƻŦ ōƛƻŎƘŜƳƛŎŀƭ ŀƴŘ ōƛƻǇƘȅǎƛŎŀƭ ǘŜŎƘƴƛǉǳŜǎ ǘƻ ǘƘŜ ǎǘǳŘȅ ƻŦ ±ŎLb5¸Ωǎ ǎǳōǎǘǊŀǘŜ 

interactions and transport cycle in order to build a more complete picture of how the DASS family 

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

unobserved intermediate transport states were uncovered through the use of single residue 

ŀŎŎŜǎǎƛōƛƭƛǘȅ ŀǎǎŀȅǎΣ ǿƘŜǊŜōȅ ǘƘŜ ōƛƴŘƛƴƎ ƻŦ ±ŎLb5¸Ωǎ ǎǳōǎǘǊŀǘŜǎΣ ǎƻŘƛǳƳ ŀƴŘ ǎǳŎŎƛƴŀǘŜΣ ǘƻ ǘƘŜ 

transporter 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 high throughput 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 first time 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 order to further 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 in vitro testing 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 transport by the DASS family, in addition to developing new tools and 

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 barrier must 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 impermeable double layer of lipid molecules. These 

lipid molecules are generally amphipathic cylindrical units, with a hydrophilic head group and 

hydrophobic tail group (Figure 1.2.1-1). 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. 

 
Figure 1.2.1-1 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. 12:0 Phosphatidylglycerol, commonly 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 into the largely 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, secrete unwanted molecules, and sense the nature of its surrounding environment. 
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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 bilayer itself. 

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 on the 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 proteins [1]. These transport proteins are now known to facilitate the 

controlled movement of molecules across the membrane, achieving this through several broad 

approaches, as overviewed in Figure 1.2.1-2 and discussed below. These approaches are similar in 

that they are controlled, selective, and energetically favourable; either transporting molecules 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; channels and carriers, 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 channel KcsA. During KcsA mediated potassium 

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 precise coordination positions which the ion must pass 

through, allowing the rejection of non-potassium ions [2]. While KcsA 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 ion diffusion, however they are also limited  
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Figure 1.2.1-2 The lipid bilayer, and representatives of the various forms of transport protein which exist within it. General classification of transporter types, with example structures for 

each. Protein structures are shown with surface rendering and detailing of internal secondary structure features. Proteins are coloured according to hydrophobicity; white = hydrophilic, red = 

hydrophobic. Blue = transport substrates or competitive inhibitors. Green = other bound substrates. It should be noted that huge heterogeneity of structure and function exists within each 

mechanistic classification. Structure references, left to right; [3] [4] [5] [6]. Each form of  transporter, 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 mechanisms. The principles 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 achieved by the entry of extracellular glucose into this central binding site whilst the 

protein is in the outward-open / inwards-closed state, followed by spontaneous translocation of the 

protein to the inwards-open / outwards-closed state, allowing the transported glucose molecule to 

diffuse into the cell [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 transport of larger molecules can be achieved 

without the risk of non-specific molecular leakage occurring through large channels. 

The alternating access approach to transport also provides an important opportunity; powered, or 

active transport. The transporters already 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 chemical signalling 

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 Na+, K+ ATPase. The Na+, K+ ATPase 

uses an alternating access mechanism to move three Na+ ions to the extracellular side of the 

membrane, while also moving two K+ ions to the intracellular side, regardless of local concentration 

gradients. Primary active transporters carry out these energetically unfavourable transport 

processes through 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 cycle [5].  

An alternate, and more indirect, 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 outward-open / inwards-closed state and the inwards-open / outwards-closed 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, resulting in a net energetically favourable process [8][9]. 

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

together in order to achieve 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 transporters, 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 mechanism beƘƛƴŘ ±ŎLb5¸Ωǎ ǎŜŎƻƴŘŀǊȅ ŀŎǘƛǾŜ ǘǊŀƴǎǇƻǊǘ ƛƴ ŘŜǘŀƛƭΣ 

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 Mechanism ς Overview and Classifications 

Active transport is based upon the principle of alternating access. This has been described in 1.1The 

Lipid Bilayer and Transport Proteins, however to summarise; in order to function a non-channel 

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 would simply form a channel and no form of energy coupled transport could be applied, as 

exemplified by CLC family of transport proteins, which contains both H+/Cl- exchangers operating 

through the alternating access mechanism, and Cl- channels which do not conduct 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 static binding site (see 1.1 The Lipid Bilayer and Transport Proteins) [11]. Another 

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

Reyes et al. 2009 published the first known transport mechanism for GltPh, an aspartate transporter 

from Pyrococcus horikoshii. Previously only the outwards-facing state of this trimeric transporter had 

been determined, however pre-structure work by Renae et al. 2004 had performed cross linking of 

introduced cysteine residues which were 25-30 Å apart according to the then current outwards 

facing structure [12], suggesting that these positions must be brought into proximity by an unknown 

conformational state. The use of these previously observed cysteines allowed the trapping and 

structural determination of the inwards facing state of GltPh [13]. This revealed a novel transport 

mechanism distinct from moving barrier transport, in which transport was instead facilitated 

through translocation of the binding site across the membrane [13]. By 2011 this had been dubbed 

the elevator mechanism [14], and it would be rapidly discovered within a range of additional protein 

families (Figure 1.2.3-1A).  
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All elevator mechanism transporters achieve alternating access through the translocation of their 

binding sites across the membrane (Figure 1.2.3-1B). In order to facilitate this, at least two domains 

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 interface between the two domains [15].  

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 mobile (Figure 1.2.3-1C) 

[15]. In order to discuss this it is 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 translocation. The barrier, 

on the other hand, is the blocking section of the protein which prevents the leakage of substrates 

from the inwards to the outwards-facing side of the protein. The gate controls access in and out of 

binding site and the barrier controls movement 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 

elevator mechanism transporters, with which structures and mechanisms available for four 

members (Figure 1.2.3-1A) [15]. Amongst them is GltPh, the first identified elevator mechanism 

transporter [13][16].  

The binding site of GltPh includes residues of two hairpin loops, HP1 and HP2. During the transport 

cycle HP2 is a substrate responsive region, responsible for the opening and closing of solvent access 

to the active site in response to substrate binding [17]. Importantly, this same loop acts as the gate 

in both the inwards and outwards-facing states of the protein [14], hence the classification as a one 

gate elevator. 
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The barrier regions of this protein are fixed, with the movement of the binding site across the 

membrane bringing the substrate past the barrier regions, thus achieving transport [13]. This mode 

of elevator mechanism transport therefore involves one gate and a fixed barrier (Figure 1.2.3-1C). 

It is noteworthy that for all currently confirmed instances of fixed barrier 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 mechanism [15]. 

 

1.2.2 Fixed Barrier with Two Gates 

This approach to the elevator mechanism is best characterised by CNTNW, for which a remarkable 

array of transport intermediate crystal structures have been established through the generation of 

binding site mutants [18].  

During the transport cycle two gates are used instead of one; i.e. in the outward facing state of 

CNTNW the helix TM4b moves in order to control solvent access to the binding site, but in the 

inwards-facing state TM4b is largely static, with movements of the hairpin region HP1 instead 

regulating solvent access to the binding site [18].  

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

movement of the binding site allowing substrates to pass [18]. 

Intriguingly, unlike Fixed Barrier with Two Gates transporters, in all currently confirmed instances of 

this mechanism the binding site is located at the interface between the transport and scaffold 

domains, again allowing speculation that this arrangement of substrate binding is required for a two 

gate mechanism [15] (Figure 1.2.3-1C). 
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1.2.3 Moving Barrier with Two Gates 

As previously discussed, the movement of barrier regions is a typical feature of non-elevator 

mechanism transporters, allowing the regulation of substrate transfer between the inward and 

outward facing sides of the proteins while coordinating to prevent uncontrolled movement of 

substrates across the membrane [11]. Elevator mechanism transporters, by translocating the binding 

site itself relative to a static barrier region, are able to circumvent the need for moving barriers [15]. 

This does not mean, however, that proteins do not exist in which both moving barriers and elevator 

mechanism translocations occur simultaneously. A prominent example of this approach is the bile 

acid transporter ASBT. Crystal structure determination in the inwards and outwards-facing states for 

two closely related homologues has demonstrated an elevator mechanism, with the binding site 

undergoing a translocation of 7.5 Å 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 non-elevator mechanism transporter, indicating a hybrid mode of 

transport [15][19][20]. 

It is interesting to note that in all currently recorded instances 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 

mechanism (Figure 1.2.3-1C).   
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Figure 1.2.3-1 Currently known elevator mechanism transporters and their mechanisms, as compiled by Garaeva at al 

2020. A: Known elevator mechanism transporters by family. Transporters for which the form of elevator mechanism 

A 
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transport has 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 families. B: Distance translocated by elevator 

mechanism transporter substrate 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 transporter [15]. C: Known forms of elevator 

mechanism transporter [15]. Diagrams show ideal and 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 The Elevator Mechanism ς 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 to be sensitive to the components of the lipid bilayer, 

with the addition of cholesterol increasing transport activity for both ASCT2 in proteoliposomes [21], 

and EAAT2 in whole cells [22]. Additionally, studies of ASCT2 have revealed the presence of 

structural lipids contacting the scaffold domain in multiple locations; including the interface between 

scaffold and transport domains [23][21][24]. Intriguingly, structural study of the related EAAT1 found 

an inhibitor to bind at this interface between scaffold and transport domains, occupying a region 

known to bind cholesterol in ASCT2 [25]. 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, GltPh transport has been shown to be sensitive to differently methylated PE 

derivatives, conducting transport at a higher rate in the presence of tri-methyl PE than mono- or di-

methyl PE [26]. Interestingly, in this case, specific mutations have been identified which alter these 

lipid effects, suggesting suggest specific and selective interactions to occur [26].  

Studies of the transport cycle have also detected major alterations in the curvature of the 

membrane to occur during GltPh transport at significant energetic cost [27][28], which must be 

satisfied using substrate binding energy [29], 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 transporters 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 rare [15], leaving a vast array of questions in need of answering.  
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1.4  The Divalent Anion Sodium Symporter (DASS) Family 

The most numerous member of the Ion Transporter (IT) superfamily, the DASS family possesses a 

misnomer of a name [30]. This family of secondary active elevator mechanism transporters is found 

throughout all domains of life, with five members in humans alone [31], named SLC13A1-5. 

Generally, these proteins are secondary active transporters, coupling the transport of sodium to the 

uptake of substrate [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 transport [32][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 transporters of sulphate (Table 

1.2.3-1). All human DASS family transporters, however, are entirely dependent on sodium for the 

uptake of their anionic substrate [35][36][37][38][39][40][41]. 

The Krebs cycle intermediate transporters consist of SLC13A2 (NaDC-1), SLC13A3 (NaDC-3), and 

SLC13A5 (NaCT). The former 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 urine [42][43][44]. Their specificities are complementary to one another, with SLC13A2 

able to uptake the dicarboxylic succinate along with the tricarboxylic citrate [36], and SLC13A3 able 

to uptake such dicarboxylates as succinate, malate, fumarate, oxaloacetate, and -hKetoglutarate 

[37][44]. Between these two transporters almost the entire population of Krebs Cycle intermediates 

is known to be covered. SLC1о!о ƛǎ ŀƭǎƻ ŜȄǇǊŜǎǎŜŘ ƛƴ ǘƘŜ ƛƴǘŜǎǘƛƴŜΣ ǿƘŜǊŜ ƛǘΩǎ ŘƛŎŀǊōƻȄȅƭŀǘŜ 

ǎǇŜŎƛŦƛŎƛǘȅ ƛǎ ŜƳǇƭƻȅŜŘ ǘƻ ǳǇǘŀƪŜ ŘƛŜǘŀǊȅ YǊŜōΩǎ /ȅŎƭŜ intermediates [42].  

SLC13A5 carries out a distinctly different physiological role, being expressed primarily in the liver 

with a specificity for citrate and weak succinate uptake [42][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 beyond [45]. 
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CƻǊ ŀ ŘŜǘŀƛƭŜŘ ŘƛǎŎǳǎǎƛƻƴ ƻŦ {[/мо!рΩǎ Ǌƻƭe in energy signalling, see 1.6 INDY Proteins ς Mammalian 

Health Implications and 1.8 INDY Proteins ς Role in Metabolism. 

The sulphate transporters are SLC13A1 (NaSi-1) and SLC13A4 (NaS2). SLC13A1 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 blood [35][42], preventing their loss in 

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

important sulphate transport [42]. This is a particularly vital transporter, as failure of SLC13A4 

sulphate transport leads to foetal developmental defects [47]. 

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 crystal structures, the Vibrio cholerae succinate 

transporter known as VcINDY [48][3]. This makes VcINDY a scientifically important member of the 

DASS family, as its known structure allows 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 is hoped 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 

(Alternate) 

Expressed 

In 

Cation Anion Function 

SLC13A1 

(NaSi-1) 

Kidney Sodium 

[35] 

Sulphate, 

thiosulphate, 

selenite [35] 

Re-absorption of sulphate 

from the renal proximal 

tubule [46] 

SLC13A2 

(NaDC-1) 

Kidney and 

Small 

Intestine 

Sodium 

[36] 

Succinate, Citrate 

[36] 

(Re-)absorption of Krebs cycle 

intermediates in expressed 

tissues [43] 

SLC13A3 

(NaDC-3) 

Kidney Sodium 

[37] 

Succinate, malate, 

fumarate, 

oxaloacetate [37], h -

Ketoglutarate [44] 

(Re-)absorption of Krebs cycle 

intermediates in the kidneys 

[44] 

SLC13A4 

(NaS2, SUT-1) 

Brain, 

Placenta, 

Retina 

Sodium 

[38] 

Sulphate [38] Required for sulphate 

transport, especially across 

placenta into developing 

foetus [47] 

SLC13A5 

(NaCT, 

mINDY) 

Liver, 

Salivary 

Gland 

Sodium 

[39][40][41] 

Citrate [39][40], 

weak succinate [41] 

Uptake of citrate into 

hepatocytes, playing a key 

role in energy signalling [45]  

Table 1.2.3-1 Names and functions of human DASS family transporters. It should be noted that the anions and cations 

listed here do not necessarily represent the extent of substrate flexibility displayed by each protein, but rather 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 Atlas [42] 
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1.5 INDY Proteins ς 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 learning in flies. During mutagenesis screening 

carried out by Bonyton et al 1992 in the hope of discovering novel learning-related genes, two flies 

demonstrated dramatically increased lifespans [49]. While lifespan was not the focus of this original 

study, these unusually long-lived flies were later examined in Rogina et al 2000, where it was found 

that each fly possessed a mutation in the 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 

lifeǎǇŀƴΣ ƛǘ ǿŀǎ Řǳƭȅ ƴŀƳŜŘ LΩƳ bƻǘ 5ŜŀŘ ¸ŜǘΣ ƻǊ Lb5¸ ŦƻǊ ǎƘƻǊǘ [50].   

This discovery was of great interest to those studying ageing, as until this time only one single gene 

knockdown had been known to increase lifespan in Drosophila; the aptly named methuselah (mth) 

gene [51], although the function of that gene was then unknown. (The mth gene was later identified 

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

the lifespan extensions were attributed to the role of mth in the insulin producing cells of the fly 

brain [53].) INDY, on the other hand, appeared homologous to mammalian dicarboxylate 

transporters, making it an appealing target for further study [50]. 

Just two years later, in 2002, knockouts of the Caenorhabditis elegans INDY homologues, ceNaC1 

and ceNaC2, were observed to confer lifespan extensions in this very different animal [54], and two 

years after this a reduction in adiposity in C. elegans was also observed [55]. 

It would be remiss not to comment on the level of controversy which came with these findings. A 

study by Toivonen et al in 2007 boldly claimed to have determined that there was no effect of INDY 

knockout on lifespan for either Drosophila or C. elegansΣ ǇǊŜǎŜƴǘƛƴƎ ōƻǘƘ ǘƘƛǎ ƭŀōΩǎ ƛƴŀōƛƭƛǘȅ ǘƻ 

replicate either of these lifespan extensions, and a growing body of literature demonstrating 
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inconsistencies for Drosphila INDY knockouts [56]. This raised the question of why different labs 

were producing such different results. 

In 2009, a study by Wang et al examined the relationship between INDY mutation and Caloric 

Restriction (CR) in Drosophila, 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 exhibited CR-like phenotypes, and INDY expression was significantly supressed by CR. Thus, 

INDY knockouts would not result in clear phenotypic changes for Drosophila raised on low energy 

diets. Furthermore, the relationship between INDY and lifespan was not binary, with suppression of 

INDY expression increasing lifespan significantly more than complete abolishment of the gene [57].  

Following this, the first and last authors of 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 al 2007 paper, 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?  



 38 

1.6 INDY Proteins ς Mammalian Health Implications 

Birkenfeld et al. 2011, 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 fascinating overview of the effects of INDY (mSLC13A5) knockout, including 

both phenotypic and metabolic observations, however the metabolic findings shall largely be 

discussed in the following sections. Mammalian 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 concentrations [45]. The phenotypic effects of this slowed citrate uptake 

are remarkable. Double INDY knockout mice show 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 mice to produce far lower levels of body fat even whilst fed high fat diets [45]. 

Further to the reduction in general fat levels, hepatic diacylglycerol (DAG) levels are greatly reduced 

in double INDY knockout mice, contributing to greatly improved insulin sensitivity and glucose 

response [45]. INDY knockouts even protect against the reduction in insulin sensitivity which 

normally comes with ageing [45]. 

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

respiratory genes; highly intriguing effects given the role of mitochondria reduction in ageing [45].  

These remarkable impacts, resulting in mice resistant to obesity, resistant 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 knockout and calorically restricted mice, suggesting huge levels of overlap 

between these two processes. Furthermore, mice undergoing fasting demonstrated a 48% drop in 

mINDY expression over 36 hours [45], suggesting that mINDY regulation 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 similarly linked to diet, whereby monkeys fed high 

fat, high sucrose, diets exhibit 3 to 4 fold increased mINDY expression [59]. While it would be 

difficult to perform such controlled diet experiments on humans, correlations between 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 species [59]. 

Further to this, mINDY/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 formation [60]. 

Human mINDY is therefor a highly 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 hepatic citrate uptake 

reminiscent of those observed in mouse mINDY knockouts [61], raising the potential of the 

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

The consistent, caloric restriction like, role of INDY homologues throughout 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 from the model organisms covered so far have been 

functionally characterised, allowing comparison of their functional characteristics (Table 1.2.3-1). 

First, the 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 

Drosophila transporter DrINDY. Strangely enough in this family 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 activity [32][33][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 sodium [32][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 discussed here. 

While studies have sometimes reported large differences in the absolute rates of INDY homologue 

substrate transport, the Km values (representing the concentration of substrate required to achieve 

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

micromolar range. In this case, the human INDY, SLC13A5, is the exception, with estimations of both 

citrate and succinate Km ranging into the millimolar range [41].  

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 succinate at a higher rate than citrate [32][33][34][55], while ceNac2, mouse 

mINDY, and human mINDY transport citrate at a higher rate than succinate [55][45][41]. Human 
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mINDY demonstrates this preference to such an extent that multiple cell based radioligand transport 

assays failed to detect any succinate transport [39][40], despite it being clearly detectible through 

patch clamp assays [41].  

These differences in cation coupling, absolute transport rates, KmΣ ŀƴŘ YǊŜōΩǎ ŎȅŎƭŜ ƛƴǘŜǊƳŜŘƛŀǘŜ 

preference likely represent parameters not vital to the phenotypic role of these homologues. 

Instead, the common features of INDY homologues must explain their shared role in caloric 

restriction. 

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

ƛƴǾƻƭǾŜŘ ƛƴ ōƻǘƘ YǊŜōΩǎ /ȅŎƭŜ ƳŜǘŀōƻƭƛǎƳ ŀƴŘ ŜƴŜǊƎȅ ǎƛƎƴŀƭƭƛƴƎ όsee 1.8 INDY Proteins ς Role in 

Metabolism). Additionally, they share remarkably similar expression patterns. All the examples 

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

storage, be it DrINDY in the Drosophila midgut [32], ceNac2 in the C. elegans intestinal tract [55], 

mouse mINDY in the mouse liver [45], or human mINDY in the human liver (and, interestingly, the 

human salivary gland [62], where a citrate concentration of roughly 100 µM is found [63]). 

Thus, while the INDY homologues vary in the details 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 Rates  Known Km values Anion Dependence 

DrINDY Drosophila Succinate 

faster than citrate 

[32][33][34] 

Succinate ς 39 

µM [32] 40 ± 4 

µM [33] 

Succinate transport 

cation independent 

[32][33][34] 

Citrate transport cation 

independent [34], but 

accelerated by sodium 

presence [32][33] 

ceNaC1 C. elegans Succinate faster than 

citrate [55] 

Succinate ς 730 

± 50 µM [54] 

Sodium dependent 

[54] 

ceNaC2 C. elegans Citrate faster than 

succinate [55] 

Succinate ς 60 ± 

9 µM [54], 88 ± 

13 µM [55] 

Citrate ς 76 ± 14 

µM [55] 

Sodium dependent 

[54] 

mINDY Mouse Citrate faster than 

succinate [45] 

Citrate ς 49 ± 9 

µM [45], 38 ± 5 

µM [64], 7.2 

(6.5ς8.0) µM 

[41] 

Succinate ς 105 

± 9 µM [45], 37 

± 6 µM [64], 5.5 

(3.3ς9.2) [41] 

Strong sodium 

dependence [64] 
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mINDY, 

(SLC13A5) 

Human Citrate, no succinate 

transport according to 

radioisotope assays 

[39][40] 

Weak succinate 

transport detected 

through patch clamping 

[41]  

Citrate ς 604 ± 

73 µM [40], 3.5 

± 0.2 mM [41] 

Succinate ς 9.3 

(7.4ς12) mM 

[41] 

 

Strong sodium 

dependence 

[39][40][41].  

Table 1.2.3-1 Known activities of INDY mutants taken from a range of animal systems. Alternate names are shown in 

brackets. In many studies definitive Vmax 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 Proteins ς Role in Metabolism 

The dramatic metabolic and phenotypic changes achieved through the deletion of INDY homologues 

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 landscape [45]. This reduction in intracellular citrate has three main effects (Figure 

1.2.3-1). 

Firstly, as citrate is a component of the Krebs cycle, shuttled into the mitochondria after conversion 

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 the cell, as 

detected by AMP Kinase (AMPK) [66][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 mediated responses to the lowering of ATP levels include increasing peroxisome 

proliferator-activated receptor Gamma Coactivator 1-alpha (PGC-1ʰύ expression through which 

mitochondrial biogenesis is stimulated [45][67], a suppression of sterol regulatory element-binding 

transcription factor 1 (SREBP-1c) and acetyl-CoA carboxylase (ACC2) 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 increase in -̡

oxidation (fatty acid breakdown) [45].  

Secondly, citrate is a key substrate for lipogenesis as it is converted first into Acetyl-CoA, and then 

into the cholesterol precursor ̡-IȅŘǊƻȄȅ ʲ-methylglutaryl-CoA (HMG-CoA) and the lipid precursor 

Malonyl-CoA [65]. A reduction in the availability of this substrate therefore leads to additional drops 

in the rate of lipid and cholesterol 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 

glycolysis [67], an upregulation of Fructose-1,6-Bisphosphatase (F-1,6-BP) leading to an increase in 
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gluconeogenesis [67], 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 responsible for secondary 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, supressing the 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 an extremely 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 health and 

reduce healthcare burdens is huge. 
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Figure 1.2.3-1  Metabolic impact of INDY repression in mammalian systems.  A greatly 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 into the cell. Lower intracellular citrate levels lead to a reduction in anabolism 

and an increase in catabolism through a combination of direct citrate signalling and reduced energy source availability. Abbreviations: F-1,6-BP = Fructose-1,6-Bisphosphatase, PFK = 

Phosphofructokinase, PKCʁ Ґ tǊotein Kinase C ʁ, IR = Insulin Receptor, CoA = Coenzyme A, HMG-CoA = ̡-IȅŘǊƻȄȅ ʲ-methylglutaryl-CoA, ACC2 = Acetyl-CoA Carboxylase 2, DAG = Diacylglycerol, 

SREBP-1c = Sterol regulatory element-binding transcription factor 1, AMPK = 5' adenosine monophosphate-activated protein kinase, ATP = Adenosine Triphosphate, ADP = Adenosine 

Monophosphate, PGC-мʰ Ґ Peroxisome proliferator-activated receptor Gamma Coactivator 1-alpha. Figure references match document references as follows:   1 - [66], 2 - [71], 3 - [45], 4 - 

[65], 5 - [67], 6 - [72], 7 - [68], 8 - [69], 9 - [70].
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1.9 INDY Proteins ς Vibrio cholerae  

Until now we have been discussing animal INDY homologues, however the focus of this project is the 

Vibrio cholerae homologue, VcINDY. This homologue is arguably the most well characterised DASS 

family transporter and the only member of the family with known structures, making it an ideal 

testbed for examining the molecular mechanism of DASS family transport.  

Given that Vibrio cholerae cells do not contain tissues of intermediary metabolism, it is worth 

considering what role is played by an INDY homologue a bacterial pathogen. VcINDY is primarily a 

succinate transporter, with a Km of 1.0 ± 0.2 µM [73], lower than many of the INDY homologues 

discussed so far (Table 1.2.3-1). It is, however, unable to transport citrate, and while citrate binding 

has been observed both functionally and in X-ray crystal structures [73][48][3], this interaction 

appears to be far lower affinity than succinate binding [73]. 

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 of succinate for disease-host interactions 

during infection [74]. During infection, the quorum sensing master regulator HapR oversees a large 

number of responses within V. cholerae [75]. Importantly to us, it greatly reduces the transcription 

of VcINDY, resulting in a greatly reduced level of V. cholerae  succinate uptake [74]. 

This reduction in succinate uptake appears to dramatically improve host survival through the 

prevention of host succinate depletion (Figure 1.2.3-1). In HapR knockout infections, even when the 

influence of HapR on biofilm formation has already been abolished through the knockout of vspA, 

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

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

stores and hastening host death [74]. 

Once again, the importance of these high energy Krebs Cycle intermediates for the maintenance of 

cellular energy levels is highlighted, 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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VcINDY 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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Figure 1.2.3-1 Role of VcINDY in Vibrio cholerae infections as elucidated by Kamareddine et al. 2018. During infection 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 

succinate 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 mechanism sodium 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 inwards-facing conformation. These studies are largely in agreement, showing VcINDY 

to be a homodimeric protein, with one anionic binding site per protomer (Figure 1.10.3-1A) 

[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 hairpin 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 interact with 

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 between pH and binding having shown that both succinate and citrate are preferentially 

bound in their doubly charged states [73], interacting with the two carboxylate binding regions 

(Figure 1.10.3-1B) [48][3]. The first of these carboxylate binding region consists of the N151 side-

chain amide and the T152 side-chain carboxyl, while the second consists of the S377 side-chain 

hydroxyl, the N378 side-chain amine, and T379 side-chain 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 other similar 

dicarboxylate molecules is possible; however the exact extent of this binding flexibility is currently 

unknown [73]. Unlike similar elevator mechanism transporters such as GltPh [78], GltTk [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 this negatively 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 succinate within the binding pocket so that they likely must 

enter before succinate is bound (Figure 1.10.3-1A) [48][3]. Sodium 1 is coordinated by the side-chain 

hydroxyl of S146 and the side-chain carbonyl of N151, along with the main-chain hydroxyls of S146, 

S150, and G199. Sodium 2 is coordinated by the side-chain hydroxyl of T373 and the side-chain 

carbonyl of N378, along with the main-chain-carbonyls of T373, A376, and A420. Binding is therefore 

achieved through the use of pentacoordination sites, a common approach to sodium binding [3]. 

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 

site 1, ŀƴŘ ŎƻǊǊŜŎǘƭȅ ǇǊŜŘƛŎǘŜŘ ǘƘŜ ƎŜƴŜǊŀƭ Ǉƻǎƛǘƛƻƴ ƻŦ ǎƻŘƛǳƳ ōƛƴŘƛƴƎ ǎƛǘŜ н ōŀǎŜŘ ǳǇƻƴ ±ŎLb5¸Ωǎ 

intrinsic structural symmetry (see 1.10.3 Transport) [48].  

Additionally, two elevator mechanism transporters of the AbgT family (see 1.2 The Elevator 

Mechanism ς Overview and Classifications), MtrF and YdaH, were shown to have extremely similar 

architectures to VcINDY, including similarly located substrate binding sites [58]. Comparison of these 

structures allowed reasonable prediction of the 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 ions are transported per succinate ion [9], however 

the location of this site is unknown. The elusive third sodium binding site may remain unfound due 
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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 crystallographic studies, 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 facilitating low levels of succinate transport [73], 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 

any experimental verification. 

 

1.10.3 Transport 

The outwards-facing structure of VcINDY, and therefore the nature of the transport mechanism, was 

determined through an approach known as repeat-swap homology modelling. Briefly, secondary 

active transporters often contain inverted repeat architecture, in which large sections of the protein 

are structurally similar, yet topologically inverted from one another (Figure 1.10.3-1C). 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 approaches 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 inverse orientation to the orientation to the original structure; i.e. if the 

inward facing structure is initially used, repeat-swap homology modelling will allow an 

approximation of the outward facing structure to be formed [8]. 
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The application of this approach to VcINDY, along with careful experimental validation, produced a 

model of the outward facing state which allowed the mechanism of transport to be determined 

(Figure 1.10.3-1D) [81]. In VcINDY, the alternating access mechanism of transport, whereby access to 

the binding site alternates between either side of the membrane (see 1.1 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 movement [81]. VcINDY is 

therefore an elevator mechanism transporter (see 1.10.3 Transport). 

Currently, very few details are known 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. We do not know 

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 mechanism transport 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 transporter (see 1.2 The Elevator 

Mechanism ς Overview and Classifications).  
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Figure 1.10.3-1 VcINDY Structure. A: 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 forming much of the binding sites are 

shown in cartoon form. Sodium ions are shown in blue, and succinate in orange. Structure PDB ID 5ul7. B: Succinate binding 

ǎƛǘŜΣ ǿƛǘƘ ƴŜŀǊōȅ ǊŜǎƛŘǳŜǎ ƭŀōŜƭƭŜŘΦ ±ŎLb5¸Ωǎ ǎǳŎŎƛƴŀǘŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀǊŜ Ƴŀƛƴƭȅ ƳŜŘƛŀǘŜŘ ōȅ ǘǿƻ ŎŀǊōƻȄȅƭŀǘe binding regions 

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 PDB ID 5ul7. C: Inverted repeat architecture of a single VcINDY protomer. Two sets of 

ƛƴǾŜǊǘŜŘ ǎǘǊǳŎǘǳǊŀƭ ǊŜǇŜŀǘǎ ŦƻǊƳ ŀ ±ŎLb5¸ ǇǊƻǘƻƳŜǊΣ ǎƘƻǿƴ ōȅ ŎƻƭƻǳǊ ƘŜǊŜΦ ! ǇǊƻǘƻƳŜǊ ƛǎ ŘƛǎǇƭŀȅŜŘ άǎƛŘŜ ƻƴέ ŀƴŘ ŦǊƻƳ ǘƘŜ 

extracellular side of the membrane. Purple / violet = Scaffold domain inverted repeat. Red / orange = transport domain 

inverted repeat. D: Comparison of Inward and Outward facing states for VcINDY with roughly approximated membrane 

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

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

Sodium. IFS Structure PDB ID 5ul7. OFS model from Mulligan et al 2016 [81].  

A B 

C D 
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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 extensively studied SLC1 family (Figure 1.2.3-1A). As such, comparisons to better characterised 

elevator mechanism transporters such as CitS and GltPh will occur frequently throughout this thesis. 

Based on 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 the interface between scaffold and transport domains, while all One Gate 

elevators contain the binding site fully within the transport domain [15]. VcINDY positions its binding 

site at the interface between domains, indicating that VcINDY is likely to be a Two Gate mechanism 

transporter. As there appears to be no barrier movement in current VcINDY structures (see 1.2 The 

Elevator Mechanism ς Overview and Classifications) 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 for elevator 

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 cycle (see 1.3 The Elevator 

Mechanism ς The Importance of Lipids). Given that the SLC1 and DASS family must both achieve 

transport in similar lipid environments using 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 human mINDY / SLC13A5. For each family in which the form of elevator 

mechanism transport has been categorised thus far, the major functional mechanisms have been 
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consistent between members; i.e. the number of gating regions used and the nature of the barrier 

regions do not vary within families (Figure 1.2.3-1A) [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 mechanistic 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 VcINDY in vitro in an 

attempt to gain a 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 to probe the dynamics of the elevator motions of 

VcINDY. By focusing on residues which are only solvent accessible in either the inward- or outward-

facing conformation of the protein it will be possible to detect the conformational preferences of the 

protein in the 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 transporter. 

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, translocation, 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 interactions, 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 examined. This 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 applied to 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 can be examined in detail. 
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¢ƘǊƻǳƎƘ ǘƘŜǎŜ ŀǇǇǊƻŀŎƘŜǎ ƛǘ ƛǎ ƘƻǇŜŘ ǘƘŀǘ ŀ ŦŀǊ ƳƻǊŜ ŘŜǘŀƛƭŜŘ ǇƛŎǘǳǊŜ ƻŦ ±ŎLb5¸Ωǎ ƳƻƭŜŎǳƭŀǊ 

function may be established, both increasing the current knowledge of this particular transporter, 

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

Bacterial strains and plasmids used are summarised in Table 1.10.3-1 

Bacterial 

Strain 

Species Genotype Source and 

Catalogue Number 

BL21-AI E. coli Fς ompT hsdSB (rB
ς, mB

ς) gal dcm araB::T7RNAP-

tetA 

ThermoFisher 

C607003 

BL21(DE3) E. coli fhuA2 [lon] ompT Ǝŀƭ ό˂ 59оύ ώŘŎƳϐ ҟƘǎŘ{ 

˂ 59о Ґ ˂ ǎ.ŀƳILƻ ҟ9ŎƻwL-B int::(lacI::PlacUV5::T7 

ƎŜƴŜмύ ƛнм ҟƴƛƴр 

ThermoFisher 

EC0114 

Lemo21 E. coli ŦƘǳ!н ώƭƻƴϐ ƻƳǇ¢ Ǝŀƭ ό˂ 59оύ ώŘŎƳϐ ҟƘǎŘ{κ 

pLemo(CamR) 

 ˂  59о Ґ ˂ ǎ.ŀƳILƻ ҟ9ŎƻwL-B 

ƛƴǘΥΥόƭŀŎLΥΥtƭŀŎ¦±рΥΥ¢т ƎŜƴŜмύ ƛнм ҟƴƛƴр 

pLemo = pACYC184-PrhaBAD-lysY 

New England 

Biolabs C2528J 

NEB Turbo E. coli Cϥ ǇǊƻ!Ҍ.Ҍ ƭŀŎLǉ ҟƭŀŎ½aмр κ ŦƘǳ!н  ҟόƭŀŎ-proAB)  

glnV galK16 galE15  R(zgb-210::Tn10)TetS  endA1 

thi-м ҟόƘǎŘ{-mcrB)5 

New England 

Biolabs C2984H 

Table 1.10.3-1 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, 2 g MgCl2, 2.4 g 

MgSO4 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 added to the SOB broth to produce SOC 

broth. 

 

2.2.3 PASM5052 Broth 

PASM5052 was made according to the MemStar system [82]. The following component solutions 

were used; MgSO4 (1 M MgSO4, filter sterilised), 20x NPS (100 mM PO4, 25mM SO4, 50 mM NH4, 100 

mM Na, 50 mM K, filter sterilised), 50x 5052 (0.5% glycerol, 0.05% glucose, 0.2% lactose, filter 

sterilised), 1000x trace metals (0.1 M FeCL3, 1 M CaCl2, 1 M MnCl2, 1 M ZnSO4, 0.2 M CoCl2, 0.1 M 

CuCl2. 0.1 M NiCl2, 0.1 M Na2MoO4, 0.1 M Na2SeO3, 0.1 MH3BO3, 50 mM HCl, all components added 

from individual pre-autoclaved stocks), B12 (100 µM Vitamin B12, autoclaved), 17aa (1% w/v glutamic 

acid monosodium salt, aspartic acid, lysine monohydrochloride, arginine monohydrochloride, 

histidine monohydrochloride monohydrate, 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). On the day of use, the following volumes 

of these solutions were added to 900 ml of autoclaved dH2O; 2 ml MgSO4, 0.2 ml 1000x trace metals, 

20 ml 50x 5052, 50 ml 20x NPS, 1 ml B12, 20 ml 17aa, 20 ml methionine. 
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2.2.4 MDA5052 Broth 

The following component solutions were used; MgSO4 (1 M MgSO4, filter sterilised), 50x 5052 (0.5% 

glycerol, 0.05% glucose, 0.2% lactose, filter sterilised), 20x M (50 mM PO4, 50 mM NH4Cl, 5mM 

Na2SO4, filter sterilised), 1000x trace metals (0.1 M FeCL3, 1 M CaCl2, 1 M MnCl2, 1 M ZnSO4, 0.2 M 

CoCl2, 0.1 M CuCl2. 0.1 M NiCl2, 0.1 M Na2MoO4, 0.1 M Na2SeO3, 0.1 MH3BO3, 50 mM HCl, all 

components added from individual pre-autoclaved stocks), 17aa (1% w/v glutamic acid monosodium 

salt, aspartic acid, lysine monohydrochloride, arginine monohydrochloride, histidine 

monohydrochloride monohydrate, 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 dH2O; 2 ml MgSO4, 0.2 ml 1000x trace metals, 20 ml 50x 5052, 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, 24g yeast extract, and 5g glycerol per litre, made up to 90% 

volume with dH2O and autoclaved. 20 ml 1M KH2PO4 and 80 ml 1M K2HPO4 per litre were filter 

sterilised and added to form the final broth. 
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2.2.7 Solid Media 

Agar plates were made by mixing liquid media with 15 g agar 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 dH2O, 100 mg/mL Ampicillin in dH2O, and 25 mg/mL 

Chloramphenicol in ethanol. 
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2.3 Production of Styrene Maleic Acid from Styrene Maleic Anhydride - Reflux 

Styrene Maleic Acid (SMA) was produced through the hydrolysis of Styrene Maleic Anhydride as 

detailed by S. Lee et al 2016 [83]. 25 g of Styrene Maleic Anhydride copolymer was transferred to a 

500 mL round bottomed flask and dissolved in 250 mL 1M NaOH. 0.5 g of anti-bumping 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 then transferred 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 using ddH2O 

and centrifuged at 11,000 xg for 15 minutes at room temperature. The supernatant was then 

discarded. The pellet was resuspended in ddH2O and re-pelleted 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 incubator at 37°C 180 

rpm. Once resuspended concentrated HCl was again added gradually until a pH <5 was reached and 

precipitation was observed. Water was added up to the capacity of the centrifuge tubes and the 

pelleting/ddH2O resuspension/pelleting cycle washing cycle repeated three more times. Finally the 

polymer was re-dissolved in 0.6 M NaOH and adjusted to a pH of ~ 8 using NaOH and HCl. The 

solution was transferred to a 1 L round bottom flask, frozen at -80°C overnight, and freeze dried. 
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2.4 Production of Styrene Maleic Acid from Styrene Maleic Anhydride ς Autoclave 

Styrene Maleic Acid (SMA) was produced through the hydrolysis of Styrene Maleic Anhydride in an 

approach derived from. A Kopf et al 2019 [84]. 1 g of Styrene Maleic Anhydride copolymer was 

dissolved in 10 ml of dH2O along with 1 molar equivalent of NaOH and transferred to a duran bottle. 

This was placed in a standard benchtop 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 HCl and pelleted through centrifugation at 4000 xg for 10 minutes. The pellet 

was washed through two cycles of resuspension in 15 mL 10 mM HCl and pelleting, followed by 

resuspension in 15 mL H2O and pelleting. The polymer was resuspended in 10 mL dH2O and made 

soluble through adjustment of the pH to 8 with 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 interest 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 from the frozen 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 stored at -20°C. 

 

2.5.3 Transformation of Non-competent Cells 

For non-competent BL21-AI, BL21(DE3), and NEB-Turbo cells a low efficiency freeze-thaw 

transformation method could be used for the introduction of plasmid DNA from high concentration 

stocks. A 5 ml LB culture was grown overnight at 37 °C 190 rpm with the appropriate antibiotic 

content for plasmid maintenance, of which 500 µl was used to inoculate a 5 ml LB day culture. This 

was grown for 1h at 37°C 190 rpm before harvesting by centrifugation at 4000 rmp for 10 minutes. 

Cell pellets were resuspended in 600 µl ice cold 50 mM CaCl2, divided into 6 x 100 µl aliquots and 

kept on ice. 100 ng plasmid DNA, ideally in a volume of approximately 1 µl, was added to each 

aliquot to be transformed and the vortexed. Cells were snap frozen using a dry-ice/ethanol mixture 

for 1.5 minutes, then thawed at 37 °C for 2 minutes. 200 µl SOC was added and the cells incubated 

for 1 hour at 37 °C 190 rpm before plating on pre-warmed selective LB agar plates containing the 

appropriate antibiotic. Cells were allowed to grow overnight at 37 °C. 
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Lemo21(DE3) cells were transformed similarly, but with the addition of 25 µg/ml Chloramphenicol in 

all growth media. 

 

2.5.4 Transformation 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, and 1-2 µl DNA (either plasmid or ligation reaction) 

was added. This was mixed through pipetting and incubated on ice for 30 minutes before a 1.5 

minute heat shock at 42 °C. 200 µl SOC was added and the cells incubated at 37 °C for one hour 

before plating on pre-warmed selective LB agar plates containing the appropriate antibiotic. Cells 

were allowed to grow overnight at 37 °C. 

 

  



 68 

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 example is used 

below. 

2.6.1.1 BL21AI / LB Expression 

5 ml LB containing 50 µg/ml Kanamycin was inoculated with BL21-AI cells containing the plasmid of 

interest and grown overnight at 37 °C 190 rpm. All 5 ml was used to inoculate a 150 ml secondary 

LB-Kan culture, which was then grown for 2-4 h at 37 °C. Six 500 ml LB-Kan cultures were inoculated 

with 10 ml secondary culture and grown until OD600 Ғ лΦуΦ Cƭŀǎƪǎ ǿŜǊŜ ŎƻƭŘ ǎƘƻŎƪŜŘ ƛƴ ƛŎŜ ǿŀǘŜǊ ŦƻǊ 

20 minutes, before inducing with 0.1 mM IPTG and 0.1% L-arabinose, followed by incubation 

overnight at 19 °C. OD600 readings were used in morning to confirm expression as VcINDY over-

expression is bacteriostatic under these conditions. 

 

2.6.1.2 PASM5052 / Lemo21(DE3) Expression 

VcINDY was expressed using the MemStar system [82] . 150 ml LB containing 50 µg/ml Kanamycin 

and 25 µg/ml Chloramphenicol were inoculated with Lemo21(DE3) cells containing the plasmid of 

interest and grown overnight at 37 °C 190 rpm. 1 L of freshly prepared modified PASM5052 media 

[85] ŎƻƴǘŀƛƴƛƴƎ рл˃ƎκƳƭ YŀƴŀƳȅŎƛƴΣ нр ˃ƎκƳƭ /ƘƭƻǊŀƳǇƘŜƴƛŎƻƭΣ ŀƴŘ лΦнрƳa [-Rhamnose was 

inoculated with 20 mL of the overnight culture. Cultures were grown at 37 °C 190 rpm until OD600 Ғ 

0.5, at which point expression was induced beyond the auto-induction occurring within the media 

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 system [82] . 150 ml LB containing 100 µg/ml Kanamycin 

and 25 µg/ml Chloramphenicol were inoculated with Lemo21(DE3) cells containing the plasmid of 

interest and grown overnight at 30 °C 190 rpm. 1 L of freshly prepared modified MDA5052 media 

ŎƻƴǘŀƛƴƛƴƎ млл˃ƎκƳƭ YŀƴŀƳȅŎƛƴΣ нр ˃ƎκƳƭ /ƘƭƻǊamphenicol, and 0.25mM L-Rhamnose was 

inoculated with 20 mL of the overnight culture. Cultures were grown at 37 °C 220 rpm in 2.5 L Tunair 

full baffle shake flasks with filter caps until OD600 Ғ лΦрΣ ŀǘ ǿƘƛŎƘ Ǉƻƛƴǘ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ƛƴŘǳŎŜŘ 

beyond the auto-induction 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 at 4 °C and resuspended in 

16.6 mL INDY Lysis Buffer (50 mM Tris pH 7.5, 200 mM NaCl, 10 % glycerol) per litre of original 

culture and per OD600 unit of original culture, with protease inhibitors (1 mg/mL Pefabloc / 4-(2-

Aminoethyl)-benzenesulfonyl fluoride hydrochloride (AEBSF), 0.05 mg/ml Leupeptin) and 1 mg/mL 

DNAse I, plus 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 at 4 °C and the pellet discarded. Membranes were 

pelleted through centrifugation at 130,000 xg for 2 hours at 4 °C and the supernatant discarded. 

 

2.6.3 Solubilisation of VcINDY (Detergent) 

n.b. For Cysteine mutants, all solutions contained 0.5 mM TCEP. 

Membranes were resuspended in Buffer A (50 mM Tris pH 8, 100 mM NaCl, 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 L of original cell culture, with the addition of DDM to a final 

concentration of 3%. Samples were solubilised for 40 minutes at 4 °C with 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 purification, his-tagged VcINDY was 

purified using Clontech TALON Metal Affinity Resin. For every 3 L of original culture 300 µL of resin 

was incubated with the solubilised membrane fraction overnight at 4 °C. The mixture was added to a 

gravity flow column, retaining the VcINDY bound talon resin and allowing the flow-through to be 

collected. The resin was then washed with 20 CV (column volumes) Wash 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 the his-tag in our construct it is 

possible to elute through a 1 h incubation at 4 °C with 1.5 ml Elution Buffer 1 (Buffer A + 10 µg/ml 

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 his-tag is required for future 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 NaCl, 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 solubilised for one 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 µL of resin was incubated with the solubilised membrane 

fraction overnight at 4 °C. The mixture was added to a gravity flow column, retaining the VcINDY 

bound talon resin and allowing the flow-through to be collected. The resin was then washed with 40 

CV (column volumes) Wash Buffer (Buffer A + 5mM Imidazole). 

For trypsin elution the resin is incubated for one hour at 4 °C with 1.5 ml Elution Buffer 1 (Buffer A + 

10 µg/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 his-tag 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 achieved by rebinding the flow-through 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 100 µg/ml ampicillin was inoculated with BL21(DE3) cells containing 

the plasmid pRK793 (Addgene plasmid # 8827 ; http://n2t.net/addgene:8827 ; RRID:Addgene_8827) 

and grown overnight at 37 °C 190 rpm [86]. 10 mL of overnight culture was used to inoculate each 1 

L LB culture containing 100 µg/ml ampicillin. These were grown at 37 °C 190 rpm until OD600 Ғ лΦрΣ ŀǘ 

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 minutes at 4°C and resuspended in 15 

mL TEV Lysis Buffer (20 mM Tris pH 7.4, 300 mM NaCl, 10% glycerol) per litre of original culture, with 

protease inhibitors (1 mg/mL Pefabloc, 0.05 mg/mL Leupeptin) and 1 mg/mL DNAse I. Lysis was 

achieved through sonication for 3 seconds on and 7 seconds off over 10 minutes. Lysate was clarified 

though centrifugation at 10,000 xg for 20 minutes at 4 °C and the pellet discarded. Imidazole 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 at 4 °C with agitation for 30 minutes. The mixture was added to a 

gravity flow column, retaining the TEV bound nickel resin and allowing the flow-through 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 TEV Purification Buffer + 250 mM imidazole until A280 Җ 0.2. 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 was estimated through Coomassie Blue 

gel staining alongside known BSA standards. Aliquots were created and stored at -80°C. 
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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, but a typical example is used 

below. 

A 30 mL LB culture containing 30 µg/ml kanamycin was inoculated with BL21(DE3) cells containing 

the plasmid pMSP1E3D1 (Addgene plasmid # 20066 ; http://n2t.net/addgene:20066 ; 

RRID:Addgene_20066) and grown overnight at 37 °C 190 rpm [87]. 30 mL of overnight culture was 

used to inoculate each 1 L TB culture containing 30 µg/ml kanamycin. These were grown at 37 °C 220 

rmp in 2.5 L Tunair full baffle shake flasks with filter caps until OD600 Ғ нΦн ς 2.5, at which point 

expression was induced through the addition of 1 mM IPTG, followed by 4 hours expression under 

the same conditions.  

2.8.2 Purification of MSP1E3D1 

Cells were harvested through centrifugation at 4000 xg for 20 minutes at 4°C pellet frozen overnight. 

Pellets were then thawed and resuspended in 30 mL MSP Lysis Buffer (20 mM NaPhosphate pH 8, 

1% Triton-X-100) per litre of original culture, with protease inhibitors (1 mg/m? Perfabloc, 0.05 

mg/mL Leupeptin) and 1 mg/mL DNAse I. Lysis was achieved through sonication for 3 seconds on 

and 7 seconds off over 10 minutes. Lysate was clarified though centrifugation at 22,000 xg for 30 

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 allowing the flow-through to be collected. The resin 

was then washed with 4 column volumes (CV) of MSP Purification Buffer (40mM Tris-HCl pH8, 300 

mM NaCl) + 1% Triton-X-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 

½ 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 (50mM Tris-HCl pH7.5,100mM 
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NaCl, 0.5 mM EDTA). Final concentration was estimated through A280 readings. Aliquots were 

created and stored at -80°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 

discussion of approaches and the progress made thus far see (3.2.5 Optimisation of the 

Reconstitution of VcINDY into MSP1E3D1 Based Nanodiscs) 
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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 ExPASy server [88]. The absorbance of protein solutions at 280 nm were measured using a 

spectrophotometer and used to estimate concentration according to the Beer-Lambert law. 

 

2.10.2 Concentration of Protein Samples 

Protein samples were concentrated using tƛŜǊŎŜϰ tǊƻǘŜƛƴ /ƻƴŎŜƴǘǊŀǘƻǊǎ t9{Σ млл K MWCO or 10 K 

MWKO, 2-6 mL ǿƘŜƴ ǊŜǉǳƛǊŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ  

 

2.10.3 Buffer Exchange of Protein Samples 

2.10.3.1 Desalting Columns 

For volumes of < 1 mL Thermo ScientificTM ½Ŝōŀϰ {Ǉƛƴ 5ŜǎŀƭǘƛƴƎ /ƻƭǳƳƴǎΣ тY a²/hΣ ǿŜǊŜ ǳǎŜŘ 

ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

2.10.3.2 Dialysis 

[ŀǊƎŜǊ ǾƻƭǳƳŜ ǇǊƻǘŜƛƴ ǎŀƳǇƭŜǎ ǿŜǊŜ ƭƻŀŘŜŘ ƛƴǘƻ млY a²/h ¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎϰ {ƴŀƪŜ{ƪƛƴϰ 5ƛalysis 

Tubing and stirred overnight at 4 °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 buffer 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 µL and snap frozen in a mixture of dry ice and ethanol 

before storage at -80 °C. Samples were used on the same day as thawing and not refrozen.  
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2.11 Size Exclusion Chromatography 

An ÄKTA Pure protein purification system with a Superdex® 200 10/300 GL column was used for size 

exclusion chromatography, allowing high level purification of protein samples and assessment of the 

homogeneity of purified proteins through examination of the in line A280 trace.  

 

2.11.1 Buffer Preparation 

All solutions to be run through the SEC column were made using ddH2O. Filtering and degassing of 

solutions was achieved by attaching bŀƭƎŜƴŜϰ wŀǇƛŘ-Cƭƻǿϰ {ǘŜǊƛƭŜ 5ƛǎǇƻǎŀōƭŜ .ƻǘǘƭŜ ¢ƻǇ CƛƭǘŜǊǎ ǿƛǘƘ 

SFCA Membranes to Duran bottles containing a magnetic stirrer atop a magnetic stirring plate at 4 

°C. A pump was attached to 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. Detergents were gently mixed into 

buffers after the degassing process. 

 

2.11.2 Column Preparation and Storage 

All runs used a pre-column 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 first equilibrated into ddH2O 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 non-detergent containing buffers an additional wash step of 500 mL ddH2O at 

0.5 mL/min was used in order to remove residual detergent from the column before equilibration 

into the desired non-detergent containing buffer. Before storage the column was first equilibrated 

into ddH2O 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 centrifuged at 140,000 xg 4 °C 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 NaCl, 5% Glycerol) containing an 

additional 0.15% n-decyl- -̡D-maltoside (DM) for detergent solubilised samples was used. With the 

column pre-equilibrated 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 in line A280 readings. 1 mL 

fractions were collected. Fractions containing the protein of interest could be pooled post-run and 

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

2.12.1 SDS-PAGE 

SDS-PAGE Gels: 

SDS-PAGE gels were made according to the following recipe: 

 Resolving Stacking 

30% (w/v) acrylamide/0.8% 

(w/v) bisacrylamide 

2.65 mL 0.65 mL 

1.875M Tris pH 8.8 1 mL 0 

1M Tris pH 6.8 0 0.625 mL 

10% SDS 50µl 50µl 

H2O 1.45 mL 3.675 mL 

10% APS 50 µlL 50 µL 

TEMED 5 µlL 5 µlL 

Table 2.12.1-1 Components of the SDS-PAGE gels used in this thesis. 

Protein samples were mixed in a 3:1 ratio with 4 x SDS-PAGE sample buffer (50 mM Tris pH 7.2, 5% 

SDS, 0.4% bromophenol blue, 40% glycerol). VcINDY samples were loaded without boiling due to the 

fragile nature of this protein. Other protein samples were heated to 95 °C for 10 minutes prior to 

loading. SDS-PAGE gels were run at 180 V for one hour in SDS-PAGE 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 Blue R-250), and destained with agitation in 

destain solution (10% ethanol, 10% acetic acid) until protein bands became 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 with blotting paper and the 

gel itself. Transfer was carried out using a semi-dry blotting 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 % Tween 20, final solution adjusted to pH 7.6 with 

HCl) and incubated with a primary tetrahis antibody (Qiagen tetrahis antibbody) in primary 

hybridation buffer (0.05 % tetrahis antibody, 1% milk powder, 1 x TBST) with agitation at 4 °C 

overnight. 

Next morning the 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 (0.02 % Promega 

Goat Anti-Mouse IgG Polyclonal Antibody (HRP (Horseradish Peroxidase)), 1% milk powder, 1 x TBST) 

for one hour, followed by washing with TBST for 1 x 15 minute and 6 x 5 minute. Blots were 

visualised in a Bio-wŀŘ /ƘŜƳƛ5ƻŎϰ ·w{Ҍ ǎȅǎǘŜƳ ǳǎƛƴƎ ǘƘŜ tƛŜǊŎŜ ǎǳǇŜǊǎƛƎƴŀƭ 9/[ ƪƛǘ ŦƻƭƭƻǿƛƴƎ 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

 

2.12.4 Densitometry 

Densitometry was carried out using the ImageJ [89] image analysis software. 

  



 82 

2.13 PEGylation Assay 

2.13.1 Experimental Procedure 

Zebaϰ {Ǉƛƴ 5ŜǎŀƭǘƛƴƎ /ƻƭǳƳƴǎΣ тY a²/hΣ лΦр Ƴ[ ǿŜǊŜ ǳǎŜŘ ǘƻ ŘŜǎŀƭǘ ǇǊƻǘŜƛƴ ǎŀƳǇƭŜǎ ƛƴǘƻ 

Conjugation Buffer (50 mM Tris pH 7, 5% Glycerol) containing 0.15% DM for detergent solubilised 

samples before use. Typical 50 µL reaction mixtures contained 0.5 mg/mL VcINDY mutant, 5% 

glycerol, 50 mM Tris pH 7, 150 mM of either NaCl or KCl, 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 quenched at set timepoints through by mixing with Quench 

Buffer (100 mM methyl-MTS, 2 x SDS-PAGE sample buffer) in a 1 : 1 ratio.  

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

blue staining, resultant band intensities were quantified through densitometry.  

 

2.13.2 Data Analysis 

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

ὠὧὍὔὈὣὖὉὋ ὄὥὲὨ ὍὲὸὩὲίὭὸώ

ὠὧὍὔὈὣ ὄὥὲὨ ὍὲὸὩὲίὭὸώ ὠὧὍὔὈὣὖὉὋ ὄὥὲὨ ὍὲὸὩὲίὭὸώ
 

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 operating on different continents, to produce relatively 

clear data. The proportions of PEGylated VcINDY remaining after 60 minutes could be compared 

between different conditions through t-tests 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 allows the 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, allowing 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, these differences are the 

only feature of the dataset which is required for further analysis. As with the non-normalised data, 

normalised proportions of unPEGylated VcINDY remaining after 60 minutes could be compared 

between different conditions through t-tests 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 accounting for substrates with low solubilities. If possible, 

the stock solution was made using ddH2O and adjusted to pH 7.5 using concentrated HCl or KOH so 

that the pH of the final experimental mixture was not affected. When potential substrates were not 

sufficiently 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 7-Diethylamino-3-(4'-Maleimidylphenyl)-4-Methylcoumarin (CPM) stocks were made in 

DMSO, aliquoted, and stored at -80°C until use. On the day of use an aliquot would be thawed and 

diluted 25x into the appropriate assay buffer. 

 

2.14.3 Experimental Procedure ς Typical Melting 

The experiments were carried out as described by Crichton 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 cap PCR tubes 2 µg of 

protein was diluted in CPM assay buffer containing the substrate of interest to a final volume of 45 

µL and incubated on ice for 10 minutes before the addition of 5 µL CPM dilute and a further 15 

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

QuantStudio 3 qPCR system running the following programme; cool to 5°C at 1.6 °C/s, rise to 95 °C 
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with a step and hold of 5 seconds, measure fluorescence using an excitation filter of 470 ± 15 nm 

and an emission filter of 520 ± 15 nm. 

 

2.14.4 Data Analysis ς 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 DMSO or ethanol 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 ς Half Life  

Samples 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 95°C, taking a fluorescence reading at every step. These 

readings could be exported and used to form decay graphs. 

 

2.14.6 Data Analysis ς Half Life 

Half life melt data were normalised so that the fluorescence upon complete denaturation was 1, and 

initial fluorescence was 0. The 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 et al. [91], but data analysis was carried out 

substantially differently. 

2.15.1 VcINDY-GFP Preparation 

GFP-tagged VcINDY was grown according to the Lemo21(DE3) / PASM5052 approach. Samples of 

purified GFP tagged VcINDY were produced as normal, using the imidazole elution approach 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 snap freezing.  

 

2.15.2 Experimental Procedure ς Temperature Range 

GFP-TS can be carried out using solubilised membranes without the need to purify the GFP-tagged 

protein; in the case of Lemo21(DE3) / PASM5052 production DDM solubilised membranes were 

diluted to 80 mL GFP-TS buffer όмрл Ƴa bŀ/ƭΣ нл Ƴa ¢Ǌƛǎ I/ƭ ǇI тΦрΣ м҈ 55aΣ м҈ ʲ-OG) per 

original litre of culture. When using purified protein, GFP-tagged VcINDY was diluted to 0.01 mg/mL 

in GFP-TS buffer.  

For temperature range experiments 150 µL samples were heated for 10 minutes at 4, 20, 30, 0,60, 

60, 70, 80, and 100°C before pelleting of aggregates at 18,000 xg for 30 min at 4°C. Supernatant was 

transferred to a clear bottomed 96 well plate and pellets resuspended in 150 µL GFP-TS buffer 

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

FLUOstar Omega or CLARIOstar Plus. 

 

2.15.3 Experimental Procedure ς 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 Analysis ς 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, controlling for loss of GFP fluorescence. The 

resultant supernatant fluorescence data were fitted to a sigmoidal dose response curve in R using 

the nls() function [92]. The equation itself was as follows, where x equals the current temperature 

and Tm equals the melting temperature: 

ὊὰόέὶὩίὧὩὲὧὩ ὙὩάὥὭὲὭὲὫὦ
ὥ ὦ

ρ
Ὕά
ὼ

 

Typically a temperature range was carried out in triplicate, with each replicate independently fitted, 

allowing for statistical error to be determined for melting temperatures. For the full programme, see 

7.2 Appendix 2 ς R script used for the fitting of GFP-TS data. 

  

2.15.5 Data Analysis ς Fixed Temperature 

Fixed temperature experiments analysed the proportion 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 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ  

 

2.16.1 VcINDY Preparation 

Either GFP-tagged or fluorescently labelled VcINDY was used for MST experiments. GFP-tagged 

VcINDY was grown according to the Lemo21(DE3) / PASM5052 approach. Purified samples of GFP 

tagged VcINDY were produced as normal, using imidazole elution in order to avoid removal of the 

GFP tag. Non-GFP tagged VcINDY fluorescent labelling was achieved by purifying Lemo21(DE3) / 

PASM5052 produced VcINDY using the imidazole elution approach to preserve the his tag. This 

purified his-tagged VcINDY was then labelled using the Monolith His-Tag Labeling Kit RED-tris-NTA 

ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

 

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 KOH or HCl 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 µL serial dilution of the stock solution is created, diluting with the assay buffer itself. GFP-

tagged VcINDY is diluted to 40 nM and fluorescently labelled VcINDY is diluted to 500 nM. 10 µL 

diluted VcINDY stock is added to each 10 µL serial dilution sample, mixed gently, and incubated at 

room temperature for five minutes before loading into 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 detail in 4.4.3 Careful Analysis of VcINDY MST Data is Required In 

Order To Provide . 



 89 

2.17 Lipid Handling 

Regardless of final application, the same general method for preparation of lipid stocks in desired 

buffers was used. A round bottomed flask was washed with dH2O followed by ethanol, and dryed 

under a stream of N2. Lipids dissolved in chloroform were then added to the flask and dried under 

the N2 stream until no chloroform 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 N2 stream until no pentane was visible, followed by an additional 30 minutes of 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 at -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. 

VcINDY liposomes were produced using the rapid dilution method. 25 µg VcINDY solubilised in Decyl 

-̡D-maltopyranoside (DM) containing buffer and 8 mg lipid were diluted into 2ml of reconstitution 

buffer (20 mM Tris pH 7.5, 150 mM NaCl, 5% glycerol, 0.1% DM). This mixture was incubated on ice 

for 10 minutes before rapid dilution into 65 mL Inside Buffer (20 mM Tris pH 7.5, 1 mM NaCl, 199 

KCl). 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 three 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 mL proteoliposomes were passed through a 400 nm filter 11 times using an extruder in order to 

produce proteoliposomes of uniform size. The proteoliposomes were then pelleted through 

centrifugation at 140,000 xg at 4 °C for 30 minutes and resuspended in 100 µL Inside Buffer (20 mM 

Tris pH 7.5, 1 mM NaCl, 199 KCl), 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 

[3H]-succinate was diluted in Transport Buffer (20 mM Tris pH 7.5, 100 mM KCl, 100 mM NaCl, 1 µM 

Valinomycin, 0.9 µM succinate) to a final concentration of 100 nM, and the resultant Hot Transport 

Buffer incubated at 30 °C on a heating block. To begin the reaction 10 µL of VcINDY proteoliposome 

solution was added to 1.5 ml Hot Transport Buffer and immediately mixed through vortexing. 200 µL 

samples were taken at predetermined timepoints and added to 2 mL ice cold Quench Buffer (20 mM 

Tris pH 7.5, 200 mM ChCl). This quenched reaction was them immediately added to a 0.2 µM 

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 

Liquid Scintillation Counting vials, and an unused membrane was inserted into an additional vial 

along with 50 µL 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 transferred 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 NaCl) with the addition of 

0.1% DDM for detergent solubilised samples and diluted to 300 µL 0.1 mg/mL. The sample was 

loaded into a glass cuvette and placed into a Jasco J-715 CD circular dichrometer for measurement. 

Readings were taken for buffer only samples to allow the effect of buffer components to be 

removed from final readings. 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 was monitored as an 

indicator of the transition from alpha helix to random coil.  
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3 RESULTS ς VcINDY Solubilisation Techniques 
 

Chapters 3.1 and 3.2 can be considered technical sections of this thesis. They discuss two 

approaches to the detergent free solubilisation of VcINDY, namely Styrene Maleic Acid Lipid Particles 

(SMALPs) and Membrane Scaffold Protein (MSP) nanodiscs. These detergent free VcINDY 

preparations will be used throughout this thesis. 

Chapters 4.1, 4.2, 4.3, and 4.4 focus instead on the application of different experimental techniques 

to the study of VcINDY in order to further our understanding of the molecular mechanisms behind 

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

VcINDY in a Near Native Environment 

3.1.1 Introduction 

Styrene Maleic Acid (SMA) is a co-polymer formed of repeating units of styrene and malic acid in a 

defined ratio (Figure 3.1.1-1); 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 formation of aqueous 

pores. The polymer molecules then line these pores, placing themselves at the interface between 

the bilayer core and the surrounding aqueous solution. As this process continues, discrete discs are 

formed, consisting of circular sections of lipids contained by a belt of SMA polymer [93]. If proteins 

are contained in the membrane they 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 repurposing of cosmetic pharmaceutical techniques. 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 search for an alternative delivery method. The same year a patent was filled for the use 

of styrene-malic acid polymers, allowing the creation of discrete lipid discs in which hydrophobic 

substances could be solubilised [94]. This patent was 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 membrane, 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 

chromatography [95]. This process is essentially unchanged in current publications [83]. 
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The feature of this nanodisc system which makes it of such great use to membrane protein research 

is its ability to co-isolate 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 specific lipids with which they interact [96]. The lipid content of this protein induced 

micro-environment may vary substantially from the lipid content of the total membrane [96]. 

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 isolated [96][97][98]. Given that the process SMALP solubilisation itself appears to be non-

selective for lipid type [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 content [97], suggesting that while there is a protein-lipid 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 importance of the nature of the lipid 

environment for elevator mechanism transporter function is discussed in 1.3 The Elevator 

Mechanism ς 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 developed through 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 varying properties such as pH tolerance, ion tolerance, disc size, 

solubilisation ability [100], and thermostability [101]. This range of polymers could, if the application 

of SMA to VcINDY does not yield 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 dynamics [102], far larger and unrestrictive than the 

10 mn discs associated with traditional SMALPs [103]. 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 SMALPs used 

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 processes including x-ray 

crystallography [104], cryo-EM [105], Hydrogen-Deuterium eXchange Mass Spectroscopy (HDX-MS) 

[97], lipidomics (selected examples include [97][96][99][98][106]), all manner of thermostability 

assays [107][108][109][101][110][103][98][111], fluorescent binding assays [111], radioliand binding 

assays [107][108], the detection of protein-protein interactions [112], and various activity assays 

[103][106]. This is by no means a complete list, as dozens of SMALP publications are emerging each 

year, but rather an example of the widely compatible nature of this system [100]. A particular 

advantage of this nanodisc system, and one source of this wide compatibility, is that it does not 

introduce unwanted peptides into the experimental system, unlike MSP nanodiscs (see 3.2.1 

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

Here, we shall attempt to apply this solubilisation technique to a DASS family transporter 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 structure, 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 GFP-TS thermostability assays, can be found in their respective sections (see 4.1.5 VcINDY 

Substrate Induced Accessibility Changes Are Similar Within Both Detergent and Native Lipid 

Environments and 4.2.5 Native Lipid Nanodisc Solubilised VcINDY Shows Extreme Thermostability 

Along With Substrate Induced Destabilisation).  
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Figure 3.1.1-1 SMA polymer composition, showing a styrene ς malic acid ς 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(AI) 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 examined through both total protein Coomassie 

Blue staining and his-tag specific western blotting (Figure 3.1.2-1). This resulted 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 used to achieve 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. Examination of 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 appeared more resistant to 

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

Comparison to the VcINDY western blots indicates that one of these total-solubilisation resistant 

proteins is VcINDY.  

 
Figure 3.1.2-1 Solubilisation of VcINDY containing BL21(AI) membranes with varying concentrations of 3:1 SMA. 

Percentage weight per volume SMA used for solubilisation is indicated. Arrow indicates hight of VcINDY band. P = Pellet 

(insoluble fraction), S = Supernatant (solubilised fraction). Western blot specific to his-tagged 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 population of non-SMA-solubilised VcINDY could be recovered 

through repeat cycles of 3% SMA solubilisation, VcINDY containing BL21(AI) membranes were 

solubilised with SMA before separation of the insoluble fraction through ultracentrifugation and 

attempted re-solubilisation 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 normal (see 2.6.6 Cobalt Affinity Purification (SMALPs)) (Figure 

3.1.2-2A). 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 VcINDY within 

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 

solubilisation series is unusually low given that 3% SMA should have already solubilised almost half 

the available VcINDY, according to the previous solubilisation trials (Figure 3.1.2-1& Figure 3.1.2-2B). 

The previous experiment relied upon western blot-based 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 a VcINDY-GFP conjugate solubilised 

ǳǎƛƴƎ о҈ {a! ǿŀǎ ƳƻƴƛǘƻǊŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ŘŜǘŜŎǘƛƻƴ ƻŦ DCtΩǎ ŘƛǎǘƛƴŎǘ ŦƭǳƻǊŜǎŎŜƴǘ ǎƛƎƴŀƭ όFigure 

3.1.2-2B). Of the VcINDY-GFP which was correctly inserted into the membrane, roughly half was 

solubilised, in agreement with western blot data (Figure 3.1.2-1). Of the solubilised VcINDY, 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 purification attempts could be re-incubated affinity resin multiple 

times, continuing to extract comparable levels of VcINDY-GFP on each round of binding. 
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In order to better examine the relationship between initial SMA concentrations and final purification 

yield, VcINDY containing BL21(AI) membranes solubilised with either 1%, 3%, or 5% SMA were 

purified, with four cycles of rebinding to the affinity resin (Figure 3.1.2-2C). 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 least efficiently. 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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Figure 3.1.2-2 Optimisation of the solubilisation and purification of VcINDY with SMA. A: Repeat solubilisation and 

purification of a single VcINDY containing BL21(AI) 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, shown upon 

Coomassie Blue stained gels. B: Purification of VcINDY-GFP using 3:1 SMA. Total VcINDY-GFP content at each stage of the 

purification is shown, as determined by fluorescence measurements and corrected for solution volume. C: Purification of 

VcINDY following 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 with the number of bindings the affinity resin.  

A 

C 
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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 using UV-Ǿƛǎ ǎǇŜŎǘǊƻǎŎƻǇȅ ŀǎ ŦƻƭƭƻǿǎΥ ±ŎLb5¸Ωǎ нул ƴƳ 

extinction coefficient could be estimated through the ExPASy ProtPram server from its sequence as 

57075 M-1 cm-1 [88]. Using this value, examination of VŎLb5¸Ωǎ ŀōǎƻǊōŀƴŎŜ ǎǇŜŎǘǊŀ ŀƭƭƻǿŜŘ ǘƘŜ нсл 

nm coefficient to be estimated as 59113 M-1 cm-1 (Figure 3.2.2-2A). For SMA, a standard curve could 

be constructed from known dilutions, allowing the 260 nm and 280 nm extinction coefficients to be 

estimated as 12353 M-1 cm-1 and 507 M-1 cm-1 respectively for concentrations bellow 100 µM (Figure 

3.2.2-2B). 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 applied the 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 respectively (Figure 3.2.2-2C). 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 purification and into the final product, possibly interfering 

with binding to the affinity resin. As such, excess SMA should be minimised. 
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Figure 3.1.2-3 Estimation of SMA / VcINDY ratio for differing VcINDY SMALP preps. A: Example absorbance spectrum for 

detergent solubilised VcINDY. B: 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 SMALP samples. C: 

Estimated molar ratios of 3:1 SMA / VcINDY. Ratios are 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(AI) membranes were solubilised using 3 % 2:1 SMA, 3 % 3:1 

SMA, or 5 % DDM, before purification and comparison of the final yield (Figure 3.1.2-4). 

Solubilisation 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 with VcINDY than 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 solubilised into 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 concentrations are used for the 

initial solubilisation of VcINDY. 
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Figure 3.1.2-4 Solubilisation and purification of VcINDY using differing SMA polymers. Affinity 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 Appears Correctly Folded, Monodisperse, and Highly 

Thermostable 

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

these novel nanoparticles was required.  

In order to establish 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 performed (Figure 3.1.3-1A). Three main observations were 

made. Firstly, the presence of a clear, sharp, peak indicated the presence of a major homogenous 

population. Secondly, this main peak elutes 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 prior to the main 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.  

!ǎ ǘƘƛǎ {9/ ŎƻƭǳƳƴ ǿŀǎ ƭŀǘŜǊ ŎŀƭƛōǊŀǘŜŘ ŦƻǊ ŜǎǘƛƳŀǘƛƻƴ ƻŦ {ǘƻƪŜΩǎ wŀŘƛƛ όsee 3.2.5 Optimisation of the 

Reconstitution of VcINDY into MSP1E3D1 Based NanodiscsύΣ ǘƘŜ {ǘƻƪŜΩǎ wŀŘƛƛ ƻŦ 55a ŀƴŘ {a! 

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 the disc. 

bŜȄǘΣ ƛƴ ƻǊŘŜǊ ǘƻ ŎƻƴŦƛǊƳ ǘƘŀǘ ±ŎLb5¸Ωǎ ǎŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜ ƛǎ ŎƻǊǊŜŎǘƭȅ ƳŀƛƴǘŀƛƴŜŘ ǿƛǘƘƛƴ {a![tǎΣ 

far-UV CD was carried out. Due to difficulties in accurately determining the concentrations of both 

detergent and SMA solubilised VcINDY, the resulting spectra were not expected to be of identical 

magnitude; therefore the far-UV spectra, once corrected for buffer effects, were normalised to 

equal magnitude (Figure 3.1.3-1B). This resulted in near identical spectra, showing the two troughs 

within the 200 ς 230 nm range characteristic of h-helix containing proteins, indicating clearly that 

the secondary structure of VcINDY is maintained similarly for both DDM 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 from h-helix to random coil spectra (Figure 3.1.3-1C). 

Detergent solubilised VcINDY is observed to undergo the transition to random coil, with an 

estimated secondary structure melting temperature of 78.89 ± 5.92 (95% C.I.). SMA solubilised 

VcINDY, 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 CPM-thermofluor (see 4.2.5 Native Lipid Nanodisc Solubilised VcINDY 

Shows Extreme Thermostability Along With Substrate Induced Destabilisation).  

The ability to carry out substrate binding and substrate dependent conformational change was 

demonstrated through the established cysteine accessibility assay elsewhere in this thesis (see 4.1.5 

VcINDY Substrate Induced Accessibility Changes Are Similar Within Both Detergent and Native Lipid 

Environments).  
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Figure 3.1.3-1 Characterisation of VcINDY SMALPs. A: 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 fluorescence. B: Far UV 

circular dichroism of DDM detergent and 3:1 SMA solubilised VcINDY. The SMA solubilised VcINDY spectra is corrected for 

magnitude due to uncertainties surrounding its concentration. Average results from 3 scans shown. C: Secondary structure 

thermal denaturation of DDM and 3:1 SMA solubilised VcINDY observed through the change of CD 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. I. shown for DDM solubilised VcINDY. 
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3.1.4 SMALPs Have Been Employed Throughout This 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 the relevant section. 

In 4.1.5 VcINDY Substrate Induced Accessibility Changes Are Similar Within Both Detergent and 

Native Lipid Environments, the 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 mPEG5K label required to label introduced 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. 

In 4.2.5 Native Lipid Nanodisc Solubilised VcINDY Shows Extreme Thermostability Along With 

Substrate Induced Destabilisation, the thermostability of SMALPs was found to be extreme, able to 

ǿƛǘƘǎǘŀƴŘ ƘƻǳǊǎ ŀǘ ƴŜŀǊ ōƻƛƭƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜǎ ōŜŦƻǊŜ ƳŜƭǘƛƴƎ ƻŦ ±ŎLb5¸Ωǎ ǘŜǊǘƛŀǊȅ ǎǘǊǳŎǘǳǊŜ ƻŎŎǳǊǊŜŘΣ 

in sharp contrast to the lower thermostability of DDM solubilised VcINDY. Additionally, it was 

observed that the addition of succinate to SMALP solubilised VcINDY resulted in a reduction in 

thermostability. Work examining lipid-substrate relationships (see 4.3.4 The Effects of Lipids Upon 

VcINDY-GFP Thermostability Are Altered by the Presence of Succinate) suggested that this reduction 

in thermostability was likely due to succinate binding disrupting protein-lipid interactions within the 

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

succinate free protein. 

In 4.4.6 Preliminary MST Examination of SMALP Solubilised VcINDY Indicates that the SMALP System 

May be Capable of Isolating Transient Lipid Environments, 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 nanoparticles to retain information 

regarding the substrate binding state of VcINDY at the point of solubilisation, likely through the 
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isolation of transient, substrate dependent, VcINDY lipid interactions. This suggests that SMALPs 

may be a useful tool for the examination 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 solubilised VcINDY to be produced, providing a viable alternative to 

detergent or MSP nanodisc based in vitro examination of this protein. 

SMA appears unable to achieve 100% solubilisation of VcINDY despite repeated treatments, with a 

SMA resistant population of VcINDY appearing to be only solubilisable through detergent extraction. 

This SMA resistant population likely consists of dense protein patches containing insufficient lipid 

content to allow SMA access [113], as has been observed for a range of proteins in a variety of cell 

types [110][111]. It is likely that the introduction of additional lipids could allow the dispersal and 

SMA solubilisation of these dense VcINDY patches [113], however the introduction of additional 

lipids is likely to alter the lipid compositions of the produced SMALPs [97]. This approach is therefore 

not recommended, due to the possibility of creating non-native lipid nanodiscs, thereby forfeiting 

one of the great advantages of the SMALP system [96]. 

The initial concentration of SMA used to solubilise VcINDY was 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 final purified 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 the deleterious 

interactions between excess SMA and affinity resins [106]. 

Existing literature has widely recognised the weak interactions between some SMALP solubilised 

proteins and his-tag affinity binding resins [114], and many studies have adopted approaches to 

compensate for this. Batch binding to affinity resin is common, either for two hours [83][98], or 

overnight [115][106][107][83][111], supporting the observation made here that greater incubation 

times resulted in greater purification 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 remove non-specific 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 10 mM  [116], 5 

mM [106], or even 0 mM imidazole [115]. 

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 consistently results in poorer purification yields [110]. 

Previously it has been unclear whether this difference in purification efficiency was due to 

differences in affinity resin binding, or SMALP stability [110]. Herein we have demonstrated SMALP 

solubilised VcINDY to exhibit extreme levels of thermostability, a general behaviour which 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 over the 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 the high MW peaks eluting before the main nanodisc peak consisted of large 

membranous particles, generated by non-uniform SMA solubilisation [117]. The presence 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 process generally results in a much-reduced 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 SMALP solubilised 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 formed secondary 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 based measurements, as in the case of PEGylation based 

accessibility assays (see 4.1.5 VcINDY Substrate Induced Accessibility Changes Are Similar Within 

Both Detergent and Native Lipid Environments), or to demonstrate the importance of lipids and thus 

open new avenues of research, as in the case of CPM thermofluor leading to GFP-TS (see 4.2.5 

Native Lipid Nanodisc Solubilised VcINDY Shows Extreme Thermostability Along With Substrate 

Induced Destabilisation and 4.3 Aggregation Based Thermostability Measurements Indicate a 

Complex Relationship Between Substrate Binding and Lipid Interactions). Furthermore, by analysing 

SMALPs through the high precision technique MST, the ability of the SMALP system to isolate 

functionally important transient lipid environments is explored (see 4.4.6 Preliminary MST 

Examination of SMALP Solubilised VcINDY Indicates that the SMALP System May be Capable of 

Isolating Transient Lipid Environments). 

SMALPs have therefore been successfully applied to VcINDY, providing a simple and highly 

compatible nanodisc system for the examination of this elevator mechanism transporter.  
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3.2 MSP Based Nanodiscs Allows In Vitro Examination of VcINDY in 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 examples of the practical difficulties involved (see 4.2.6 Direct Supplementation of Lipids 

to Detergent Solubilised VcINDY Results in Poor CPM Thermofluor Output), discussions of the crucial 

roll played by lipids in elevator mechanism transport (see 1.3 The Elevator Mechanism ς The 

Importance of Lipids), and novel observations indicating a complex but obscure relationship to exist 

between VcINDY and the membrane (see 4.2.6 Direct Supplementation of Lipids to Detergent 

Solubilised VcINDY Results in Poor CPM Thermofluor Output, 4.3.4 The Effects of Lipids Upon 

VcINDY-GFP Thermostability Are Altered by the Presence of Succinate, and 4.4.6 Preliminary MST 

Examination of SMALP Solubilised VcINDY Indicates that the SMALP System May be Capable of 

Isolating Transient Lipid Environments). As such multiple approaches to examining VcINDY lipid 

relationships have already been presented. These include lipid supplementation of detergent 

solubilised samples and the formation of native lipid nanodiscs known as SMALPs. This 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 ApoA1 protein. This protein is the major 

component of high-density lipoproteins (HDLs); naturally occurring lipoprotein structures involved in 

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

lipids for transport in an aqueous environment [118]. Consisting of a series of amphipathic helical 

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

By employing purified ApoAI with careful control over the conditions and lipid content it was 

ǇƻǎǎƛōƭŜ ǘƻ ŎǊŜŀǘŜ άŘƛǎŎƻƛŘŀƭ ƳƛŎŜƭƭŜǎέΤ ŘƛǎŎǊŜǘŜ ǎƻƭǳōƭŜ ŘƛǎŎǎ ƻŦ ƭƛǇƛŘ ōƛƭŀȅŜǊ ǎǳǊǊƻǳƴŘŜŘ ōȅ ŀ ōŜƭǘ ƻŦ 

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 the solubilisation 

of membrane proteins [120]. Accordingly, T. Bayburt et al 2002 created the Apo-AI 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 

ǎƛƳǇƭȅ άƴŀƴƻŘƛǎŎǎέ ōŜŎƻƳŜǎ ǇƻǎǎƛōƭŜΣ ŀƭƭƻǿƛƴƎ ǎƻƭǳōƭŜ ƭƛǇƛŘ ǇǊƻǘŜƛƴ ǎǘǊǳŎǘǳǊŜǎ ǘƻ ōŜ ǇǊƻŘuced. 

Further modifications of the MSP sequence have been made over the years, resulting in a range of 

available MSP proteins [120]. For the work in this thesis the MSP derivative MSP1E3D1 shall be used. 

MSP1E3D1 is modified in two ways from the original MSP protein; a deletion of the non-protein/lipid 

interface residues 1-11, and the addition of three 22 amino acid alpha helices [87]. 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 MSP1 [122]. The use of a larger nanodisc 

reduces the risk of VcINDY being bound too tightly by the MSP scaffold to 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 be incubated with the SMA polymer of choice, leading to the spontaneous 

formation of native lipid nanodiscs [83]. Nanodisc reconstitution requires pure, detergent 

solubilised, membrane proteins to be mixed with experimentally determined ratios of lipids and 

MSP, before the detergent is gradually removed, 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 and lipids.  

A prominent example of the power of these nanodiscs for the examination of elevator mechanism 

transporters comes from work upon GltPh. The protomers of this trimeric symporter were expected 

to operate independently, however detergent solubilised structures 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 protomers [27]. 

Accordingly, it is clear that the transition from detergent to nanodisc in some way alters the 

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

With the key role played by lipids in elevator mechanism transporter function discussed in 1.3 The 

Elevator Mechanism ς The Importance of Lipids, the ability of this nanodisc system to provide 

customisable lipid environments, in a manner known to have significant impacts upon elevator 

mechanism transporters [27], will allow key questions raised by GFP-TS (see 4.4.7 Chapter Summary) 

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 optimisation [120]. Once these are created it is hoped that nanodiscs containing varying 

defined lipid environments can be applied to the high resolution MST binding assay (see 4.4.1 

Introduction) in order to assess the roll of lipids in substrate binding. The questions of whether the 

low succinate affinity so far observed (see 4.4.7 Chapter Summary) is representative of the 

physiological nature of the protein, and how the interplay 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 the purpose of nanodisc formation is a common 

process, and such many labs already have well established protocols. Two expression protocols were 

initially trailled for the expression of his-tagged MSP1E3D1, protocol 1 and 2 (Table 3.2.2-1), and the 

resultant protein purified through nickel affinity chromatography (see 2.8.2 Purification of 

MSP1E3D1). Examination of the final elution products through Coomassie blue stained gels revealed 

Condition 2 to produce significantly more MSP (Figure 3.2.2-1A) 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 non-specific protein interactions with the nickel resin. As such, neither 

condition produced useful levels of MSP1E3D1. 

 

 1 2 

Strain BL21(DE3) BL21(DE3) 

Media 2YT TB 

Incubator shaker speed 210 rmp 210 rpm 

Growth temperature pre 

induction 

37°C 37°C 

Induction OD600 3.0-4.0 2.2-2.5 

IPTG concentration 1 mM 1 mM 

Growth temperature post 

induction 

28°C 37°C 

Expression time 4 hours 4 hours 

Table 3.2.2-1 Initial expression conditions trialled for the expression of his-tagged MSP1E3D1. 
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Due to this poor yield, two rapid optimisation experiments were carried out. In the first experiment, 

a 1 L culture was grown according to the current 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 the expressed MSP entering 

insoluble inclusion bodies was examined through the solubilisation of the post lysis and clarification 

cell pellet with 6 M Guanidine Hydrochloride (Gmd HCl) supplemented buffer. The Gdm HCl 

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

which point the sample was washed into non-denaturing buffer to allow refolding. Comparison of 

MSP1E3D1 purified from the soluble fraction, and from the Gmd HCl solubilised pellet, showed that 

while solubilisation 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 fraction (Figure 3.2.2-1B). As such, it appears that the 

majority of the available MSP1E3D1 is not entering the pellet, and the solubilisation of inclusion 

bodies does not greatly improve final yields.  

Nickel and cobalt based affinity resins were examined, along with the time of sample incubation with 

the resin. Increasing the incubation time of the solubilised membrane with the affinity resin resulted 

in the recovery of additional MSP1E3D1 for both nickel and cobalt based resins (Figure 3.2.2-1C and 

Figure 3.2.2-1D respectively), with both a change from flowthrough (no prior incubation) 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 elutions. In the case of all incubation 

times trialled, nickel resins allowed the recovery of higher quantities of protein than cobalt resins 

(Figure 3.2.2-1E).   
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Figure 3.2.2-1 Optimisation of MSP1E3D1 purification. A: Elution of MSP1E3D1 purified according to the two sets of 

conditions detailed in Table 3.2.2-1. Condition 2 forms the basis for further optimisation attempts. B: Elution of MSP1E3D1 

purified either from the soluble fraction resulting from the clarification of cell lysate, or from the Gdm HCl solubilised 

inclusion bodies from the same cell batch, expressed through condition 2. C: Elution of MSP1E3D1 expressed through 

condition 2 and purified using nickel sepharose resin. Time of incubation of the clarified lysate with resin is shown, with 

άŦƭƻǿέ ƛƴŘƛŎŀǘƛƴƎ ǘƘŜ ƭȅǎŀǘŜ ǘƻ ōŜ ǇŀǎǎŜŘ ƻǾŜǊ ŀ ƎǊŀǾƛǘȅ Ŧƭƻǿ ŎƻƭǳƳƴ ǿƛǘƘ ƴƻ ǇǊƛƻǊ ƛƴŎǳōŀǘƛƻƴ ǿƛǘƘ ǊŜǎƛƴΦ D: Elution of 

MSP1E3D1 expressed through condition 2 and purified using cobalt sepharose resin. Time of incubation of clarified lysate 

ǿƛǘƘ ǊŜǎƛƴ ƛǎ ǎƘƻǿƴΣ ǿƛǘƘ άŦƭƻǿέ ƛƴŘƛŎŀǘƛƴƎ ǘƘŜ ƭȅǎŀǘŜ ǘƻ ōŜ ǇŀǎǎŜŘ ƻǾŜǊ ŀ ƎǊŀǾƛǘȅ Ŧƭƻǿ ŎƻƭǳƳƴ ǿƛǘƘ ƴƻ ǇǊƛƻǊ ƛƴŎǳōŀǘƛƻƴ ǿƛǘƘ 

resin. E: Elution of MSP1E3D1 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 overnight pre-incubation of the clarified lysate with resin.  
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With purification optimised, 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 100 µg / mL to 50 µg / mL, and again to 30 100 µg / mL 

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

expressing cells (Figure 3.2.2-2A).  

Varying combinations of growth temperatures (37°C and 25°C), induction OD600s (3.5 and 1), and 

expression times (2, 6, and 6 hours) were compared in order to allow a quick exploration of the 

effects of these factors (Figure 3.2.2-2B-G). It was consistently observed that growth at 25°C resulted 

in higher MSP1E3D1 yields levels than 37°C (Figure 3.2.2-2B), indicating that the slowed expression 

rates encouraged by a lower incubation temperature were beneficial to production of this protein. 

The lower expression OD600 of 1.0 appeared to consistently allow higher yields of MSP1E3D1 than 

3.5 (Figure 3.2.2-2C), as it seemed the expression of this protein was not toxic to cell 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 

MSP1E3D1 at both 37°C (Figure 3.2.2-2D & Figure 3.2.2-2E), and 25°C (Figure 3.2.2-2F & Figure 

3.2.2-2G), as production continued to outpace degradation in this slowly expressing system.  

As an alternative approach, the MDA5052 system used for VcINDY expression (see 2.6.1.3 MDA5052 

/ Lemo21(DE3) Expression), employing Lemo(DE3) cells in a complex, defined, autoinducing media, 

was trialled as this system is known to be effective for difficult to express proteins [82], however this 

resulted in very poor yields compared to the BL21(DE3) approach examined thus far (Figure 

3.2.2-2H).  
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Figure 3.2.2-2 Elution fractions of MSP1E3D1 expressed with variations on method 2. A: Elution fractions for MSP1E3D1 

expressed according to condition 2, in the presence of varying concentrations of kanamycin. B: Elution fractions for 

MSP1E3D1 expressed according to condition 2, grown at either 37 °C or 25 °C. C: Elution fractions for MSP1E3D1 expressed 

according to condition 2, whereby expression was induced either at OD600 = 1.0 or 2.2. D: Elution 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 using IPTG. F: Elution fractions 

for MSP1E3D1 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 IPTG. G: Elution fractions for MSP1E3D1 expressed 

according to condition 2 with 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 using IPTG. H: Elution fractions for 

MSP1E3D1 expressed either according to condition 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 low, non-toxic, 

rate in E. coli, resulting in modest yields. 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 of Kent was 

ƴƻǘ ōŜƛƴƎ ǇǊƻǇŜǊƭȅ ǊŜƳƻǾŜŘ ōȅ ǘƘŜ ƭŀō ǇǳǊƛŦƛŎŀǘƛƻƴ ŜǉǳƛǇƳŜƴǘΣ ŀƴŘ ǘƘǳǎ ǘƘŜ άŘŘI2hέ ŎƻƴǘŀƛƴŜŘ 

unexpected ions, or that there was a problem with the BL21(DE3) cell stock. Thus, new test cultures 

were grown using the current optimal conditions (30 µg/mL Kanamycin, induction OD600 = 1, 

expression 25°C, expression time 6 h). 

The change to ultra-pure water had no impact (Figure 3.2.2-3A), however the newly sourced 

BL21(DE3) cells produced vastly more MSP1E3D1 (Figure 3.2.2-3B). The source of the strange 

expression behaviour was, therefore, found to be a faulty glycerol stock. 
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Figure 3.2.2-3 Elution fractions from troubleshooting of MSP1E3D1 expression using the best conditions as determined 

in Figure 3.2.2-2; 30 µg/mL, 25°C expression, induction OD600 = 1, 6 hours expression time. A: Elution fractions for 

MSP1E3D1 grown in media containing either the MilliQ purified water used throughout this thesis, or with ultrapure 

biotech grade water. B. 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 optimisation data was perfectly usable, and would continue to 

define the purification conditions used. The expression, however, would need to be re-tested. 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 expression (Figure 3.2.2-4). The highest expression of 

MSP1E3D1 clearly occurred with an induction OD600 of 2.2, an expression time of 4 hours, and an 

expression temperature of 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 mg / L (Figure 3.2.2-5). 
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Figure 3.2.2-4 One shot optimisation of MSP1E3D1 expression with variants of method 2. Due to the high expression 

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

 
Figure 3.2.2-5 Final yield of MSP1E3D1 produced with optimal conditions and fresh Bl21(DE3). The results of nickel 

Sepharose affinity purification are shown. Fractions: FT = Flowthrough. W1 = Wash 1. W2 = Wash 2. NiA = Nickle buffer A. 

NiB = Nickle buffer B. E1-4 = Elution fraction 1-4. 

  



 127 

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 contains an N-teminal his tag, used for 

purification of the protein. In order to be compatible with later steps in the nanodisc creation 

process (see 3.2.5 Optimisation of the Reconstitution of VcINDY into MSP1E3D1 Based Nanodiscs), 

this his tag must be removed through the cleavage of a TEV protease recognition site (Figure 

3.2.3-1A) [87].  

In order to achieve this, TEV protease was produced recombinantly. When expressed alone in E. coli, 

TEV protease folds poorly, rendering the majority of produced protein insoluble and unusable [123]. 

In order to compensate for this, TEV protease 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 specific in vivo cleavage to separate these two proteins, providing a pure 

product (Figure 3.2.3-1B) [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 examination of the clarified lysate by Coomassie blue staining (see METHODS for 

details). All cultures were LB broth + 100 µg / mL ampicillin, grown until an OD600 of 0.6 at which 

point expression was induced through IPTG addition, and expression continued overnight. Differing 

IPTG concentrations, 0.4 mM vs 1.0 mM, pre-induction growth temperatures, 37 °C vs 25 °C, and 

post-induction growth temperatures, 37 °C vs 25 °C, were trialled. It was observed that the highest 

expression of TEV protease was achieved using 0.4 mM IPTG and a constant concentration of 37 °C 

(Figure 3.2.3-2A).  

Using these conditions, large scale expression allowed ~136 mg to be produced from 6 L (Figure 

3.2.3-2), giving a final yield of ~22.7 mg/L. 
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Figure 3.2.3-1 Location of TEV protease target sequences in expressed constructs. A: MSP1E3D1, showing the TEV target 

sequence located to allow cleavage and removal of the his-tag [87]. B: TEV protease expression construct, showing the TEV 

target sequence located to allow in vivo cleavage and removal of the MBP expression chaperone [123][124]. 

 

  
Figure 3.2.3-2 Production of TEV protease. A: Clarified lysates for BL21(DE3) cells expressing TEV protease with varying 

incubation temperatures and concentrations of IPTG used to induce expression. While TEV Protease and MBP are produced 

at an equimolar ratio, the far larger MBP protein stains to a greater intensity. MBP intensity is, therefore, a useful measure 

of TEV expression levels. B: Nickel sepharose based affinity purification of TEV protease produced under the best stablished 

conditions. Labels: FT = Flowthrough. W = Wash. E = Elution. 
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3.2.4 hǇǘƛƳƛǎŀǘƛƻƴ ƻŦ ǘƘŜ /ƭŜŀǾŀƎŜ ŀƴŘ wŜƳƻǾŀƭ ƻŦ ǘƘŜ a{tм9о5м /ƻƴǎǘǊǳŎǘΩǎ Iƛǎ-Tag 

Now that MSP1E3D1 and TEV protease are able to be produced in sufficient quantities, the removal 

of the his-tag 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 h at 28°C with a 

1:30 ratio of TEV to MSP1E3D1 [87][125] to 1.5 h at room temperature with a 1:150 ratio of TEV to 

MSP1E3D1 [126]. Here, 3 hours at room temperature was trialled with varying ratios. Due to the 

drop in molecular weight associated with the removal of the his-tag, the process was assessed 

through Coomassie blue stained gels. The addition of TEV protease resulted in some cleavage of 

MSP1E3D1 in all conditions (Figure 3.2.4-1A). Low levels of TEV protease, such 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 levels of TEV protease used to a ratio of 1:50 TEV to MSP1E3D1 or higher 

resulted in almost complete cleavage of the MSP1E3D1 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 standard from hereon. 

Step 2 of this process is to ensure the cleaved his-tag is effectively removed. This is performed 

through reverse affinity chromatography, as the cleaved protein mixture is passed over an affinity 

column, sequestering the cleaved tag and allowing his-free 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 NaCl before purification (see 2.8.2 Purification of MSP1E3D1) (Figure 

3.2.4-1B). 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 his-tag. This is likely due to interactions between these amphipathic 

helices causing his-free MSP1E3D1 molecules to co-purify with the few remaining uncleaved 

MSP1E3D1 molecules. 
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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 resin [126], or 

supplementation with the detergent choline [87][125]. Cobalt and nickel-based resins were directly 

compared (Figure 3.2.4-1C), showing that while nickel resin lead to both MSP1E3D1 itself and the 

cleaved his-tag occurring predominantly in the wash and elution fractions, cobalt resin led to both 

MSP1E3D1 itself and the 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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Figure 3.2.4-1 Initial optimisation of the cleavage and removal of the MSP his-tag. 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 obsserved through the reduction in molecular weight after the removal of the his-tag. B: Initial attempt at 

removal of the cleaved his-tag from MSP1E3D1 through reverse affinity purification, using a on hour incubation with nickel-

based affinity resin with no additives. C: Comparison of nickel and cobalt based resins for the removal of the cleaved his-tag 

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 molecules, were trialled for 

both affinity resin types. For cobalt based purification, the introduction of 10% glycerol increased the 

proportion of the cleaved his-tag found within the elution fraction, and the introduction of 50 mM 

cholate increased the proportion of MSP1E3D1 found within the flowthrough fraction (Figure 

3.2.4-2A). Both supplements therefore improved the level of separation between MSP1E3D1 and the 

cleaved his-tag 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 flowthrough and 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 magnitude (Figure 3.2.4-2B). Nickel based reverse affinity purification in the 

presence of 50 mM cholate therefore allowed effective separation of MSP1E3D1 and the cleaved 

his-tag, with the majority of MSP1E3D1 being found in the flowthrough and wash fractions, whilst 

almost all of the cleaved his-tag was found in the elution fraction. As such, nickel-based resin with 

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

During this optimisation a wash of 2 column volumes (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 cleaved his-tag is found within the 

elution fractions (Figure 3.2.4-2C). 
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Figure 3.2.4-2 Optimisation of the removal of the MSP his-tag. A: Effect of the addition of 10% glycerol or 50 mM cholate 

to cobalt based reverse affinity purification removal of cleaved his-tag from MSP. B: Effect of the addition of 10% glycerol or 

50 mM cholate to nickel based reverse affinity purification removal of the cleaved his-tag from MSP. C: Final reverse affinity 

purification based removal of cleaved his-tag from MSP1E3D1 using nickel resin with 50 mM cholate supplementation and 

additional wash steps. Labels: FT FT = Flowthrough. W = Wash. E = Elution.  
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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 transporter GltPh found 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 face of 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 at 4°C for one hour, before the addition of 0.25 

g/mL biobeads, followed by another 3 hours of incubation at 4°C to allow detergent removal. After 

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

separated from empty nanodiscs through standard affinity purifications.  

These test ratios of VcINDY to MSP1E3D1 were examined with a fixed VcINDY to Lipid ratio of 1:500, 

using E. Coli Total Lipid Extract (see Table 4.3.4-1). 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 nanodiscs, varied greatly with differing MSP1E3D1 to 

VcINDY ratios (Figure 3.2.5-1A-D). 1:2 resulted in by far the most lost VcINDY, while 1:5 appeared to 

result in the highest level of VcINDY incorporation into possible nanodiscs, with almost all VcINDY 

remaining soluble and co-eluting with MSP1E3D1 under this condition. The lower ratios, 1:10 and 

1:25, while also showing little lost VcINDY in the flowthrough, showed lower 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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Figure 3.2.5-1 Reconstitution of VcINDY into MSP1E3D1 nanodiscs using varying ratios of VcINDY to MSP. All 

reconstitutions are performed with a VcINDY to TLE ratio of 1:500. Reconstitutions were carried out through one step 

removal of detergents 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 efficiency had 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 1:5 were analysed through HPLC SEC with inline UV A280 detection. This resulted in two 

overlapping peaks in both instances, around 10.5 mL and 12 mL (Figure 3.2.5-2A), 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 MSP to Lipid 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 analysis (Figure 3.2.5-2A), 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 stained SDS-PAGE shows the band representing 

VcINDY disappearing from later peak fractions while MSP remains (Figure 3.2.5-2B), indicating that 

the 12 mL peak observed in these traces is in fact empty nanodiscs.  
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Figure 3.2.5-2  HPLC SEC in line 280 nm absorbance readings for varying VcINDY nanodisc reconstitution ratios. A: 

Putative VcINDY nanodiscs created using differing reconstitution ratios of VcINDY : MSP1E3D1 : TLE lipids are shown. A 

reference detergent (DM) solubilised WT VcINDY trace is displayed on a second axis for comparison. B: The 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.  
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In order to confirm this observation, the SEC column, a Superdrex 200 Increase 10/300 GL, was 

calibrated against known commercial standards (Table 3.2.5-1). 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 correlate for uniformly shaped proteins, these two parameters deviate substantially for proteins 

of differing shapes [127]. The frictional coefficient may not seem of great use, however 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 question [127]. 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 as ellipticity and will include any hydration shells. 

The calibration run was effective, with all standards resolved into clear peaks (Figure 3.2.5-3A), 

allowing calibration curves to be plotted and equations to be derived for both estimated molecular 

weight (Figure 3.2.5-3B & Figure 3.2.5-3C) and Stokes Radius (Figure 3.2.5-3D & Figure 3.2.5-3E). 

Applying this to the data already gathered it is seen that the 10.5 mL peak has a Stokes Radius of 

around 7 nm, while the 12 mL peak has a Stokes Radius of around 5.5 nm (Figure 3.2.5-3F). Common 

literature estimations of empty MSP1E3D1 size to range from 5.5 to 6.0 nm, as determined through 

Analytical Ultracentrifugation (AUC)[128][129] and Small Angle X-Ray Scattering (SAXS) [130]. These 

ǾŀƭǳŜǎ ŀƎǊŜŜ ǿŜƭƭ ǿƛǘƘ ǘƘŜ {ǘƻƪŜΩǎ wŀŘƛǳǎ ŜǎǘƛƳŀǘŜǎ ƳŀŘŜ ƘŜǊŜΣ ǎǘǊƻƴƎƭȅ ƛƴŘƛŎŀǘƛƴƎ ǘƘŜ ǎŜŎƻƴŘ ǇŜŀƪ 

to represent empty nanodiscs (Figure 3.2.5-3F). Observing the relative hight of this putative empty 

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

reconstitution sample compared to the 1:5:500 reconstitution 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 quality 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 nanodiscs, however future 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. 
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Protein Mw (kDa) Stokes Radius (nm) 

Thyroglobin 6691 8.51 

Ferritin 4401 6.11 

Aldolase 1581 4.811 

Conalbumin 751 3.642 

Ovalbumin 441 3.051 

Carbonic Anhydrase 291 2.32 

Ribonuclease A 13.71 1.641 

Table 3.2.5-1 aƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘǎ ŀƴŘ {ǘƻƪŜΩǎ wŀŘƛǳǎ ǎƛȊŜǎ ŦƻǊ ǘƘŜ ǎǘŀƴŘŀǊŘ ǇǊƻǘŜƛƴǎ ƛƴ ǘƘŜ IƛƎƘ ŀƴŘ [ƻǿ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ 

GE Healthcare Gel Filtration Calibration Kits used to calibrate the superdex 200 increase 10/300 HPLC SEC column. 1 

Values taken from the GE Healthcare Gel Filtration Calibration Kit Manual. 2 Values absent from GE Healthcare 

documentation taken instead from Sigma Aldrich documentation of the equivalent product. 
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Figure 3.2.5-3 Calibration of the superdex 200 increase 10/300 SEC column. A: Initial 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/mL Carbonic 

Anhydrase, 3 mg/mL Ribonuclease A. B: Known molecular weights of standard proteins against retention volume as 

determined in part A of this figure. C: Logarithmic fitting of molecular weight and retention volume, producing a standard 

curve applicable to similarly shaped globular proteins. D: Known Stokes Radii of standard proteins against retention volume 

as determined in part A of this figure. E: Logarithmic fitting of Stokes Radii and retention volume, producing a standard 

curve for estimation of Stokes Radii of unknown molecules. F: 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 

MSP1E3D1 sizes are indicated by horizontal lines and a highlighted range [128][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 protocol and discovering 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 optimisation, 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 

±ŎLb5¸Ωǎ Ƙƛǎ-tag, making it vital that the MSP1E3D1 his-tag is cleaved by TEV Protease and removed 

from solution through reverse affinity purification. The enzymatic cleavage 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 publication [87][125]. Balancing the removal of the 

his-tag from cleaved MSP1E3D1 solutions with retention of the his-free form of MSP1E3D1, 

however, required careful optimisation. In agreement with previous literature, the addition of 50 

mM cholate, a mild detergent, was found to break non-specific interactions between the 

amphipathic MSP1E3D1 helices, greatly aiding the efficiency and effectiveness of the process and 

allowing high levels of separation to be achieved [87][125], although it is noteworthy 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. 

Optimisation of nanodisc reconstitution took place in two stages. In the first stage SDS-PAGE 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 1:5 to be optimal. 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, the proportion 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 COVID-19 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 A280 trace, as well as optimise the reconstitution process. The current process uses a single 

addition of 0.25 g/mL bio-beads to remove detergent over three hours, although previous work has 

found sequential smaller bio-beads to be effective, and it has been noted in literature sources that 

careful control of the bio-bead ratio is important for effective nanodisc formation [87][126]. 

The nanodiscs produces herein were briefly trialled in MST (see 4.4.1 Introduction) where they 

showed similar affinity to DDM detergent solubilised VcINDY, however due to the aforementioned 

lab shutdown experiments examining the effects of defined lipid 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 laid for working 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 MSP1E3D1 his-tag, the determination of 

suitable VcINDY to MSP1E3D1 ratios for 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 established herein, 

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. 
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4 Results ς Examination of The Mechanism and 

Interactions of 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 amino acid is sparingly used in nature [131]. 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 evolutionary control over the 

placement of this key residue [132].  

Chemically, the large atomic radius of sulphur along with the low dissociation energy of the S-H 

bond, combined with the moderate pKa of ~6, allow nucleophilic and redox-active functions to be 

performed and controlled in a manner unmatched by other residues [133][134]. This allows cysteine 

to take up a diverse range of roles, including metal binding, catalytic nucleophile action, redox 

catalysis, regulation, and structural disulphide formation [134]. 

It is no coincidence, therefore, 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 elsewhere 

[135][136][137][138]. Within this field, cysteine is a particularly useful target. Firstly, as mentioned 

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 which new cysteines 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 residue will, 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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whereby the 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 been developed. Perhaps the most prominent 

example of this general method, known as site-directed 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 multiple techniques applied. Fluorescent labelling with tetramethylrhodamine-5-

maleimide (TMRM) followed by detection of fluorescent intensity produced accessibility data 

broadly in keeping with that gathered through radiolabelling with radioactive N-[ethyl-1-

14C]ethylmaleimide (NEM) [139], followed by detection of radioactive signal [140]. Both studies 

observed clear substrate induced accessibility changes, indicating shifts to the inward and outward 

facing states, dependent upon the substrates added [139][140]. A further study employing the 

TMRM labelling approach confirmed that the accessibilities observed, along with the changes in 

accessibility induced by the addition of substrate, were identical for both detergent and nanodisc 

solubilised LacY [141], indicating the method of solubilisation to not greatly impact these 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 the inactivation 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 monitoring of transport inactivation [142], and the reciprocal effects of cocaine and 

ibogaine on the LeuT trŀƴǎǇƻǊǘŜǊΩǎ ŎƻƴŦƻǊƳŀǘƛƻƴ ǘƘǊƻǳƎƘ ǘƘŜ ƳƻƴƛǘƻǊƛƴƎ ƻŦ ǎǳōǎǘǊŀǘŜ ōƛƴŘƛƴƎ [143]. 

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 with a fluorescent dye so that a reduction in fluorescence indicates an increase in 

accessibility, as has been performed successfully for the LeuT transporter [144]. 
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In all the cases discussed above, substrate additions have resulted in accessibility changes, 

transitioning the transporters involved to either their inward- or outward-facing states. VcINDY 

dynamics are poorly understood, and as such the effects of substrate binding 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 

ǇǊƻōŜ ±ŎLb5¸Ωǎ ŎƻƴŦƻǊƳŀǘƛƻnal dynamics based upon the binding of the cysteine specific maleimide 

Poly(ethylene glycol) methyl ether (mPEG5K), 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 Detectable Through 

Cysteine Accessibility Measurements 

mPEG5K is a well-characterised cysteine modifying compound with two main caveats. Firstly, the 

bulky nature of this compounds means that it is sterically unable to bind to cysteine residues which 

are partially blocked by the tertiary structure. Secondly, the reaction between mPEG5K and cysteine 

is slow, with a timescale of minutes, not seconds [145]. For our purposes, however, these are 

advantageous features. The inability of this compound to react with partially occluded cysteine 

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. 

A cysteine-free VcINDY mutant background is used for these experiments, with non-native cysteines 

introduced at locations of interest. The criteria for the selection of cysteine locations were threefold; 

low evolutionary conservation, predicted alteration in accessibility based on existing inward- and 

outward-facing models [81], and the ability of the single cysteine mutant to carry out transport as 

determined through radio-succinate transport assays, indicating their ability to sample all states 

required for transport.  

The VcINDYCyslessM157C mutant was known from previous work to be succinate responsive 

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

DM solubilised VcINDYCyslessM157C was incubated in the presence of mPEG5K at room temperature 

in order to allow labelling to occur. Throughout the reaction, samples were quenched through the 

addition of a large excess of methyl-MTS (MMTS) in a denaturing SDS-PAGE sample buffer, rapidly 

reacting with all cysteine residues as yet unmodified by mPEG5K and preventing further PEGylation, 

therefore capturing timepoints. As mPEG5K is a 5 KDa mass tag, PEGylation can be observed on a 

standard Coomassie Blue stained SDS-PAGE 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 experiment as VcINDY becomes 
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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 hour-long experiment, increasing in 

density over time and confirming the labelling process to work as intended (Figure 4.1.2-1A). 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, SDS-PAGE gel images can be found in 7.1 Appendix 1 ς Raw 

PEGylation Data, with 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 observing substrate induced changes must be confirmed. As VcINDYCyslessM157C is 

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

dose dependency (Figure 4.1.2-1B ς Appendix 1 #157-R-1, #157-R-2-Chris). Increasing concentrations 

of succinate were observed to result in increasingly supressed levels of PEGylation, demonstrating a 

clear dose dependency, and confirming the ability 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 myself at the 

University of Kent in the UK; representing a high level of intercontinental repeatability.  
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Figure 4.1.2-1 Principle of the mPEG5K accessibility assay. A: Experimental 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 quenching is 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 stained SDS-PAGE and 

quantified through densitometry, quantifying the proportion of the protein which has reacted with the 5 kDa mPEG5k mass 

tag at each timepoint. B: Dose dependent effect of Succinate on the labelling of VcINDYCyslessM157C PEGylation in the 

presence of 150 mM sodium. The proportion of VcINDYCyslessM157C reacted 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 substrate responsive, the 

impacts of substrate addition can be examined. VcINDY conducts substrate transport through an 

elevator mechanism, in which transition from the inward- to the outward-facing state is predicted to 

be facilitated by a rigid body movement of the transport domain relative to the membrane, carrying 

the binding site along with it (see 1.10.3 Transport). 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 inward-facing state, the 

outward-facing state, or some intermediate state? 

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

criteria described in 4.1.2 VcINDY Substrate Induced Conformational Changes are Detectable 

Through Cysteine Accessibility Measurements. These were proven to be functional through 

radioligand transport assays, in which the uptake of radiolabelled succinate into proteoliposomes 

was measured compared to empty liposome negative controls (Figure 4.1.3-1). 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 proof of 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 cysteines was examined 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 succinate). The resultant datasets are 

summarised in Figure 4.1.3-2 to Figure 4.1.3-16 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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In Figure 4.1.3-2 to Figure 4.1.3-16 the normalised inaccessibility graph represents the data in a 

more useful but far less intuitive manner than raw proportion PEGylated. 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 purposes, the 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 between varying conditions within each run. As such, the runs may be normalised 

ǘƻ ǇǊƻŘǳŎŜ άt9Dȅƭŀǘƛƻƴ ǊŀǘŜ ǊŜƭŀǘƛǾŜ ǘƻ ǎƻŘƛǳƳ ƻƴƭȅ ŎƻƴŘƛǘƛƻƴέΣ ǿƛǘƘ ǘƘŜ ǎƻŘƛǳƳ ƻƴƭȅ ŎƻƴŘƛǘƛƻƴ 

chosen as the benchmark as it is most often a medium rate condition, and thus demonstrates the 

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 results in ǘƘŜ ŎǊŜŀǘƛƻƴ ƻŦ ǘƘŜ άwŜƭŀǘƛǾŜ LƴŀŎŎŜǎǎƛōƛƭƛǘȅέ 

metric, equalling [Proportion Non-PEGylated]/[Proportion Non-PEGylated for the Na only condition 

from the same experiment]. 

This is presented alongside the simple increase in PEGylated VcINDY over time so that the two 

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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Figure 4.1.3-1 Transport data for the cysteine mutants used for PEGylation assays, performed by Matthew Stewart. 

VcINDY containing proteoliposomes were exposed to [H3]-radiosuccinate in the presence of an inward facing sodium 

gradient. Transport was allowed to continue for the time indicated before quenching and removal of external 

radiosuccinate. The level of radiosuccinate sequestered into the proteoliposomes by VcINDY transport activity is recorded 

ǘƘǊƻǳƎƘ ǳǎŜ ƻŦ ŀ ʲ-radiation detecting scintillation counter. Cysless is the VcINDY cysteine free background upon which 

these mutants are created. Empty shows liposomes with no VcINDY, indicating background levels of radiation gained in the 

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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Mutant: 154C Most Accessible: IFS Change: -0.53 

  
Inward Facing State (Side View)  Outward Facing State (Side View) 
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PEGylation supressed by sodium [p = 0.0026] 

PEGylation supressed by succinate in presence of sodium [p = 0.0421] 

PEGylation not affected by succinate in absence of sodium [p = 0.410] 

Suggests sodium driving VcINDY towards OFS or Occluded State. 

Appendix 1 gels: #154-1-E, #154-2-E, #154-3-E 

Figure 4.1.3-2 Cysteine Accessibility Profile for VcINDYCyslessT154C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric. D: Reference numbers of the associated gels, which can be found in Appendix 1.
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Mutant: 157C Most Accessible: IFS Change: 45.4 

  
Inward Facing State (Side View) Outward Facing State (Side View) 
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PEGylation not affected by sodium [p = 0.7890] 

PEGylation supressed by succinate in presence of sodium [p = 0.0003] 

PEGylation not affected by succinate in the absence of sodium [p = 0.9517] 

Suggests succinate driving VcINDY towards OFS or Occluded State. 

Shows Necessity of sodium for succinate binding. 

Appendix 1 gels: #157-E-1, #157-E-2-Chris 

Figure 4.1.3-3 Cysteine Accessibility Profile for VcINDYCyslessM157C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric. D: Reference numbers of the associated gels, which can be found in Appendix 1. 
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Mutant: 177C Most Accessible: IFS Change: -2.4 

  
Inward Facing State (Side View)  Outward Facing State (Side View) 
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PEGylation supressed by sodium [p = 0.0108] 

PEGylation not affected by succinate in presence of sodium [p = 0.1979] 

PEGylation not affected by succinate in absence of sodium [p = 0.9836] 

Suggests sodium driving VcINDY towards OFS or Occluded State. 

Appendix 1 gels: #177-1-E, #177-2-E, #177-3-E 

Figure 4.1.3-4 Cysteine Accessibility Profile for VcINDYCyslessT177C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric. D: Reference numbers of the associated gels, which can be found in Appendix 1.
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Mutant: 120C Most Accessible: OFS Change: -2.1 

  
Inward Facing State (Side View) Outward Facing State (Side View) 
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PEGylation supressed by sodium [p = 0.008262] 

PEGylation supressed by succinate in presence of sodium [p = 0.08107] 

PEGylation not affected by succinate in absence of sodium [p = 0.6483] 

Suggests sodium driving VcINDY towards IFS or Occluded State. 

Appendix 1 gels: #120-E-1, #120-E-2-Chris 

Figure 4.1.3-5 Cysteine Accessibility Profile for VcINDYCyslessA120C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric.  D: Reference numbers of the associated gels, which can be found in Appendix 1. 
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Mutant: 381C Most Accessible: OFS Change: 0.12 

  
Inward Facing State (Side View) Outward Facing State (Side View) 
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PEGylation supressed by sodium [p = 0.0113] 

PEGylation not affected by succinate in presence of sodium [p = 0.274] 

PEGylation not affected by succinate in absence of sodium [p = 0.7993] 

Suggests sodium driving VcINDY towards IFS or Occluded State. 

Appendix 1 gels: #381-E-1, #381-E-2, #381-E-3 

Figure 4.1.3-6 Cysteine Accessibility Profile for VcINDYCyslessS381C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric. D: Reference numbers of the associated gels, which can be found in Appendix 1. 
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Mutant: 215C Most Accessible: OFS Change: -42.4 

  
Inward Facing State (Side View) Outward Facing State (Side View) 
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PEGylation supressed by affected by sodium [p = 0. 0.00001] 

PEGylation not affected by succinate in presence of sodium [p = 0.1273] 

PEGylation not affected by succinate in absence of sodium [p = 0.7886] 

Suggests sodium driving VcINDY towards IFS or Occluded State. 

Appendix 1 gels: #215-E-1, #215-E-2, #215-E-3 

Figure 4.1.3-7 Cysteine Accessibility Profile for VcINDYCyslessT215C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric.. D: Reference numbers of the associated gels, which can be found in Appendix 1. 
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Mutant: 384C Most Accessible: OFS Change: -72.5 

  
Inward Facing State (Side View) Outward Facing State (Side View) 
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PEGylation supressed by affected by sodium [p = 0.0175] 

PEGylation not affected by succinate in presence of sodium [p = 0.0174] 

PEGylation not affected by succinate in absence of sodium [p = 0.7685] 

Suggests sodium and succinate driving VcINDY towards IFS or Occluded State. 

Appendix 1 gels: #384-E-1, #384-E-2, #384-E-3 

Figure 4.1.3-8 Cysteine Accessibility Profile for VcINDYCyslessL384C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric.  D: Reference numbers of the associated gels, which can be found in Appendix 1. 
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Mutant: 388C Most Accessible: OFS Change: -51.1 

  
Inward Facing State (Side View)  Outward Facing State (Side View) 

0 30 60

0.0

0.5

1.0

Time (min)

P
ro

p
o

rt
io

n
 P

E
G

y
la

te
d

Na Na Suc None Suc

 

0 30 60

0.0

0.5

1.0

1.5

Time (min)

N
o

rm
a
li
s
e
d

 I
n

a
c
c
e
s
s
ib

il
it

y

Na Na Suc None Suc

 
PEGylation supressed by affected by sodium [p = 0.00003] 

PEGylation not affected by succinate in presence of sodium [p = 0.0017] 

PEGylation not affected by succinate in absence of sodium [p = 0.6676] 

Suggests sodium and succinate driving VcINDY towards IFS or Occluded State. 

Appendix 1 gels: #388-E-1, #388-E-2, #388-E-3 

Figure 4.1.3-9 Cysteine Accessibility Profile for VcINDYCyslessV388C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric.  D: Reference numbers of the associated gels, which can be found in Appendix 1. 
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Mutant: 42C Most Accessible: Always Change: 51.1 

  
Inward Facing State (Side View)  Outward Facing State (Side View) 
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PEGylation affected by affected by sodium [p = 0.0353] (Discussed on page XX) 

PEGylation not affected by succinate in presence of sodium [p = 0.1179] 

PEGylation not affected by succinate in absence of sodium [p = 0.6573] 

Control accessible in any state, demonstrates that PEGylation reaction not affected by substrates. 

Appendix 1 gels: #42-E-1, #42-E-2, #42-E-3 

Figure 4.1.3-10 Cysteine Accessibility Profile for VcINDYCyslessE42C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric. D: Reference numbers of the associated gels, which can be found in Appendix 1. 
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Mutant: 383C Most Accessible: OFS Change: -34.8 

  
Inward Facing State (Side View)  Outward Facing State (Side View) 
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PEGylation not affected by affected by sodium [p = 0.2491]  

PEGylation not affected by succinate in presence of sodium [p = 0.1804] 

PEGylation not affected by succinate in absence of sodium [p = 0.5466] 

No substrate affect observed. 

Appendix 1 gels: #383-E-1, #383-E-2, #383-E-3 

Figure 4.1.3-11 Cysteine Accessibility Profile for VcINDYCyslessA383C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric. D: Reference numbers of the associated gels, which can be found in Appendix 1. 
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Mutant: 430C Most Accessible: IFS Change: 58.3 

  
Inward Facing State (Side View)  Outward Facing State (Side View) 

0 30 60

0.0

0.5

1.0

Time (min)

P
ro

p
o

rt
io

n
 P

E
G

y
la

te
d

Na Na Suc None Suc

 

0 30 60

0.0

0.5

1.0

1.5

Time (min)

N
o

rm
a
li
s
e
d

 I
n

a
c
c
e
s
s
ib

il
it

y

Na Na Suc None Suc

 
PEGylation not affected by affected by sodium [p = 0.3349]  

PEGylation not affected by succinate in presence of sodium [p = 0.1364] 

PEGylation not affected by succinate in absence of sodium [p = 0.7131] 

No substrate affect observed. 

Appendix 1 gels: #430-E-1, #430-E-2, #430-E-3 

Figure 4.1.3-12 Cysteine Accessibility Profile for VcINDYCyslessS430C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric. D: Reference numbers of the associated gels, which can be found in Appendix 1. 
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Mutant: 79C Most Accessible: OFS Change: -27.2 

  
Inward Facing State (Side View)  Outward Facing State (Side View) 

0 30 60

0.0

0.5

1.0

Time (min)

P
ro

p
o

rt
io

n
 P

E
G

y
la

te
d

Na Na Suc None Suc

 

0 30 60

0.0

0.5

1.0

Time (min)

N
o

rm
a
li
s
e
d

 I
n

a
c
c
e
s
s
ib

il
it

y

Na Na Suc None Suc

 
PEGylation not affected by affected by sodium [p = 0.8209]  

PEGylation not affected by succinate in presence of sodium [p = 0.2084] 

PEGylation not affected by succinate in absence of sodium [p = 0.7614] 

No substrate affect observed. 

Appendix 1 gels: #79-E-1, #79-E-2, #79-E-3 

Figure 4.1.3-13 Cysteine Accessibility Profile for VcINDYCyslessF79C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric. D: Reference numbers of the associated gels, which can be found in Appendix 1. 
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Mutant: 148C Most Accessible: OFS Change: -139.4 

  
Inward Facing State (Side View)  Outward Facing State (Side View) 

0 30 60

0.0

0.5

1.0

Time (min)

P
ro

p
o

rt
io

n
 P

E
G

y
la

te
d

Na Na Suc None Suc

 

0 30 60

0.0

0.5

1.0

Time (min)

N
o

rm
a
li
s
e
d

 I
n

a
c
c
e
s
s
ib

il
it

y

Na Na Suc None Suc

 
PEGylation not affected by affected by sodium [p = 0.0361] (Discussed on page XX) 

PEGylation not affected by succinate in presence of sodium [p = 0.3210] 

PEGylation not affected by succinate in absence of sodium [p = 0.4108] 

No substrate affect observed. 

Appendix 1 gels: #148-E-1, #148-E-2, #148-E-3 

Figure 4.1.3-14 Cysteine Accessibility Profile for VcINDYCyslessW148C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric. D: Reference numbers of the associated gels, which can be found in Appendix 1. 
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Mutant: C178 Most Accessible: OFS Change: -78.8 

  
Inward Facing State (Side View) Outward Facing State (Side View) 
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PEGylation not affected by affected by sodium [p = 0.9624]  

PEGylation not affected by succinate in presence of sodium [p = 0.5236] 

PEGylation not affected by succinate in absence of sodium [p = 0.9683] 

No substrate affect observed. 

Appendix 1 gels: #178-E-1, #178-E-2, #178-E-3 

Figure 4.1.3-15 Cysteine Accessibility Profile for VcINDYCyslessY178C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric. D: Reference numbers of the associated gels, which can be found in Appendix 1. 
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Mutant: C436 Most Accessible: IFS Change: 19.9 

  
Inward Facing State (Side View)  Outward Facing State (Side View) 
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PEGylation not affected by affected by sodium [p = 0.6739]  

PEGylation not affected by succinate in presence of sodium [p = 0.3197] 

PEGylation not affected by succinate in absence of sodium [p = 0.6125] 

No substrate affect observed. 

Appendix 1 gels: #436-E-1, #436-E-2, #436-E-3 

Figure 4.1.3-16 Cysteine Accessibility Profile for VcINDYCyslessS436C. Title Annotations: Position of the introduced cysteine 

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 Inward-Facing 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 shown. A: Introduced cysteine residue highlighted on the latest inward facing crystal 

structure [3], and the predicted outward- facing structure [81]. 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 text). C: Simple t-test results for the effects of substrate addition as monitored 

through the relative accessibility metric. D: Reference numbers of the associated gels, which can be found in Appendix 1. 
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First, mutants which do not provide useful information are identified and removed. Of the 15 

expressible mutants tested, 4 gave poor levels of PEGylation under all conditions. These 4 mutants 

(F79C - Figure 4.1.3-13, W148C - Figure 4.1.3-14, Y178C - Figure 4.1.3-15, and S436C - Figure 

4.1.3-20) were only able to be clearly labelled with the addition of 1.2 mM mPEG5K, a threefold 

increase with respect to all other mutants in this 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 VcINDYCyslessW148 when comparing no 

substrates 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 many t-tests. 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 VcINDY, 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 - 

Figure 4.1.3-10, A383C - Figure 4.1.3-11, and S430C -Figure 4.1.3-12). 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 VcINDYCyslessE42C succinate 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 VcINDYCyslessE42C mutation undergoes some minor 

predicted accessibility change, however it is largely 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, VcINDYCyslessA383C is predicted to be more accessible in the OFS, while 

VcINDYCyslessS430C 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 movements [81], and the results produced by these residues 
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are possibly representative of subtle differences between their true locations and current models. 

Additionally, VcINDYCyslessA383C and VcINDYCyslessS430C showed particularly poor transport, and while 

they allowed significantly greater succinate 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 in our dataset demonstrated clearly detectable substrate dependent 

accessibility changes, and will be used for the analysis of substrate induced accessibility changes 

(T154C - Figure 4.1.3-2, M157C - Figure 4.1.3-3, T177C - Figure 4.1.3-4, A120C - Figure 4.1.3-5, S381C 

- Figure 4.1.3-6, T215C - Figure 4.1.3-7, L384C - Figure 4.1.3-8, V388C - Figure 4.1.3-9). 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 by t-testing carried out upon the Normalised Inaccessibility 

metric. 

In order to determine the impact of substrate addition on VcINDY conformational state, two 

mutants will be examined in detail; VcINDYCyslessT154C, which is accessible in the inward facing state, 

and VcINDYCyslessS381C, which is accessible in the outward facing state (Figure 4.1.3-17A).  

In the absence of substrates VcINDYCyslessT154C showed rapid PEGylation, reaching 65% after one 

hour, however the addition of substrates almost completely abolished VcINDYCyslessT154C PEGylation 

(Figure 4.1.3-17B&C)Φ ¢Ƙƛǎ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ǊŜǎƛŘǳŜ мрп ƛǎ ǎƻƭǾŜƴǘ ŀŎŎŜǎǎƛōƭŜ ƛƴ ±ŎLb5¸Ωǎ ŀǇƻ ǎǘŀǘŜΣ ōǳǘ 

ǎƻƭǾŜƴǘ ƛƴŀŎŎŜǎǎƛōƭŜ ƛƴ ±ŎLb5¸Ωǎ ǎǳōǎǘǊŀǘŜ ōƻǳƴŘ ǎǘŀǘŜΦ According to the current two state rigid body 

model of VcINDY translocation (Figure 1.10.3-1D), this suggests that substrate binding drives VcINDY 

into the outward facing state. 

If this were true position 381, which is solvent accessible in the outward facing state, but not the 

inward facing state, would be expected to PEGylate more rapidly in the presence of substrates. 

Unexpectedly, the inverse is true; VcINDYCyslessS381C PEGylates rapidly in the absence of substrates, 
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reaching around 50% after one hour, however the addition of substrates once again abolishes 

PEGylation (Figure 4.1.3-17B&C). This behaviour cannot be explained by the current two state rigid 

body model of VcINDY movement. 

In order to rule out a direct effect of the substrates upon the PEGylation reaction rate, the control 

mutant VcINDYCyslessE42C, in which the introduced cysteine residue is not predicted to alter 

accessibility during VcINDY conformational change, is examined. It is seen that substrates have no 

impact upon PEGylation rates (Figure 4.1.3-17B&C), demonstrating that substrate induced changes 

in PEGylation rates do indeed result from changes in solvent accessibility. 

 
Figure 4.1.3-17 Impact of substrates on the accessibility of key VcINDY residues. Figure taken from Sampson et al 2020 

[146], created by Christopher Mulligan. A: Hybrid structure showing the predicted outwards facing state (left) known 

inward facing state (right) of VcINDY. Orange = Transport domain. Blue = Scaffold domain. Purple = Bound sodium. Yellow = 

Bound succinate. Red = Location of introduced cysteine residue. B: Representative raw PEGylation gels for each cysteine 

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 time (Modification Efficiency), in the presence and absence of substrates.  
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This informs us that the addition of substrates causes VcINDY to favour a previously unobserved 

conformational state in which both residues 154 and 381 become solvent inaccessible. Examination 

of six additional residues predicted to change solvent accessibility during VcINDY translocation 

shows all positions tested to reduce accessibility in response to substrate addition, consistent with 

the behaviours of 154 and 381 (Figure 4.1.3-18 and Table 4.1.3-1). 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 effects of the tertiary 

structure, or the surrounding detergent micelle environment.  

 
Figure 4.1.3-18 The effects of substrate addition on the accessibility of substrate responsive cysteine positions within 

VcINDY. Figure taken from Sampson et al 2020 [146], created by Christopher Mulligan. A: Positions of substrate responsive 

cysteine positions, along with the control position E42C, on the inward facing structure of VcINDY. Orange = Transport 

domain. Blue = Scaffold domain. Purple = Bound sodium. Yellow = Bound succinate. Red = Location of introduced cysteine 

residue. B: Change in the proportion of each mutant PEGylated after one hour (Modification 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 addition. White = Residues predicted 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. 
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In order to further analyse these results, the impact of sodium and succinate additions upon 

PEGylation rates can be examined separately. Examining the single cysteine mutants 

VcINDYCyslessT157C and VcINDYCyslessS381C, shows that the addition of succinate in the absence of 

sodium does not result in a significant change in cysteine accessibility (Figure 4.1.3-19). In fact, the 

addition of succinate in the absence of sodium does not result in accessibility changes for any 

residue tested here (Table 4.1.3-1), demonstrating that sodium must bind first in order for 

subsequent succinate binding to take place. 

 

The addition of sodium accounts for the entirety of substrate induced accessibility change for 

VcINDYCyslessS381C (Figure 4.1.3-19B), in stark contrast to VcINDYCyslessT157C for which the addition of 

succinate in the presence of sodium accounts for the entirety of substrate induced accessibility 

change (Figure 4.1.3-19A). 

 
Figure 4.1.3-19 Effects of individual substrates upon the PEGylation rates of specific single cysteine residues. The 

proportion of VcINDY PEGylated (Modification efficiency) over time is shown. A: VcINDYCyslessT1547C. B: VcINDYCyslessS381C. 

 

 

B A 
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Inward or 

Outward Facing 

State Accessible 

Residue Sodium Effect? Succinate Effect 

in Presence of 

Sodium? 

Succinate Effect 

in Absence of 

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 

Table 4.1.3-1 Effects of substrate addition on the ability of mPEG5K to label single cysteine mutants at varying positions 

within the protein. True effect for the purpose of this table is determined by a t-test carried out upon normalised 

accessibility values at 60 seconds upon the data shown in Figure 4.1.3-2 to Figure 4.1.3-16. Resultant p values of Җ 0.05 

indicated an effect of substrate addition. Due to the large number of t-tests 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 tables in Figure 4.1.3-2 to Figure 4.1.3-16., 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 to properly 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 calculated for each substrate responsive mutant as follows: 

ὛέὨὭόά Ὅάὴὥὧὸ 
ὖὶέὴέὶὸὭέὲ ὖὉὋώὰὥὸὩὨ ύὭὸὬ ὲέ ίόὦίὸὶὥὸὩὖὶέὴέὶὸὭέὲ ὖὉὋώὰὥὸὩὨ ύὭὸὬ ὛέὨὭόά

ὖὶέὴέὶὸὭέὲ ὖὉὋώὰὥὸὩὨ ύὭὸὬ ὲέ ίόὦίὸὶὥὸὩὖὶέὴέὶὸὭέὲ ὖὉὋώὰὥὸὩὨ ύὭὸὬ ὦέὸὬ ίόὦίὸὶὥὸὩί
 

Equation 4.1.3-1 Calculation of the proportion of total substrate induced change in residue accessibility for which sodium 
is responsible. 
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This allows sodium and succinate responses to be separated, demonstrating that some residues are 

more affected by sodium, while others are more affected by succinate (Figure 4.1.3-20A). In 

particular, VcINDYCyslessM157C, VcINDYCyslessL384C, and VcINDYCyslessV388C show high levels 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 divided into three broad 

categories; hairpin residues with a large succinate response, hairpin residues without a large 

succinate response, and non-hairpin residues without a large succinate response (Figure 4.1.3-20B). 

No non-hairpin 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 regions. Briefly, these are two pairs of hairpin helices which enter from opposite sides of the 

membrane, forming much of the binding site (see 1.10 VcINDY Molecular Function and Figure 

1.10.3-1A)..  

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 proximity to sodium binding sites. Examination of 

VcINDYCyslessT154C and VcINDYCyslessS381C raw PEGylation data (Figure 4.1.3-2 and Figure 4.1.3-6) 

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 succinate would be 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 changes. The succinate responsive hairpin residues on the other hand, 

VcINDYCyslessM157C, VcINDYCyslessL384C, and VcINDYCyslessV388C, are 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 of residues 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 proximity 

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 as a succinate induced conformational shift appears 

to affect these regions.  
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Figure 4.1.3-20 Single cysteine positions and their substrate response in the PEGylation based accessibility assay. A: 

Separation of the magnitude of the accessibility change induced by the addition of sodium only and the change induced by 

the addition of both substrates for each cysteine position, demonstrating differing levels of sensitive to these two 

substrates. B: A single VcINDY transport domain showing the locations of single cysteine mutations for which a substrate 

dependent change in accessibility was observed. The hairpin 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; Orange = Hair pin region. Yellow = Non hair pin residue, succinate 

insensitive. Pink = Hair pin residue, succinate sensitive. Blue = Hair pin residue, succinate insensitive. Green = Known sodium 

ion location. Red = Succinate. Based on the crystal structure 5UL7 [3]. 
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