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Thesis Summary  

Membrane proteins are essential in a plethora of physiological processes and perturbation of their 

function often leads to disease. As such, membrane proteins are the target for over 50% of 

pharmaceuticals. Their location within the lipid bilayer has meant that the study of their structure and 

function still lags behind that of easier to isolate, soluble proteins; this has hindered progress in drug 

design and development. The application of styrene maleic acid (SMA) polymers to isolate proteins 

directly from cell membranes, forming SMA lipid particles (SMALPs) where the proteins retain their lipid 

bilayer environment makes them potentially more suitable for structural and functional studies and could 

be used for drug development purposes. The aim of this project was to develop polymer-lipid particle 

approaches for biophysical assays such as surface plasmon resonance (SPR) or microscale 

thermophoresis (MST) suitable for medium to high throughput screening. To achieve this aim, two 

model proteins were used, Atm1 and LeuT. Atm1 is an ATP Binding Cassette (ABC) transporter and 

LeuT is a prokaryotic homologue of neurotransmitter transporters of the neurotransmitter: sodium 

symporter (NSS) family. 

Recombinant Atm1 and LeuT were expressed in E. coli cells, extracted, and purified using several 

different polymers and stability and function investigated. Immobilisation studies for SPR were 

undertaken, which found that amine-coupling an anti-his antibody to the sensor chip and then binding 

the his-tagged SMALP-LeuT to that antibody was the most effective method for immobilisation. 

However, the level of immobilisation was too low to detect small molecule binding. Initial studies with 

MST showed SMALP-LeuT could be successfully labelled with a fluorophore at the his tag. Detection 

of leucine binding was highly variable and poorly reproducible. However, binding of the drug 

desipramine to SMALP-LeuT could be successfully measured and a dose-response curve obtained.  

Chemical modification of the SMA polymer was tested, to potentially enable immobilisation or labelling 

of the polymer rather than the protein. Sulfhydryl groups were added to SMA forming SMA-SH, and the 

modified polymer was able to solubilise and purify proteins. Future work would look at labelling with 

biotin for immobilisation.  Molecular biology approaches to add a SNAP-tag to the Atm1 protein was 

also started. The SNAP-tag enables site specific labelling with a range of different probes. Finally, two 

series of novel SMA polymer variants were tested to see if they offered any improvement over 

SMA2000. The first series were partially esterified SMA polymers, and the second series were 

benzylamine modified SMA polymers. Whilst all of the novel polymers were able to solubilise and purify 

membrane proteins, they did not offer an improvement over SMA2000, and were even more sensitive 

to divalent cations.  
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1. Introduction   

1.1 The importance of membrane proteins 

Membrane proteins are found embedded in the lipid bilayer of cells and are essential for life as they are 

involved in maintaining various cellular functions in all organisms (von Heijne, 2007). They have diverse 

cellular roles including signal transduction, cell adhesion and endocytosis (Bagag et al., 2013), as well 

as ATP synthesis, oxidative phosphorylation, transport of metabolites and proton pumping (Denisov 

and Sligar, 2017). This range of functions means there is great variation in their size, structure, and 

composition (Denisov and Sligar, 2017).  

Membrane proteins can act as mediators of material and information, between cells and the 

environment and are responsible for mediating responses to cells and hormones, such as immune 

system cells and growth hormones (Maynard et al., 2009). Membrane proteins are essential for the 

biosynthesis of compounds such as lipids and steroid hormones and are vital for the breakdown of 

internal metabolites and xenobiotics (Denisov and Sligar, 2017). They can form supra-molecular 

complexes composed of proteins, lipids, and nucleic acids and such complexes are typically involved 

in processes such as generation of motility and intercompartmental communication (Denisov and Sligar, 

2017). 

It is estimated that almost 30% of the proteins found in eukaryotic cells are membrane proteins (Wallin 

and Heijne, 2008) and Fagerberg et al have proposed that one third of the human genes code for 

membrane proteins (Fagerberg et al., 2010). 

Membrane proteins also play a major role in the central nervous system. For example, for the nervous 

system to effectively function, neuron cells must be able to communicate with adjacent cells including 

other neurons (Pereda, 2014). The communication between neuron cells in the central nervous system 

is reliant upon the transmission of nerve impulses through chemical synapses. Neuronal synapses are 

intricate structures in which various proteins and extracellular matrix components are involved 

(Kornberg and Roy, 2014). In a typical chemical synapse, the arrival of action potential at the 

presynaptic terminal triggers the release of neurotransmitters which then subsequently go onto bind 

and activate receptors on the postsynaptic cells (Ruediger and Bolz, 2007). The binding of released 

neurotransmitters on the post synaptic cells can cause excitation or inhibition (Ruediger and Bolz, 

2007). Therefore, the intracellular communication between neurons in the central nervous system 

necessitates control of duration and intensity of neurotransmitter action (Masson et al., 2019). The 

effects of neurotransmitters can be moderated by regulating synaptic transmissions and synaptic 

transmissions are regulated by enzymatic breakdown of neurotransmitters or by uptake of 

neurotransmitters by specific, high-affinity integral membrane transporters situated on the presynaptic 

terminals (Masson et al., 2019). 
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In humans, membrane proteins have been linked to several diseases. For example, mutations in the 

cystic fibrosis transmembrane conductance regulator proteins are known to cause cystic fibrosis 

(Clunes and Boucher, 2007) and mutations in the vasopressin receptor proteins have been shown to 

cause X-linked nephrogenic diabetes insipidus (Bichet, 2008). Verkman et al., 2008 have revealed that 

defects in aquaporin AQP0 proteins can cause congenital cataract (Verkman, Ruiz-Ederra and Levin, 

2008). Studies have also implicated transient receptor potential channels in cancer, hypertension and 

kidney disorders (Prevarskaya, Zhang and Barritt, 2007; Firth, Remillard and Yuan, 2007; Hsu, 

Hoenderop and Bindels, 2007; Warschawski et al., 2011) 

Membrane proteins are also complicit in infectious diseases, as they can act as receptors for viruses 

and can also cause antibiotic resistance, and because of this are often the target of many 

pharmacological drugs (Overington, Al-Lazikani, and Hopkins, 2006).  

Prior studies have indicated that up to 60% of the drugs on the market target membrane proteins. 

Membrane proteins such as G protein-coupled receptors (GPCRs) and ion channels are often 

specifically targeted in drug design as they are involved in signal transduction and are responsible for 

initiating signal cascades (Terstappen and Reggiani, 2001; Davey, 2004; Wallin and Heijne, 2008) ,.  

Membrane proteins are therefore invaluable diagnostic and therapeutic targets, and this assertion is 

supported by Yin and Flynn who have proposed that the majority of therapeutics available target 

membrane proteins (Yin and Flynn, 2016). Membrane proteins have tremendous potential in assisting 

in the characterisation of new biological markers and the identification of new targets for therapeutics 

(Bagag et al., 2013). 

 

1.2 The challenges in studying membrane proteins 

Despite the evident importance of membrane proteins, the development of high-resolution protein 

structures and the study of protein mode of action is lagging. The study of membrane protein structure 

and function is difficult due to the surface of membrane proteins being split into spatially separate 

regions, which have different physicochemical properties. Membrane proteins are often hydrophobic 

and in native conditions are found embedded in lipid bilayers, where the hydrophobic surface of the 

protein is shielded away from the aqueous phase (Dörr et al., 2015).  

Biological membranes are lipid bilayers composed of amphipathic lipid molecules which have a 

polar/hydrophilic headgroup and non-polar/hydrophobic chains. Lipid bilayers are composed of various 

lipid groups and individual lipid molecules can diffuse within individual monolayers. The three main 

classes of membrane lipids are glycolipids , cholesterol, and phospholipids. Phospholipids are the most 

common lipid group present within lipid bilayers, and they have a polar head group and two hydrophobic 

hydrocarbon tails. The hydrophobic tails can vary in length and are typically composed of fatty acids 

(Wilson and Hunt 2002). 
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The composition of outer and inner monolayers of lipid bilayers are different and this reflects the 

individual role of monolayers in the lipid bilayer. The mixture and composition of lipid bilayers can vary 

from cell to cell and from organism to organism (Devaux and Morris, 2004). The lipid composition of 

biological membranes is important because the specific lipid head groups can be required by certain 

enzymes to function or to form docking sites for proteins. Additionally, protein signalling cascades can 

also exhibit their effect by activating phospholipases which cleave phospholipids and subsequently 

generate lipid fragments which can function as signalling molecules within the cell (Wilson and Hunt 

2002). 

Both the polar lipid head groups and the hydrophobic tails are necessary for membrane protein fold and 

stability (Jamshad et al., 2011). Currently there is a limited understanding of membrane protein structure 

and folding in comparison to water soluble proteins (Dörr et al., 2015). It has been proposed that only 

2% of the proteins listed in the protein data base are membrane proteins (White, 2016). 

Membrane proteins from eukaryotes are often glycosylated, which is an important mechanism of 

secondary protein processing (Arey, 2012). Protein glycosylation permits the control of important 

biological pathways which are vital for regulating various cellular activities such as cell adhesion, protein 

trafficking and even host pathogen interactions (Hang, 2010). Protein glycosylation also plays a vital 

role in determining protein structure, function, and stability, and it is also proposed to impact the three-

dimensional configuration of proteins (Arey, 2012). However, glycosylation confers heterogeneity to 

protein samples and can be challenging for structural studies. 

Membrane proteins can be divided into 2 main categories, peripheral proteins, and integral proteins. 

Peripheral and integral proteins interact with the membranes in different ways. Peripheral membrane 

proteins can bind transiently to the cell membrane surface and are able to exist in membrane bound 

and in soluble forms (Tubiana et al., 2022). Peripheral membrane proteins are typically bound to the 

membrane through indirect interactions with integral proteins, by interactions with lipid polar head 

groups, or by lipid anchors (Lodish et al., 2000).  In contrast integral membrane proteins have segments 

embedded into the phospholipid bilayer. Amino acids with hydrophobic side chains interact with fatty 

acyl groups in the lipid bilayer (Lodish et al., 2000).  

Integral membrane proteins can be further subclassified into proteins which only insert into one half of 

the lipid bilayer, and those which traverse the entire lipid bilayer. Proteins may traverse the bilayer just 

once, or multiple times, with the transmembrane regions joined by intracellular and extracellular loops. 

The majority of transmembrane regions of proteins are alpha-helical in structure, however beta-barrels 

formed of multiple beta sheets are also found, predominantly in the outer membrane of bacteria (Lodish 

et al., 2000).  

A typical example of integral membrane proteins are G protein-coupled receptors (GPCRs). GPCRs 

are found in the plasma membrane of eukaryotic cells and are classified as transmembrane proteins 

as they have seven α-helices embedded in the cell plasma membrane (Latorraca et al., 2016). GPCRs 



 
 

 
A.A , Akram , PhD Thesis , Aston University 2022.                                                                                                      19 

are one of the main classes of cell surface receptors and are responsible for mediating cellular 

responses to external stimuli and are capable of inducing physiological effects in response to 

extracellular signals (Yang et al., 2021). GPCRs are also the largest family of proteins encoded in the 

human genome (Weis and Kobilka, 2018). GPCRs bind to G proteins, which are an example of a 

peripheral membrane protein. G proteins are heterotrimers composed of three different subunits , alpha 

subunit, beta subunit, and gamma subunit. Each of the subunits are encoded for by a different family 

of related genes The alpha subunits are responsible for catalysing GTPase activity and the beta, and 

gamma subunits are responsible for blocking the alpha subunits from interacting with the effectors 

(Schulman et al., 2013). The alpha subunits of G proteins can bind GTP or GDP, however GPCRs 

remains inactive when alpha subunits are bound to GDP. In the absence of extracellular signals, the 

alpha subunits are typically bound to GDP and the beta and gamma subunits (Weis and Kobilka, 2018). 

Ligand binding to extracellular surface of GPCRs induces conformational changes to occur within the 

receptors which subsequently lead to the G proteins activating and the GDP bound to alpha subunit 

being replaced by GTP (Weis and Kobilka, 2018). The binding of GTP to alpha subunits of G proteins 

subsequently leads to the G protein subunits unbinding from GPCRs and separating into two parts, A 

GTP bound alpha subunit and a beta gamma subunit dimer , both parts remain anchored within the 

plasma membrane however they can diffuse laterally and can interact with other proteins (Weis and 

Kobilka, 2018).  

The separated alpha subunits and beta and gamma subunits of G protein can relay signals to a wide 

variety of downstream effectors such as protein tyrosine kinases, phospholipases ,adenylyl cyclase 

isoforms and ion channels (Dupré et al., 2009). The GTP bound G proteins remain active until the GTP 

is hydrolysed back to into GDP and the subunits then reassociate with the beta gamma subunits to form 

an inactive heterotrimer, which subsequently binds to the GPCR again.     

Findings from earlier investigations have suggested an intricate relationship between membrane 

proteins and the lipid bilayer.  The lipid composition of cell membranes can influence membrane protein 

function directly or indirectly. The lipid composition of a membrane dictates its physical properties, 

including thickness, fluidity, and lateral pressure (Cantor, 1997). These physical factors can greatly 

influence the structure, function, and localisation of membrane proteins. Changes to the lipid bilayer 

configuration or drugs binding to the lipids can have dire effects on the embedded membrane proteins 

(Lundbaek, Koeppe and Andersen, 2010). Lateral pressure can affect the conformational transitions of 

membrane protein and therefore changes in lateral pressure can also induce large shifts in the 

conformational distributions of membrane proteins (Cantor, 1997). In addition to these general factors, 

some membrane proteins are known to interact with specific lipids. Lipid bilayers are not simply involved 

in preserving membrane protein structure, lipid bilayers actively interact with membrane proteins and 

affect their function (Andersen and Koeppe, 2007; Marsh, 2008; Phillips et al., 2009). For example, 

specific lipids can be required for membrane orientated processes like blood coagulation cascades, 

which are enabled via exposure to anionic surfaces and phospholipids such as cardiolipins which can 
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have regulatory roles in the functions of some transporters (Morrissey et al., 2008; Denisov and Sligar, 

2017). 

 

1.3 Membrane protein solubilisation 

To study the structure and many features of function in in vitro experiments, membrane protein first 

needs to be extracted from the lipid bilayer, and then purified whilst maintaining structure and function. 

Some of the properties of membrane proteins can be elucidated using non-bilayer mimetics such as 

detergents and amphipols to solubilise and purify membrane proteins however many aspects of 

membrane protein structure and function depend on association with lipids and therefore require a lipid 

environment (Denisov and Sligar, 2017). An ideal solubilisation method should therefore maintain a 

protein’s native environment, provide stability for the solubilised protein, not interfere with purification, 

and enable the study of membrane protein structure and function (Dörr et al., 2015).   

Traditionally during the solubilisation stages of a typical membrane protein study, detergents have been 

utilised to extract membrane proteins from the lipid bilayer into micelles (Garavito and Ferguson-Miller, 

2001). Detergents have a hydrophilic head group and usually a single hydrophobic tail. The hydrophobic 

tails bind to the hydrophobic regions of the transmembrane protein and shield it from the aqueous 

solution. A variety of detergents exist such as DM (n-decyl-β-D-maltopyranoside), DDM (n-dodecyl-β-

d-maltoside) and OG (n-octyl beta-D-glucopyranoside) which can all be utilized to extract membrane 

proteins (Seddon, Curnow, and Booth, 2004; Privé, 2007; Moraes et al., 2014).  

However, there are several inherent disadvantages with detergent usage, for example when working 

with proteins with unknown properties an extensive screening process is required to identify a suitable 

detergent, which can be time consuming and challenging (Privé, 2007; Arachea et al., 2012). Detergent 

usage can also affect the structure and composition of extracted membrane proteins as it promotes 

different intramolecular interactions in comparison to native membrane bilayer conditions (Stangl et al., 

2012). For example, the bacteriorhodopsin protein was previously crystallized as a monomer in a 

bicellar environment (Faham and Bowie, 2002) and as a trimer in lipid cubic phase crystallization 

(Pebay-Peyroula et al., 1997; Stangl et al., 2012). Studies have established that protein structure, fold, 

and function are impacted by the lipid environment in biological membranes (Laganowsky et al., 2014). 

However, detergent usage strips membrane proteins of their native lipid environment leading to loss of 

native interactions and ultimately protein instability (Rasmussen et al., 2007; Duquesne, Prima and 

Sturgis, 2016). 

Protein stability is essential for protein structure and protein function studies (Deller et al., 2016). For 

structural studies multiple copies of the exact same structure are needed, and if the protein is unstable, 

it will cause variation in the structures, and subsequently loss of protein function. Membrane proteins 

in micelles can inactivate or aggregate when exposed to aqueous environments, this is likely due to the 
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difference in lateral pressure and water permeability of micelles and lipid bilayers, as previous studies 

have highlighted the importance of pressure in maintaining membrane protein structure (Charalambous 

et al., 2008; Miller et al., 2009).Detergents are also unable to completely mimic the lipid bilayer as they 

exhibit different physiochemical properties (Bordag and Keller, 2010; Zhou and Cross, 2013) and can 

interfere with protein function (Quick et al., 2012) and physiological conformation (Zhou and Cross, 

2013). Native membranes are composed of a variety of components and even a minor change in 

composition can alter the physical properties of the membrane, and in turn affect membrane proteins 

(Charalambous et al., 2008; Debnath et al., 2010).  

Due to the challenges associated with using detergents for solubilisation, several alternative 

approaches to extracting membrane proteins have been explored and developed. This includes the 

application of amphipols, protein stabilized lipid nanodiscs and polymer solubilised lipid nanoparticles, 

(Schmidt and Sturgis, 2018). 

Amphipols are amphipathic polymers which function by adsorbing onto the surface of membrane 

proteins (Popot, 2010). Amphipols keep membrane proteins stable and functional, as shown by studies 

on Bacteriorhodopsin from Halobacterium salinarum and cytochrome b6f complex from 

Chlamydomonas reinhardtii, which have shown the protein to be in its native state and highly stable 

(Bazzacco et al., 2012). Amphipols can be used to produce proteins with higher stability in comparison 

to detergents and an additional benefit of amphipol application is the presence of functional groups on 

the amphipol side chains which permit chemical modifications and labelling of fluorophores (Dörr et al., 

2015). Potential disadvantages of amphipol application include size heterogeneity and the presence of 

a high charge (Tribet et al., 1996). Also, most amphipols are not effective at solubilising proteins directly 

from membranes, and require an initial detergent solubilisation step before being exchanged into 

amphipols. A wide variety of amphipols are available however some of them are sensitive to pH 

changes and the presence of divalent cations, both of which could cause the solubilised protein to 

aggregate or precipitate out of solution (Zoonens and Popot, 2014). 

Protein stabilised lipid nanodiscs are composed of discoidal fragments of a non-native lipid bilayer 

which are stabilized by encircling amphipathic scaffold proteins (Schuler et al., 2014; Denisov and 

Sligar, 2016), often referred to as MSP (membrane scaffold protein) nanodiscs. The application of MSP 

nanodiscs methodology is effective as it facilitates the provision of a native-like membrane environment 

with desired lipid composition for the extracted proteins . An additional benefit of MSP nanodiscs is that 

they are relatively small in size and have good size homogeneity and can be utilised in nuclear magnetic 

resonance studies (Günsel and Hagn, 2021). Proteins reconstituted in MSP nanodiscs are generally 

stable and maintain functionality, and the nanodiscs methodology can be utilised to study peripheral 

and integral membrane proteins (Günsel and Hagn, 2021). However, a major limitation of MSP 

nanodiscs are that they require an initial detergent solubilisation and subsequent reconstitution into the 

disc. Optimisation of this process is needed for each different protein and this can be time consuming. 
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It also requires the production of the MSP itself in addition to the target protein. In addition to extensive 

sample preparation processes, for solution nuclear magnetic resonance studies ultrahigh-field nuclear 

magnetic resonance magnets and cryogenic probes can be required (Günsel and Hagn, 2021). The 

presence of the MSP can also interfere in various downstream applications such as CD spectroscopy. 

Polymer solubilised lipid nanoparticles are composed of small discs of the lipid bilayer which contain 

membrane proteins alongside native lipids encircled by a belt of amphipathic polymer (Knowles et al., 

2009). Styrene Maleic Acid (SMA) copolymers have primarily been used in the pharmaceutical and 

plastics industries and only in the last 10 years have started being employed in membrane protein 

research due to their amphipathic properties (Knowles et al., 2009; Jamshad et al., 2011).  

SMA polymers have a different mode of action to traditional non-bilayer mimetics (Figure 1.1), the 

styrene present in SMA polymers is hydrophobic and the maleic acid is hydrophilic, these alternating 

moieties of SMA polymer enable SMA molecules to insert into biological membranes and form ring like 

structures which encircle lipid membranes with the styrene moieties intercalated between lipid acyl 

chains (Prabudiansyah et al., 2015). Thus, SMA is able to directly extract membrane proteins from 

biological membranes whilst maintaining their lipid bilayer environment and the nanoparticles formed 

are referred to as styrene maleic acid lipid particles (SMALPs). SMALPs preserve bilayer environment 

and are stable (Orwick et al., 2012; Gulati et al., 2014; Jamshad et al., 2015a; Dörr et al., 2016). 

Studies on a variety of membrane proteins have shown that SMA polymers have great general 

applicability regardless of the expression hosts and can be used to isolate various membrane proteins 

from a range of organisms (Dörr et al., 2014). For example, prior studies on several eukaryotic proteins 

of the ABC transporter family (Gulati et al., 2014) as well as the bacterial enzyme PagP, the secondary 

transporter AcrB and the GPCR Adenosine2a receptor have shown that SMA polymer can be used to 

successfully extract numerous membrane proteins into SMALPs (SMA lipid particles), which retain the 

native lipid environment of the membrane protein and preserve function (Knowles et al., 2009; Jamshad 

et al., 2011; Postis et al., 2015). 

However other studies have shown that the application of SMA polymers for GPCRs solubilisation from 

mammalian cells can lead to low yield (Tedesco et al., 2021), whilst studies on rhodopsin have shown 

that the amount of SMA polymer employed in ratio to protein membranes can affect the activity of the 

solubilised protein (Szundi et al., 2021). Using low SMA/rhodopsin molar ratios can lead to production 

of rhodopsin SMALPs which are suitable for photokinetic studies. In contrast the application of high 

SMA/protein molar ratios can produce slow photokinetics and the solubilised rhodopsin can fail to reach 

active state (Szundi et al., 2021). 
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Swainsbury et al., 2017 showed that SMA copolymers with a 2:1 or 3:1 ratio of styrene:maleic acid can 

be employed to successfully solubilise Rhodobacter sphaeroides reaction centres with comparable 

solubilisation effectiveness to detergents. They have also showed that short chain variants of styrene 

maleic acid polymer which are smaller than 30 kDa in average molecular weight were the most effective 

at solubilising Rhodobacter sphaeroides reaction centres from photosynthetic membranes (Swainsbury 

et al., 2017). However, they also revealed a substantial limitation/drawback of the SMA polymer 

application in that the effectiveness of the SMA polymers decreased as the size of target protein/protein 

Figure 1.1 SMA copolymer Mode of Action. 1) The binding of SMA copolymers to lipid rich membrane is 

driven by hydrophobic and electrostatic interactions and is affected by salt concentrations (NaCl) and the 

number of anionic lipids (PX) present. 2) SMA copolymer insertion into hydrophobic core of membrane driven 

by acyl-chain packing. 3) SMA copolymers insertion leads to membrane destabilization and formation of 

nanodiscs. Reprinted from Biophysical Journal , 108,Stefan Scheidelaar,Martijn C. Koorengevel,Juan 

Dominguez Pardo,Johannes D. Meeldijk,Eefjan Breukink,J. Antoinette Killian, Molecular Model for the 

Solubilization of Membranes into Nanodisks by Styrene Maleic Acid Copolymers , 279-290, 2015 , with 

permission from Elsevier. 
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complex increased . For example the small chain variants of SMA could successfully solubilise 

Rhodobacter sphaeroides reaction centres which are normally monomeric , however when those 

monomers were artificially tethered into dimeric, trimeric and tetrameric multimers, the solubilisation 

efficiency gradually decreased. The SMA polymers also poorly solubilised reaction centre-light 

harvesting 1 complexes from photosynthetic membranes. It was hypothesized this was partially due to 

the photosynthetic membranes being densely packed and highly ordered (Swainsbury et al., 2017). 

Investigations on mitochondrial membranes have shown that SMA copolymers can effectively solubilise 

and extract protein complexes (Long et al., 2013), whilst studies on bacterial proteins have shown that 

SMA polymer can be used to solubilise and extract proteins involved in diverse processes such as cell 

division and photosynthesis (Paulin et al., 2014; Swainsbury et al., 2014).  

SMA polymers mode of action has been shown to be able to trap a diverse range of lipids with variable 

lengths of acyl chains and head groups (Scheidelaar et al., 2015; Prabudiansyah et al., 2015), and this 

is important because it’s known that lipids can modulate membrane protein structure and function 

Laganowsky et al., 2014; Yeagle, 2014).  

The application of SMA polymers is also compatible with established purification techniques such as 

affinity chromatography and gel filtration (Prabudiansyah et al., 2015) and this is very important for 

protein yield and purity. SMALPs have a variety of useful characteristic’s which makes them ideal for 

membrane protein studies, for example SMALPS are soluble and therefore can be utilized in solution-

based techniques to characterize membrane protein and structure (Pollock et al, 2018). SMALPs are 

also relatively small with a diameter between 10 - 12 nm (Knowles et al., 2009; Orwick et al., 2012).  

This enables downstream analysis by methods such as X-ray crystallography (Broecker, Eger and 

Ernst, 2017), as well as optical techniques such as circular dichroism (Knowles et al., 2009; Dörr et al., 

2014; Gulati et al., 2014), and fluorescence spectroscopy (Dörr et al., 2014; Gulati et al., 2014). 

Furthermore, SMALPs also enable biophysical characterization of membrane proteins as the soluble 

domains of proteins in SMALPs are accessible to the aqueous environment, therefore solutes can be 

studied in a native like environment (Dörr et al., 2015). Based on this principle, several studies using 

radioactive ligands (Gulati et al., 2014; Jamshad et al., 2015a) and fluorescence quenching (Gulati et 

al., 2014) have established that small molecules can bind to proteins in SMALPs. SMALPs can also be 

used in protein activity studies (Prabudiansyah et al., 2015) and general results have suggested that 

SMALPs have comparable or better activity than protein extracted via detergents (Dörr et al., 2015).  

However, there are some limitations with SMA utilization, for example the high order of lipids in SMALPs 

can increase the overall rigidity of the lipid environment and hinder conformational transitions ultimately 

resulting in interference with protein function (Dörr et al., 2015). SMALPS are also sensitive to low pH 

and divalent cations (Morrison et al, 2016; Hawkins et al 2021). 

SMA polymers have amphipathic properties due to having styrene units which are hydrophobic and 

maleic acid units which are hydrophilic due to the presence of carboxyl/carboxylate groups. The overall 
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hydrophobicity of SMA polymers however is not only affected by the ratio of styrene and maleic acid 

units but also the pH of the environment (Dörr et al., 2015). In a low pH environment, the SMA polymers 

are generally not charged, at neutral pH levels the maleic acid units of the polymer carry a single 

negative charge and in a high pH environment both carboxyl groups of the maleic acid carry a negative 

charge (Dörr et al., 2015). The pH levels of the environment can affect SMA polymer conformation and 

therefore polymer solubilisation. At neutral or high pH levels, electrostatic repulsions are present 

between carboxylate groups and these electrostatic repulsions are able to dominate the hydrophobic 

effect. In neutral or high pH environments SMA polymers are able to form a random coil conformation 

which is able to dissolve in aqueous solutions (Dörr et al., 2015). However, in low pH environments the 

SMA polymers undergo complete protonation, which promotes the hydrophobicity of the co-polymers 

as the charge repulsion is lost and the presence of the hydrophobic effect leads to polymers adopting 

a globular conformation and ultimately precipitating out as aggregates (Dörr et al., 2015).  

Similarly, studies have shown that concentrations higher than 5mM of Mg2+ can cause SMALPs and 

encompassed proteins to precipitate out of solution (Morrison et al., 2016). This can be particularly 

problematic for proteins that need ions such as Mg2+ or Ca2+ to function. SMA is known to carry high 

negative charge densities and the presence of such densities is thought to cause positively charged 

divalent cations to bind to SMALPS. At low concentration, this type of binding is tolerated however as 

divalent cations concentrations increase, an increasing burden is placed upon the SMALP structure. 

Alternatively, it is also possible that the divalent cations directly bind to lipids within is the SMALP 

structure at increasing concentrations and this eventually leads to SMALP instability and ultimately 

proteins precipitating out of solution. For example, it’s been shown that divalent cations such as Mg2+ 

or Ca2+ can bind to a phosphatidylserine monolayer coated air/water interface and cause an increase 

in surface tension by bridge binding. Bridge binding results from divalent cation binding to two adjacent 

lipids instead of one (Ohshima & Ohki, 1984). 

 

1.4 LeuT 

In the present study, one of the proteins of interest is the leucine transporter (LeuT). LeuT is a 

prokaryotic homologue of neurotransmitter transporters of the neurotransmitter: sodium symporter 

(NSS) family (Shi et al., 2008). The NSS family of proteins are present in both eukaryotes and 

prokaryotes (Kantcheva et al., 2013). In humans NSS’s are referred to as solute carrier 6 family 

(Hediger et al., 2004). 

NSS’s are essential for life as they help regulate neurotransmission in the nervous system and are 

responsible for terminating synaptic transmissions by recycling neurotransmitters (Rudnick, 1997). In 

humans NSS’s are located on the plasma membrane of nerve terminals and are responsible for 

uptaking neurotransmitters from the synapse into the presynaptic neurons (Reith, 2002; Torres, 

Gainetdinov and Caron, 2003). This uptake of neurotransmitters returns synaptic neurotransmitter 
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concentrations to a basal level and permits the replenishment of neurotransmitter stores in the lumen 

of presynaptic vesicles (Yamashita et al., 2005).  

NSS’s play a vital role in the central nervous system and are the primary mechanism by which the 

termination of monoaminergic neurotransmission is achieved and therefore are necessary for 

maintaining monoamine homeostasis in the central nervous system (Coyle and Snyder, 1969;Iversen, 

1971; Giros et al., 1996; Hoffman et al., 1998; Jones et al., 1998). 

NSS are secondary active transporters and function by exploiting pre-existing ion gradients across the 

plasma membranes (Shi et al., 2008; Malinauskaite et al., 2014). NSS’s can uptake a range of 

neurotransmitters against their concentration gradients by utilising the electrochemical gradient of 

sodium ions between the outside and inside of cell membranes to provide thermodynamic energy to 

transport neurotransmitters from low extracellular concentrations to high intracellular concentrations 

using the cotransport mechanism (Torres, Gainetdinov and Caron, 2003; Kantcheva et al., 2013). 

NSS’s can bind and transport several biogenic amines such as serotonin, dopamine, and 

norepinephrine as well as osmolytes such as betaine and creatine. NSS’s can also transport amino 

acids like glycine, proline, and γ-aminobutyric acid (Sonders, Quick and Javitch, 2005).  

NSS are of particular importance as they have been implicated in the pathophysiology and treatment 

of several neuropsychiatric disorders such as schizophrenia, autism, depression, epilepsy, and 

attention deficit hyperactivity disorder (Gether et al., 2006; Singh, 2008). NSS’s are also the targets of 

antidepressant including amitriptyline, amoxepine and desipramine (Iversen, 2009) as well as 

recreational psychostimulants such as amphetamines, cocaine, and ecstasy (Amara and Sonders, 

1998; Gether et al., 2006). 

In mammals NSS’s uptake mechanisms are Na+ and Cl−-dependent however in bacteria the uptake is 

Cl- independent and stimulated by generation of a reverse proton gradient through a proton-antiport 

mechanism (Kantcheva et al., 2013). LeuT is an amino acid transporter from Aquifex aeolicus . Aquifex 

aeolicus is an hyperthermophilic and obligate chemolithoautotrophy bacterium. It is Gram-negative, rod-

shaped, flagellated, and non-spore-forming. Aquifex aeolicus bacteria grows best at 85 °C however it 

can still grow at even higher temperatures such as 95 °C. Aquifex aeolicus does not require any organic 

molecules to flourish and instead it is efficient in utilising molecular oxygen, molecular hydrogen, and 

inorganic sulphur compounds, and thrive in the absence of light (Guiral and Giudici-Orticoni, 2020). 

LeuT can transport several hydrophobic amino acids such as leucine, glycine, and alanine as well as 

aromatic amino acids like tyrosine and phenylalanine in exchange for sodium (Singh et al., 2008). Amino 

acids are the building block of proteins and therefore essential for growth and repair (Erlendsson et al., 

2017). Not all cells can synthesise the full range of amino acids and therefore require amino acid 

transporters for uptake of amino acids from the extracellular environment (Erlendsson et al., 2017).  
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LeuT structure is comprised of a twelve-helix bundle, with the transmembrane segments being 

connected via short extracellular and intracellular loops (Shaikh and Tajkhorshid, 2010; Merkle et al., 

2018). The first 5 transmembrane segments have similar structural repeats to transmembrane 

segments 6 – 10 however have inverted symmetry due to the first 5 segments being inverted in the 

membrane plane (Yamashita et al., 2005). LeuT transmembrane segments 1 and 6 are involved in 

substrate interaction and also coordinate sodium ion binding (Merkle et al., 2018) (Figure 1.2A).  

LeuT is proposed to function by an alternating access mechanism, the substrate binding site is 

alternately exposed to both sides of the membrane via induced conformational changes which control 

access to a central binding site (Zhang et al., 2018). Investigations analysing the structure of LeuT have 

revealed LeuT to have inward and outward conformations (Krishnamurthy and Gouaux, 2012). 

Furthermore, studies by Yamashita et al., 2005 and Singh et al., 2008 revealed that LeuT in an outward-

occluded conformation is bound by two sodium ions and a molecule of leucine. It’s been proposed that 

conformational changes are only induced when both sodium ions and amino acid substrates are bound, 

or this mechanism prevents the uncoupled transport of amino acid or sodium ions (Zhang et al., 2018). 

Additional studies by Merkle et al. have proposed a LeuT transport mechanism model and illustrated 

the changes in LeuT  structure conformations and their link with Gibbs free energy levels (Merkle et al., 

2018) (Figure 1.2B).  
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Figure 1.2 LeuT structure and conformational transitions during substrate transport. A) LeuT structure. 
alignment and orientation is designed to illustrate LeuT positioning in the lipid bilayer plane. The upper side of 
the structure corresponds to the extracellular half of LeuT protein. Transmembrane helices 1 to 5 are shown in 
green and transmembrane helices 6 to 10 are shown in pink. The broken helices are shown in the core, 
transmembrane helices 1 and 6 are shown in ribbon pattern. Transmembrane helices 11 and 12 are shown in 
grey and ions bound in yellow. The leucine substrate is shown bound in the core and the colours present in 
substrate illustrate different elements (oxygen is red, carbon is grey, nitrogen is blue and hydrogen is white) 
(Shaikh, S.A. and Tajkhorshid, E. (2010) Modelling and dynamics of the inward-facing state of a Na+/Cl− 

dependent neurotransmitter transporter homologue, PLOS Computational Biology 6(8). 
doi:10.1371/journal.pcbi.1000905) . B) LeuT conformational changes and associated changes in Gibbs free 
energy.(P. S. Merkle, K. Gotfryd, M. A. Cuendet, K. Z. Leth-Espensen, U. Gether, C. J. Loland,K. D. Rand 
(2018) Substrate-modulated unwinding of transmembrane helices in the NSS transporter LeuT. Sci. Adv. 4, 
eaar6179). Both figures reproduced under a Creative Commons licence agreement. 
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Gibbs free energy analysis can be used to determine the amount of usable energy available in a system. 

Gibbs Free Energy levels can be calculated using the equation ΔG=ΔH−TΔS, where ∆H represents the 

change in enthalpy , ∆S represents the change in system entropy induced by reaction and T represents 

temperature (Cottis et al., 2010). Gibbs free energy level changes can be determined by analysing the 

free energy levels at the start of a reaction such as the initial state/conformation of a protein during 

protein substrate interaction and at the final stage of a reaction such as molecule/substrate release. 

The changes in in Gibbs free energy can then subsequently be used to determine if the maximum 

usable energy was absorbed or released during the reaction/conformational changes in the protein from 

initial state to final state (Chemical thermodynamics , 2004). The changes in Gibbs free energy can also 

be used to determine the spontaneity and energetics of a reaction. If a reaction leads to a negative 

change in Gibbs free energy, then the reaction can occur spontaneously as this type of reaction 

releases energy and does not require an energy input. However, if a reaction led to a positive change 

in Gibbs free energy, then an energy input is required for the reaction to occur as this type of reaction 

absorbs energy (Khan Academy, 2015). Gibbs free energy levels change according to the type of 

reactions taking place. 

Figure 1.2B displays LeuT structure at various stages of conformation and activity. Stage 1 displays 

LeuT adopting an outward-facing open conformation with reasonably high levels of Gibbs free energy 

in the absence of a substrate. Stage 2 illustrates LeuT maintaining an outward-facing open 

conformation upon Na+ binding with a slight reduction in Gibbs free energy, implying stabilisation of the 

protein structure. Stage 3 illustrates LeuT in an outward-facing, substrate bound occluded state. Stage 

3 shows that the binding of a substrate leads to a reduction in Gibbs free energy levels. Furthermore 

stage 3 also illustrates the closure of extracellular vestibule upon substrate binding and the obstruction 

of water from accessing substrate binding site by extracellular loop 4 (EL4). Stage 4 illustrates the 

unravelling of intracellular halves of transmembrane helices 1 and transmembrane helices 5, and how 

that leads to the creation of a solvent pathway from which a sodium ion can be released intracellularly. 

Stage 4 also illustrates an increase in Gibbs free energy. Stage 5 illustrates the release of sodium ion 

intracellularly and how that can induce LeuT to transition from an outward-facing, substrate bound 

occluded state to inward-facing, substrate bound occluded conformation. Stage 5 also illustrates a 

reduction in Gibbs free energy. Stage 6 illustrates that the unravelling of the intracellular part of 

transmembrane helices 7 facilitates the release of substrate and sodium ion. Stage 6 also illustrates an 

increase in Gibbs free energy. Stage 7 illustrates the isomerization of LeuT structure into an inward-

facing open state following substrate release. Stage also illustrates a reduction in Gibbs free energy. 

Stages 1 to 3 show that binding of sodium ions and substrates leads to reduction of Gibbs free energy. 

Stages 4 and 6 show that unwinding of helices leads to an increase in Gibbs free energy. Stages 5 and 

7 show that completion of transition leads to reductions in Gibbs free energy levels. 
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1.5 Atm1 

The second protein of interest is NaAtm1, which is a bacterial homologue of Atm1 from 

Novosphingobium aromaticivorans (Lee et al., 2014). Novosphingobium aromaticivorans is an aerobic 

and gram-negative bacterium. Novosphingobium aromaticivorans can be found in various places 

throughout the world including water, soil, and coastal plain sediments (Kaplan, 2004). Studies on 

Novosphingobium aromaticivorans have shown it to be genetically tractable and possess the ability to 

degrade aromatic compounds and metabolize xenobiotics (Kaplan, 2004; Linz et al., 2021).  

Atm1 is an ATP binding cassette (ABC) transporter. ATP binding cassette transporters are a large 

family of integral membrane proteins and are found throughout the three kingdoms of life (Zutz, et al., 

2009). ABC transporters are involved in various cellular processes, and facilitate the active transport of 

a wide range of solutes across cellular membranes including amino acids, peptides, lipids, 

polysaccharides, antibiotics, and toxins (Higgins, 1992; Dean, Rzhetsky and Allikmets, 2001). They are 

primary active transporters and use the energy from ATP hydrolysis to transport molecules against their 

concentration gradient. Although ABC transporters are present in various organisms, ABC transporter 

expression profiles and substrate specificities are highly diverse and differ with regards to individual 

cellular growth requirements (Zutz, et al., 2009). In Saccharomyces cerevisiae 22 ABC transporters are 

encoded for, the human genome encodes for 48 ABC transporters, whilst E.coli has 79 ABC 

transporters and the plant Arabidopsis thaliana has 130 ABC transporter genes (Gbelska, Krijger and 

Breunig, 2006; Jungwirth and Kuchler, 2006; Hwang et al., 2016). Novosphingobium aromaticivorans 

NaAtm1 is an orthologue of Atm1/ ABCB6/ ABCB7/HMT1 family of ATP Binding Cassette transporters, 

and it shares approximately 45% sequence identity with Heavy Metal Tolerance Factor-1 (HTM1), 

human ABCB7 and S. cerevisiae Atm1. Therefore, it is a valuable prokaryotic model for eukaryotic 

transporters and can be employed in ABC studies (Lee et al., 2014; Fan et al., 2020). 

ABC transporters can be separated into two distinct classes, ABC importers and ABC exporters. ABC 

importers are engaged in the uptake of nutrients and ABC exporters are implicated in export of toxic 

compounds. ABC importers typically function in conjunction with supplementary substrate-binding 

proteins which form complexes with solutes and help facilitate the transport of solutes over to ABC 

importers (Davidson and Chen, 2004). In Saccharomyces cerevisiae and other fungi and bacteria, ABC 

transporters have been shown to facilitate antimicrobial resistance and resistance against stress 

conditions (Zutz, et al., 2009; Jungwirth and Kuchler, 2006). 

In eukaryotic organisms ABC transporters can be found located at the plasma membrane and in the 

intracellular membranes of Golgi apparatus, lysosomes, peroxisomes, endoplasmic reticulum, and 

mitochondria. The majority of eukaryotic ABC transporters function as exporters and are responsible 

for transporting a wide range of substances across cell membranes. ABC transporters in humans have 

been shown to be involved in various patho-physiological processes such as ion homeostasis of 

epithelial cells via cystic fibrosis transmembrane conductance regulator (CFTR/ABCC7), the release of 
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insulin from pancreatic beta cells via the sulfonylurea receptor (SUR1/2, ABCC8/9), cholesterol 

transport (ABCA1) and antigen processing and presentation via half transporters TAP1/TAP2 

(ABCB2/ABCB3). ABC transporters have also been implicated in cancer cell multidrug resistance (Zutz, 

et al., 2009), predominantly through P-glycoprotein (ABCB1), multidrug resistance protein 1 

(MRP1/ABCC1) or breast cancer resistance protein (BCRP/ABCG2).  

In eukaryotes Atm1 is a mitochondrial exporter and exhibits an archetypal domain structure; two 

transmembrane domains which are responsible for offering selective solutes a passageway across the 

membrane and two nucleotide-binding domains which are responsible for generating energy via ATP 

hydrolysis and facilitating the directional transport of solutes (Zutz, et al., 2009).  

ABC exporters in eukaryotes can be separated into two groups, full transporter, and half transporters. 

In half transporters one transmembrane domain is fused with one nucleotide binding domain and in 

order for the exporter to function two identical or different half-transporters have to assemble in order 

to form a functional homo or heterodimeric complex. Atm1 is a homodimeric transporter and furthermore 

surprisingly all mitochondrial ABC transporters studied thus far have all been homodimeric transporters 

(Chloupková et al., 2004; Hofacker et al., 2007). 

In yeast Atm1 is localized on the inner mitochondrial membrane and it is involved in cellular iron 

homeostasis and is responsible for exporting unknown substrates into the cytosol for cellular iron 

regulation, iron-sulphur protein biogenesis and tRNA thio-modification (Kispal et al, 1997; Kispal, et al, 

1999; Ellinghaus et al., 2021). Atm1 is approximately 70kDa in size and was the first mitochondrial 

transporter to be identified (Leighton and Schatz, 1995; Chloupková, et al., 2004). 

In eukaryotes, the biogenesis of iron sulphur clusters is intricate, and it is comprised of three distinct 

and well-preserved separate systems; mitochondrial iron sulphur cluster assembly machinery, an 

exportation system facilitated by mitochondrial ABC transporters, and lastly a cytosolic iron sulphur 

cluster assembly system (Lill, Srinivasan and Mühlenhoff, 2014; Do et al., 2017). 

Iron sulphur clusters are essential cofactors for iron sulphur cluster containing proteins which facilitate 

a variety of cellular processes. Iron-sulphur clusters are inorganic protein cofactors and are generally 

arranged via histidinyl and cysteinyl residues (Lill et al., 2015). Iron-sulphur clusters are known to 

function in electron transfer, regulation of gene expression and catalysis. Iron-sulphur clusters have 

also been proposed to act as sulphur donors for lipoate and biotin cofactor biosynthesis (Lill et al., 

2015). 

In eukaryotic organism’s iron-sulphur proteins are involved in various essential processes and can be 

found in the nucleus, cytosol, and mitochondria (Lill et al., 2015). In the nucleus iron-sulphur proteins 

such as DNA polymerases and primases are involved in DNA replication and DNA repair. Furthermore 

iron-sulphur proteins such as ATP-dependent DNA helicases are involved in chromosome separation 
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or telomere length regulation (Lill and Mühlenhoff, 2008; Netz et al., 2012; Gari et al., 2012; Stehling et 

al., 2012; Stehling et al., 2013; Stehling, Wilbrecht and Lill, 2014; Paul and Lill, 2015; Lill et al., 2015).  

Iron sulphur cluster dependent proteins such as DNA helicases have also been linked to hereditary 

disorders and conditions such as Xeroderma pigmentosum, Fanconi anaemia and Trichothiodystrophy 

(Lehmann, 2003). In the cytosol iron sulphur proteins are involved in tRNA (thio-) modifications, post-

transcriptional regulation of the iron metabolism and amino acid biosynthesis. In mitochondria, iron 

sulphur proteins are involved in biosynthesis of lipoate, biotin and haem (Lill et al., 2015). 

Atm1 is a homologue of human ABCB6 and ABCB7 and plant transporter atm3. ABCB6, ABCB7 and 

atm3 have previously been shown to be involved in iron homeostasis (Lill and Kispal, 2001; Pondarré 

et al., 2006; Cavadini et al., 2007; Zuo et al., 2017). Atm1 has been shown to bind glutathione (Kuhnke 

et al., 2006; Srinivasan, Pierik and Lill, 2014) and studies on Novosphingobium aromaticivorans 

orthologue NaAtm1 have shown it to bind glutathione derivatives and confer protection against mercury 

and silver toxicity when overexpressed in E. coli cells (Lee et al., 2014). 

Glutathione is a tripeptide produced in the cytosol which is present in high levels in the body. It is 

involved in various processes including the detoxification of xenobiotic and endogenous compounds. 

Glutathione plays a vital role in protecting cellular macromolecules from endogenous and exogenous 

reactive species (Pizzorno, 2014). Glutathione is responsible for neutralising diverse oxidants such as 

hydroxyl radicals, carbon radicals, superoxide anions and nitric oxides. It is also involved in facilitating 

toxin excretion from cells and the body (Pizzorno, 2014) by the formation of glutathione S-conjugates, 

and it is essential for transporting mercury out of cells.  Glutathione is also an important cofactor for 

various antioxidant enzymes glutathione peroxidase or glutathione-S-transferase and is involved in the 

regeneration of vitamins C and E (Pizzorno, 2014). Glutathione is required for cellular proliferation, 

apoptosis regulation and is indispensable for the protection and preservation of mitochondrial DNA and 

mitochondrial function as preceding studies have shown glutathione depletions to lead to progressive 

loss of mitochondrial function due to build up of mitochondrial DNA damage (Pizzorno, 2014). 

Mitochondria are a major source of reactive oxygen species due to the mitochondrial respiratory chain 

and mitochondrial glutathione is the main form of defence against mitochondrial damage resulting from 

oxidative modifications. Mitochondrial glutathione can help maintain the mitochondrial redox 

environment and prevent damage by counteracting hydrogen peroxide and lipid hydroperoxides (Marí 

et al., 2009). Glutathione depletions have been implicated in various chronic degenerative diseases 

and disorders, including neurodegenerative disorders such as Alzheimer’s, Huntington’s, and 

Parkinson’s diseases (Ballatori et al., 2009). Glutathione depletion has also been implicated in 

pulmonary conditions such as asthma, and acute respiratory distress syndrome and cardiovascular 

conditions such as hypertension and myocardial infarction (Ballatori et al., 2009). 

A direct link between dysfunction of mitochondrial ABC proteins and mitochondrial diseases has been 

proposed, for example dysfunction of mitochondrial ABC transporter ABCB7 has been shown to cause 
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X-linked sideroblastic anaemia with cerebella ataxia (Zutz, et al.,2009; Bekri et al., 2000). Furthermore, 

it has been proposed that ABCB7 may also be implicated in causing Refractory Anaemia with Ring 

Sideroblasts (Boultwood et al., 2008). 

Studies on yeast cells lacking Atm1 have shown the cells to have a severe growth phenotype as cells 

can only grow in the presence of fermentable carbon sources, indicating loss of oxidative respiration 

(Leighton and Schatz, 1995; Kispal, et al., 1997; Zutz, et al.,2009). Atm1 depletion has also been shown 

to result in a 30-fold increase in accumulation of mitochondrial iron levels (Kispal, et al., 1997). A 

depletion in Atm1 can also cause reactive oxygen species to be formed as non-ligated iron has redox 

properties. The consequent establishment of oxidative stress can subsequently lead to loss of the 

mitochondrial DNA and increased levels of glutathione and a substantial deficiency of apo forms of 

haem proteins (Zutz et al., 2009). 

The bacterial homologue NaAtm1 used in this study has been identified as having a role in heavy-metal 

detoxification possibly due to exporting metalated glutathione species (Fan, Kaiser and Rees, 2020). It 

has been suggested NaAtm1 can bind and transport glutathione polysulfide, glutathione disulfide 

(GSSG), and glutathione trisulfide (GS-S-SG) (Schaedler et al., 2014). The findings from Schaedler et 

al., 2014 propose that the substrate of Atm1 must contain persulfide and glutathione, and that Atm1 

can help facilitate the transport of glutathione polysulfide from the mitochondria to the cytosol. 

Furthermore ,glutathione is known to be involved in detoxification reactions (Daniel et al., 2020) and  

prokaryotic glutathione transferases (GSTs) enzymes are known to be involved in cellular detoxification 

(Allocati et al., 2008). It is therefore not surprising that  Novosphingobium aromaticivoran bacteria can 

flourish in severely polluted environments as preceding studies  have revealed Novosphingobium 

aromaticivoran to utilise Nu-class glutathione S-transferase enzymes to break down β-aryl ether bonds 

of lignin (Kontur et al., 2018). Lignin can be found in vascular plants, and it can potentially act as a 

renewable source of precious chemicals(Kontur et al., 2018). 

The structure of NaAtm1 has been determined (Figure 1.3) at various stages of the transport cycle 

which has helped to build a model for the transport mechanism of Atm1 transporters (Lee et al., 2014).  

The major binding site of glutathione disulfide is approximately 5 Å into the transmembrane region and 

dominated by transmembrane 5 and transmembrane 6 interactions. The binding site of glutathione 

disulfide is also accessible from the cytoplasmic side of protein (Lee et al., 2014). Substrate bindings 

lead to various interactions forming between carboxyl groups of glutathione disulfide and free amino 

groups of the NaAtm1 protein.  

Transmembrane 3 and Transmembrane 6 residues which are responsible for interacting with GSSG 

are located close to helical irregularities. For example, a length of 310 helix is present between residues 

314 and 317, a kink is present in transmembrane 6 conserved Pro 314 , a π helix is present in 

transmembrane 3 between residues 158 and 162 (Lee et al., 2014). It is proposed that these regions 

may experience conformational changes during the transport cycle. There are also non-polar 
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interactions between NaAtm1 and the GSSG substrate , these interactions are formed by the side chain 

residues of Leu 265 and Leu 268 and Gly part of GSSG. The side chains of Met 317 and Met 320 also 

interact with GSSG near the disulphide bond (Lee et al., 2014).  

It is also proposed that there is a second GSSG binding site, which is located ≈5 Å away from the 

primary binding site and closer to the cytoplasmic surface (Lee et al., 2014). The physiological relevance 

of the second binding site in unknown however it proposed that Atm1 is capable of exporting 

glutathione-bound iron-sulfur clusters (Pearson and Cowan, 2021) and therefore, the second  GSSG 

binding site may allow the binding of GSSG to iron-sulfur clusters (Lee et al., 2014). 

The second binding site has conserved arginine residues 206 and 323 and it also has Arg 210. There 

are also two further pairs of Arg residues (conserved Arg 91 and variable Arg 313) which are located in 

the translocation pathway and closer to periplasmic side of protein (Lee et al., 2014). It is hypothesised 

that these additional pairs of Arg 91 and Arg 313 may be a binding site for substrates when orientated 

in an outward facing conformation (Lee et al., 2014). 
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Figure 1.3 NaATM1 Structure. NaAtm1 has a dimeric structure with membrane spanning domains 
towards the top and nucleotide binding domain towards the bottom. PDB ID: 4MRN. 
https://doi.org/10.2210/pdb4mrn/pdb .(Lee et al., 2014). 
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1.6 Using SMALP isolated proteins for drug discovery 

Although SMALP purified proteins have been shown to be applicable for many downstream 

applications, there have been limited reports to date of using SMALP purified membrane proteins for 

drug discovery using the techniques of surface plasmon resonance (SPR) or microscale 

thermophoresis (MST). 

Surface plasmon resonance (SPR) is a commonly used technique that is typically employed to analyse 

protein ligand interactions (Bakheet and Doig, 2009). SPR has traditionally been used for drug 

screening, antibody engineering and analysis of mechanisms of molecular recognition (Cunningham 

and Wells, 1989; Wu et al., 2007). 

The SPR technique employs optical methods to analyse and quantify the changes observed in the 

refractive index of mediums in close vicinity to the surface of gold-coated biosensor chips (Patching, 

2014). In a typical SPR experiment, one of the binding components referred to as ligand is immobilized 

on the biosensor surface and the other binding component known as analyte is injected across the 

biosensor surface at various concentrations and flow rates (Cooper, 2004; Beseničar et al., 2006) 

(Figure 1.4).  

The SPR technique examines the binding of analyte molecules to immobilized ligand by detecting the 

changes in the refractive index of the ultra-thin boundary layer that is in proportion to the amount of 

ligand + analytes present (Glück, Koenig and Willbold, 2011). The binding of analyte molecules to 

immobilised ligand leads to an increase in the amount of mass material bound to the surface of the chip 

and this increase in mass subsequently leads to a change in the angle of the polarised reflected light.  

In SPR, in a specific angle of incidence, a portion of photons can interact with free electron groups in 

the metal surface (Nguyen et al., 2015; Motsa and Stahelin, 2023). The interaction of photons with outer 

shell gold electrons leads to photons being absorbed and energy being transferred to the gold electrons. 

Subsequently gold electrons move due to excitation and transform into electron density waves referred 

to as surface plasmons (Nguyen et al., 2015). Surface plasmon resonance arise as a result of incident 

light photons striking the surface the metal. Surface plasmons spread parallel to the gold surface. The 

plasmon oscillations subsequently create an electric field approximately 300 nm from the sample 

solution and gold metal boundary (Nguyen et al., 2015; Motsa and Stahelin, 2023). 

In an SPR machine, a high-reflective index glass prism is used to employ incident light. The specific 

angle at which resonance arises is dependent on the refractive index of the media near the gold metal 

surface (Nguyen et al., 2015; Motsa and Stahelin, 2023). If there is a change in the refractive index of 

the sensing media due to molecule binding, plasmons will not be created. Therefore, in SPR, binding 

interactions are detected by measuring the changes in the reflected light and surface concentrations 

determined by observing the intensity of reflected light or tracing shifts in resonance angles. In SPR, 
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response/resonance units (RU) are utilised to portray changes in signal and 1 RU is equal to a 10−4-

degree shit in critical angle (Nguyen et al., 2015; Motsa & Stahelin, 2023). 

The SPR technique has many advantages over alternative traditional methods of analysing protein 

ligand interactions. SPR analysis require small quantities of ligands and analytes, it also permits label 

free analysis of proteins in real time, and it can be used to measure binding kinetics and equilibrium 

constants (Glück, Koenig and Willbold, 2011). Furthermore, the SPR technique is very sensitive and 

can have a sensitivity of up to 1 nM for 20 kDa proteins (Englebienne et al., 2003). The SPR technique 

can also be automated and therefore increase sample throughput (Grote et al., 2005; Ahmed et al., 

2010). SPR permits analysis of real time reversible molecular interactions, and allows a wide variety of 

data types to be collected , for example the specificities of individual interactions, binding affinities, and 

binding levels. SPR analysis also allows the dissociation and association rate constants to be 

Figure 1.4 Surface Plasmon Resonance spectroscopy. Schematic diagram outlining the key features 

of SPR, and how they lead to the sensorgrams obtained. (Santos, A.O.; Vaz, A.; Rodrigues, P.; Veloso, 

A.C.A.; Venâncio, A.; Peres, A.M. (2019) Thin Films Sensor Devices for Mycotoxins Detection in Foods: 

Applications and Challenges. Chemosensors 7, 3. https://doi.org/10.3390/chemosensors7010003). 

Image reproduced under a Creative Commons licence. 
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determined and attain information on thermodynamic parameters such as entropy, enthalpy, and 

activation energy (Bakhtiar, 2012). 

The SPR technique is also very versatile and applicable to various molecular systems. For example, it 

has been employed in vaccine design analysis (Hearty et al., 2010), DNA-drug binding analysis (Wolf 

et al., 2007), antibody–antigen interaction analysis (Ramakrishnan et al., 2009) and protein–

carbohydrate interaction analysis (Smith et al., 2003). 

However, the SPR technique also has limitations, for example one of the components of the molecular 

interaction have to be immobilised on the sensor chip surface and this can prove problematic as various 

conditions have to considered and optimised, in order to attain desired immobilisation levels. The 

molecular weight of the target component , the presence of any reactive groups , the stability and purity 

of component, pH levels and ion concentration of buffers, all have to be considered (Ezzati Nazhad 

Dolatabadi and de la Guardia, 2016). 

Another disadvantage of the SPR technique is that sensor surface cannot easily distinguish between 

non-specific and specific interactions, and this can lead to false positive results (Ahmed et al., 2010). 

Furthermore, materials can non-specifically bind to the sensor chip surface and subsequently interfere 

with SPR analysis. Therefore, control samples are often required to correct for any nonspecific binding 

which may occur (Rich and Myszka, 2004). Also, SPR is mass sensitive and therefore the methodology 

is very sensitive to components with a larger molecular weight however the binding of smaller molecules 

or low molecular weight compounds, such as drugs, is harder to analyse (Ahmed et al., 2010). Finally, 

another challenge presented by the SPR technique is that the sensor chips employed in SPR studies 

have a limited surface area and therefore can limit the amount of sample being loaded onto the sensor 

chip, especially when working with larger molecules. This subsequently can lead to lower 

concentrations of components being immobilised and low immobilisations levels can prevent binding 

interactions from being detected. 

It is important to analyse and quantify binding kinetics of novel drugs as minute differences in binding 

kinetics can have huge significance with regards to the applicability of novel drugs (Maynard et al., 

2009). Binding kinetics can impact both the potency and dosing of drugs in in vivo environments. 

Therefore, binding kinetics analysis could be used to screen out ineffective drugs and select appropriate 

molecules for further development (Maynard et al., 2009).  It’s been shown that site directed kinetics 

analysis of variants could be used to analyse binding and shed light on the dynamics and mechanisms 

of binding (Rickert, 2004). It is therefore evident that binding kinetic analysis is vital for screening 

potential drugs and identifying potential therapeutic target. 

Microscale Thermophoresis (MST) is an alternative , innovative technique for measuring protein-ligand 

interactions.  MST is cost effective, and it can be used to study molecular interactions in solutions 

(Baaske et al., 2010; Jerabek-Willemsen et al., 2011; Duhr, Arduini and Braun, 2004). 
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MST is an efficient method and consumes little time and sample volumes. MST also allows for free 

choice of buffers and doesn’t require immobilisation of target proteins. MST functions by utilizing 

thermophoresis to study molecular interactions (Duhr, Arduini and Braun, 2004; Baaske et al., 2010; 

Jerabek-Willemsen et al., 2011). Thermophoresis/Soret effect is a transport force which arises in 

mixtures of particles and fluids in the presence of a temperature gradient (Hemmat Esfe et al., 2020). 

The thermophoresis phenomenon describes the movement of particles in a temperature gradient from 

hot regions to cold regions (Jerabek-Willemsen et al., 2014). MST can be used to analyse and 

determine dissociation constants, stoichiometry, and thermodynamics.  

 

In a typical MST experiment, samples are loaded into capillaries and inserted into an MST device. A 

temperature gradient is then created using an infrared laser. The generation of the temperature gradient 

leads to the thermophoretic migration of molecules. The movement of molecules is then tracked by 

fluorescence optics using the fluorescence of fluorophores which are attached to one of the binding 

components in the molecular interactions (Zillner et al., 2011; Schubert et al., 2012) (Figure 1.5). The 

movement of molecules is affected by charge, size and hydration shells (Braun and Libchaber, 2002; 

Duhr and Braun, 2006). Interactions between large proteins and small ligands, such as short peptides, 

which only entail slight changes in size and charge, can still noticeably affect the thermophoretic 

migration due to changes in the hydration shell (Plach, Grasser and Schubert, 2017). 

Figure 1.5 Microscale Thermophoresis. A) The Monolith NT.115. B) MST optics set up. C) A typical 

example of MST trace. D) Example of data from a typical binding experiment. Reprinted from Journal of 

Molecular Structure, 1077 , Moran Jerabek-Willemsen, Timon André, Randy Wanner, Heide Marie Roth, 

Stefan Duhr, Philipp Baaske, Dennis Breitsprecher, MicroScale Thermophoresis: Interaction analysis and 

beyond, 101-113,2014 , with permission from Elsevier.  
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1.7 Aim & objectives 

In this project, the aim was to optimise lipid nanoparticle extracted and purified LeuT and/or Atm1 for 

drug screening and development using SPR and MST techniques.  

Objectives included: 

• Optimising conditions for immobilisation of LeuT/Atm1-SMALPs on to SPR chips, and 

measurement of binding interactions with substrates or inhibitors. 

• Fluorescent labelling of LeuT/Atm1-SMALPs for analysis by MST, and measurement of binding 

interactions with substrates or inhibitors. 

• Investigation of alternative polymers for LeuT and Atm1 solubilisation and purification, that may 

overcome some of the current limitations or facilitate easier immobilisation and/or labelling. 
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2. Methods & Materials 

2.1 Preparation and expression of LeuT or NaAtm1 in E. coli cells 

Plasmid pET16b-LeuT was a kind gift from Prof. Harald Sitte, Medical University of Vienna.  pJL-H6-

NaAtm1 was a gift from Douglas Rees (Addgene plasmid #78308; http://n2t/addgene:78308). BL21 E. 

coli (DE3) cells which had already been transformed with vector pET16b-LeuT or pJL-H6-NaAtm1 were 

used to grow a 5 ml culture overnight in LB (Luria broth) supplemented with 100 µg/ml ampicillin, at 

37°C, 200 rpm. From this point forward NaAtm1 will simply be referred to as Atm1.The overnight culture 

was then used to inoculate two flasks containing 500ml LB supplemented with ampicillin (100 µg/ml). 

The cultures were incubated at 37°C, 200 rpm for several hours; a sample was extracted every hour 

and its OD (optical density) measured at 600nm until optical density of 0.6 was reached. The expression 

of LeuT protein was then induced by adding 0.5mM IPTG ,and then incubating LeuT culture at 37°C for 

3 hours at 200rpm and then at 25°C, 200rpm overnight. The expression of Atm1 protein was also 

induced by adding 0.5mM IPTG however the Atm1 cultures were directly incubated at 37°C at 200rpm 

overnight. The cells were harvested by centrifugation at 5514g for 10 minutes at 4°C, following which 

they were stored at -20°C. E. coli pellets were resuspended in phosphate buffered saline (137 mM 

NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4, pH7.4) and centrifuged at 3220g for 10 minutes 

at 4°C, then resuspended in homogenisation buffer (50mM Tris pH 7.4, 250 mM sucrose, 0.25 mM 

CaCl2) supplemented with a mixture of protease inhibitors (benzamidine (1.3 µM) , leupeptin (1.8 µM) 

and pepstatin (1 µM)). The cells were then disrupted using sonication (five 30 second cycles with 20 

seconds intervals). Cell debris was removed from the solution by centrifugation at 726g for 15 minutes 

at 4°C. Finally, membranes were harvested by ultracentrifugation (100000g, 20 minutes,  4°C) and the 

pellets were suspended in Purification Buffer A for LeuT (20 mM Tris pH8, 150 mM KCl) or Purification 

Buffer B for Atm1 (20 mM Tris, pH8, 150mM NaCl) at a concentration of 60 mg/ml (wet weight of pellet). 

The membrane solution was then aliquoted in 2ml aliquots and stored at -80°C (Morrison et al., 2016). 

2.2 Preparation of SMA2000  

SMA2000 polymer was a kind gift from Cray Valley (Exton, PA, USA). SMA2000 polymer was provided 

as a styrene–maleic anhydride copolymer and therefore required conversion to styrene and maleic acid.  

To begin the conversion process 25g of Styrene–maleic anhydride copolymer was transferred into a 

500 ml round bottom flask and 250 ml of 1M NaOH added to the flask. Next 0.5 g of anti-bumping 

granules were added to the round bottom flask and the flask transferred onto a heating mantle with the 

condenser coil attached. The condenser was then connected to a water supply and water flow ensured. 

The styrene–maleic anhydride copolymer and NaOH mixture was then gently heated until boiling point 

was achieved. Following which the heat levels were adjusted to allow the solution to maintain a steady 

boil rate for 2 hours. Subsequently the refluxed solution was cooled to room temperature whilst the 

condenser was still connected to flask and water flow maintained. The cooled solution was aliquoted 

http://n2t/addgene:78308
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into two 500 ml centrifuge bottles and 1M HCl slowly added, at a ratio of approximately 1ml HCl per 6ml 

of polymer solution, to precipitate the polymer. Next distilled water was added to the centrifuge bottles 

until maximum bottle capacity had been reached. The precipitate-water mixtures were centrifuged at 

11,000 g for 15 minutes and the resultant supernatants carefully removed without disturbing the 

precipitates. The precipitates were resuspended in distilled water and centrifuged again at 11,000 g for 

15 minutes. This process was repeated 4 times. The precipitate pellets were dissolved in 125 ml of 0.6 

M NaOH per bottle, and the pH adjusted to pH8. The solution was then transferred into round bottom 

flasks and frozen at - 20oC for 24 hours. The round bottom flasks containing the frozen solutions were 

then freeze dried into a dry powder using an Edwards Modulyo freeze dryer and stored at room 

temperature (Morrison et al., 2016; Lee et al., 2016). 

2.2 Preparation of Esterified polymers 

The partially esterified polymers (SMA 1440, SMA 17352 and SMA 2625) were a kind gift from Cray 

Valley (Exton, Pennsylvania, USA) and prepared according to the manufacturer guidelines. 10% (w/v) 

solutions of the appropriate esterified polymers were mixed with 1 M NaOH and heated at 50°C and 

stirred until all polymer crystals had dissolved fully. The solutions were then placed in SnakeSkin 

dialysis tubing with a molecular weight cut-off of 3 kDa. The solutions were then dialysed at 4°C against 

distilled water. The distilled water was replaced every 2 hours until the polymer had reached pH8. Lastly, 

the solutions were extracted from the dialysis tubing and freeze dried using an Edwards Modulyo freeze 

dryer (Hawkins et al., 2021). 

2.3 Preparation of Benzylamine Polymer  

The Benzylamine modified polymers were a kind gift from Professor Bert Klumperman (Stellenbosch 

University). The polymers were supplied ready for use and required no further preparation. 

2.4 Solubilisation of E. coli membranes  

SMA2000 (or alternative polymers) were resuspended in Purification Buffer A (150mM NaCl 20mM Tris 

pH8) for LeuT, or Purification Buffer B (150mM KCl 20mM Tris pH8) for Atm1, to give final 

concentrations of 5% (w/v).  Samples from each solution were then mixed with an equal volume of  E. 

coli membranes at 60 mg/ml (wet pellet weight), to give final concentrations of 2.5% (w/v) SMA and 30 

mg/ml membrane (Gulati et al 2014; Morrison et al 2016). This mix was transferred to a shaking platform 

for an hour at room temperature. For detergent solubilisation, DDM was made up at 4% (w/v) in 

purification buffer A and then mixed with E. coli membranes in a 1:1 ratio, to give final concentrations 

of 2% (w/v) DDM and 30 mg/ml membranes.  This was also transferred to a shaking platform for an 

hour at room temperature. Samples were then centrifuged at 100000g, for 20 minutes at 4°C. Following 

centrifugation, the supernatants containing solubilised proteins were harvested.  
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2.5 Nickel Affinity Purification 

His Pur Ni-NTA resin (ThermoFisher) was initially washed with distilled water and then purification buffer 

A/B and subsequently mixed with solubilised proteins (100 µl resin bed volume/ 1ml solubilised protein), 

and then left on a rotating apparatus overnight at 4°C. The following day the mixture was added to a 

gravity flow column (Macherey-Nagel) and the flow through (unbound material) collected. The nickel 

resin was then successively washed with different volumes of purification buffer A/B with increasing 

concentrations of imidazole. For detergent purification, the purification buffers were supplemented with 

DDM to give final concentrations of 0.1% DDM, in order to maintain the concentration above the critical 

micelle concentration (Morrison et al., 2016). At first nickel resin was washed 5 times with 10 resin bed 

volumes of purification buffer A/B supplemented with 20mM imidazole , then it was washed twice with 

10 resin bed volumes purification buffer A/B supplemented with 40mM imidazole and finally it was 

washed once with purification buffer A/B supplemented with 60mM imidazole (1 x resin bed volume). 

Proteins were then eluted by 6 washes of purification buffer A/B supplemented with 200mM imidazole 

(1/2 bed volume per elution). Samples from each fraction were then mixed with 5xLSB (0.25 M Tris-

HCl, pH 6.8 ,0.5 M DTT ,10 % SDS ,50 % Glycerol, 0.5 % Bromophenol blue) and run on a 10% SDS-

PAGE alongside marker (Pierce unstained markers) and solubilised protein samples. SDS page gels 

were stained using Instant Blue (Expedeon) and analysed using Image J. The eluted protein samples 

were then pooled together and stored at 4°C (Morrison et al., 2016).  

2.6 Purified Protein Quantification  

The concentration of purified LeuT/Atm1 was quantified using SDS-PAGE. Samples (10 µl and 20 µl) 

of purified LeuT/Atm1 were run on SDS-PAGE alongside BSA standards (0.25, 0.5, 0.75, 1, 1.25 µg) 

as described in (Rothnie et al., 2004 ), because this method is not affected by imidazole, lipids or 

detergent/polymer. Gels were stained using Instant Blue (Expedeon). Following staining the intensity 

of bands on SDS-PAGE gels were analysed using densitometry (Image J) and a BSA standard curve 

developed, using Microsoft Excel. The BSA standard curve was used to calculate the concentration of 

purified LeuT/Atm1. To estimate the purity of LeuT/Atm1, an entire lane of SDS-PAGE gel was analysed 

using densitometry (Image J); purity was estimated by examining the intensity of LeuT/Atm1 as a 

percentage of total lane intensity present (Morrison et al., 2016). The different values obtained by 

detergent DDM and SMA2000/SMA-SH/SMASH-Biotin/DIBMA solubilisation were then compared.  

2.7 Magnesium Sensitivity Assay 

Purified LeuT/Atm1 protein samples were mixed with increasing concentrations of magnesium chloride 

(0-10 mM) and incubated at room temperature for 10 minutes. Following which the samples were 

centrifuged at 100000g, for 20 minutes at 4°C. The supernatants containing soluble proteins were 

extracted and the pellets resuspended in the same volume of purification buffer A/B. Samples were 

then prepared from the supernatants and the resuspended pellets and run on SDS-PAGE alongside 
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marker. SDS PAGE gels were stained with Instant Blue and analysed with densitometry. The 

percentage of LeuT/Atm1 proteins in supernatant or pellets were then assessed using densitometry 

values (Morrison et al., 2016). 

2.8 Preparation of DIBMA polymer 

A 50ml sample of 25 % (w/v) Sokalan CP9 (a kind gift from BASF) was transferred to snakeskin dialysis 

tubing with a molecular weight cut-off of 3000 Da. Next the dialysis tubing was placed inside a large 

beaker containing a 1 litre solution of purification buffer A/B. The beaker was then transferred to a 

magnetic stirrer and dialysis allowed to take place overnight at 4oC. The following day the pH of dialysis 

buffer and volume of DIBMA solution inside dialysis skin was analysed. Finally, the DIBMA solution was 

extracted from dialysis tubing and freeze dried using an Edwards Modulyo freeze dryer and analysed 

by FTIR and NMR by Dr Aiman Gulamhussein to ensure it was the desired product (Gulamhussein et 

al., 2020). 

2.9 Modification of SMA2000 to SMA-SH 

One gram of SMA2000 was dissolved in 10mls of 100mM, pH 7, MES buffer. Next 72 µM solutions of 

EDC (1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride) and Sulfo-NHS (N-

hydroxysulfosuccinimide)  were prepared by dissolving 14mg of EDC and 16mg of Sulfo-NHS in 500µl 

solutions of 75mM MES, pH 5.8, 25% ethanol buffer. The SMA2000 solution was then transferred to a 

magnetic stirrer and the EDC and Sulfo-NHS solutions added to SMA2000 solution dropwise. Once all 

of the EDC and Sulfo-NHS solutions had been added, the SMA2000, EDC and Sulfo-NHS mixture was 

incubated at room temperature for 20 minutes whilst stirring. A 144 µM solution of cysteamine 

dihydrochloride was then prepared by dissolving 32mg of cysteamine dihydrochloride in 500µl solution 

of 25mM MES, pH 7, 25% ethanol buffer. Following the 20-minute incubation period, the cysteamine 

dihydrochloride solution was added to the SMA2000, EDC and Sulfor-NHS mixture dropwise with 60 

seconds intervals. During cysteamine dihydrochloride addition, the SMA2000, EDC and Sulfor-NHS 

mixture was observed for aggregation and drops of 96% ethanol added when aggregation detected. 

Following cysteamine dihydrochloride addition, the mixture was covered with foil and incubated at room 

temperature whilst stirring for 16 hours. Following incubation, the SMA2000, EDC, Sulfor-NHS and 

cysteamine dihydrochloride mixture was dialysed at room temperature for an hour against a 100-fold 

excess volume of 20mM Tris, pH8 buffer using dialysis tubing with a molecular weight cut-off of 

3000kDa. The dialysis process was subsequently repeated by exchanging used dialysis buffer with new 

batch after an hour and continuing dialysis for another 3 hours. Following successful dialysis, the SMA-

SH solution was extracted from dialysis tubing and freeze dried using an Edwards Modulyo freeze dryer 

(Schmidt and Sturgis, 2018). 
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2.10 FTIR Analysis of SMA2000 and SMA-SH 

SMA2000 and SMA-SH polymer samples were analysed separately using a bench top FTIR machine. 

A background scan was conducted in order to determine how much of the original IR intensity in percent 

transmittance was left after passing through the samples. The polymer samples in solid form were 

placed in small quantities onto the crystal and a force applied using the FTIR force arm to ensure good 

contact between the samples and the crystal surface. The samples were then scanned to acquire data 

with a scan range of 4000 – 650cm-1. The crystal was cleaned with methanol and a contamination check 

was conducted to ensure the crystal was properly cleaned. 

2.11 SMA-SH Labelling  

Dried SMA-SH polymer (0.2g) was dissolved in 2ml of 20mM Tris, pH8 buffer and 36μM TCEP was 

then added to dissolved SMA-SH. The SMA-SH and TCEP mixture was then incubated at room 

temperature for 15 minutes and then dialysed against a 10-fold excess volume of 20mM Tris, pH8, 

200mM NaCl buffer for 2 hours at room temperature using dialysis tubing with a molecular weight cut-

off of 3000 kDa. A 5mg/ml stock of biotin maleimide was then made in DMSO and immediately after 

dialysis a 1.3-fold excess added to the SMA-SH and TCEP mixture. Following maleimide addition the 

solution mixture was incubated at 22oC for 24 hours in 20mM Tris, pH8 200mM NaCl buffer. Next Micro 

Bio-spin columns from Biorad were used to remove unreacted biotin maleimide from the solution 

mixture. The column storage buffer was removed from columns by centrifugation at 1000g for 60 

seconds, the columns were then loaded with 500µls of 20mM Tris, pH8 , 200mM NaCl buffer and 

centrifuged for 2 minutes at 1000g , and finally the solution mixture was loaded onto the columns and 

centrifuged at 1000g for 4 minutes . Following centrifugation, the labelled SMA-SH solution was 

collected and stored in at -4oC (Schmidt and Sturgis, 2018). 

2.12 Tryptophan Fluorescence Quenching binding assays 

The binding of substrates to purified LeuT was analysed using a PerkinElmer LS55 fluorescence 

spectrometer. Stock concentrations (100mM) of Leucine and Alanine were prepared by dissolving 

13.1mgs of Leucine and 8.9mgs of Alanine in 1ml aliquots of distilled water. The stock concentrations 

of Leucine and Alanine were then used to make a series of concentrations ranging from 1mM to 0.5µM 

(1mM, 10µM, 5µM, 1µM, 0.5µM). The binding experiments were performed at room temperature with a 

scan speed of 100nm/min, and upon excitation at 280 ± 10 nm, emission spectra of samples were 

recorded between 310 -400 ± 20 nm. At first the fluorimeter cuvette was loaded with just a 100µl sample 

of SMA2000 purified LeuT and fluorescence analysed. The buffer was then supplemented with 190mM 

sodium chloride. and the fluorescence of sample was measured again, as LeuT is known to bind sodium 

ions in addition to amino acids.  A series of Leucine/Alanine additions made at increasing 

concentrations to give a wide range of LeuT substrate concentrations (5nM – 500nM). The fluorescence 

of purified LeuT samples was measured after each addition of Leucine/Alanine. Control experiments 
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were performed utilising N-acetyltryptophanamide instead of purified LeuT but using identical 

methodology and concentrations of substrates to account for dilution factors, scattering and the inner 

filter effect. The fluorescence quenching percentage values obtained from control experiments were 

subtracted from values obtained from experiments utilising purified LeuT and the subsequent values 

were analysed via GraphPad Prism to generate binding affinity (Kd) and maximum specific binding 

(Bmax). The analysis of DDM and DIBMA extracted and purified LeuT was performed in identical 

method. Binding assays for purified Atm1 were carried out in a similar fashion, except GSH was used 

as substrate, at much higher concentrations (10-3180 μM), because the affinity for GSH is known to be 

low (Lee et al., 2014). 

2.13 Immobilisation of SMA2000, DIBMA and DDM purified LeuT for SPR  

A 1 litre solution of Immobilisation buffer (150 mM NaCl, 20 mM Tris pH 8.0 and 0.005% Tween 20) 

was prepared and filtered for LeuT Immobilisation. A series S NTA sensor chip was inserted into the 

Biacore 8K machine and the system primed into the prepared buffer. A standard NTA capture method 

was used which consisted of several steps. The first step of the NTA capture method entailed 

conditioning of the NTA sensor chip via a one-minute wash with 350 mM EDTA, this was followed by 

cleansing of the flow system by immobilisation buffer washes. The NTA sensor chip surface was then 

loaded with NiCl2 via a 1-minute loading of 0.5 mM NiCl2. The loading of NiCl2 onto NTA sensor chip 

was followed by a flow system wash with immobilisation buffer supplemented with 3mM EDTA. Next 

purified LeuT (20-40ug/ml) was diluted 1 in 2 using immobilisation buffer and Immobilisation onto NTA 

sensor chip attempted by a 10μl per min loading rate for7-minutes. Following LeuT Immobilisation 

another wash of the flow system was carried out using immobilisation buffer. The immobilisation 

methodologies of SMA2000, DIBMA and DDM purified LeuT for SPR were identical.  

2.14 Leucine Binding analysis 

New samples of purified LeuT were loaded onto NTA sensor chip surface following said protocol and 

the binding of leucine to immobilized LeuT was quantified via the single-cycle kinetics (SCK) method 

by setting up a five-point titration of leucine using 1 in 3 dilutions in assay buffer starting from 500 nM. 

Leucine binding analysis methodologies were identical for SMA2000, DIBMA and DDM purified LeuT. 

The data obtained from Immobilisation and ligand binding experiments was analysed by utilising the 

Biacore 8K software to view sensorgrams. The loading levels of LeuT were calculated manually as 

detailed examination via evaluation software of binding affinities or kinetics was not required. 

2.15 Buffer optimisation for NTA capture of SMA and DIBMA solubilised LeuT 

A 1 litre solution of immobilisation buffer comprised of 150 mM NaCl, 50 mM Sodium Phosphate, pH 

8.0 and 0.005% Tween 20 was created and used as base buffer for buffer optimisation experiments. 

The effects of pH and NaCl concentrations on LeuT Immobilisation were investigated by creating 12 
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buffers of varying NaCl concentration (100mM, 200mM, 300mM, 400mM, 500mM) and pH (6.0, 6.5, 

7.0, 7.5,8.0, 8.5,9.0) values by using concentrated stocks of NaCl (5 M), sodium phosphate (2 M pH 

8.0), tris (2 M pH 8.0) and adjusting pH accordingly. Buffers exploring the effects of various pH were 

supplemented with 200mM NaCl concentrations and buffers exploring the effects of different NaCl 

concentrations had a pH of 8.0. All buffers created excluding buffers exploring the effects of pH at 8.0, 

8.5 and 9.0 were additionally supplemented with 50mM Sodium Phosphate. Buffers exploring the 

effects of pH on Immobilisation at pH 8.0, 8.5 and 9.0 were supplemented with 50mM tris. 

 A series of S NTA sensor chip were inserted into the Biacore 8K machine and the system primed into 

prepared base buffer. A standard NTA capture protocol was then tweaked and employed to include a 

series of ‘ABA’ injections followed by regeneration injections to allow the testing of a series of buffer 

effects on LeuT Immobilisation without having to re-prime the system. The ‘ABA’ injection methodology 

was incorporated into protocol as it allowed the use of two different solutions with different pH or salt 

concentrations to be injected over the chip surface in the same cycle. The Immobilisation methodologies 

of SMA2000, and DIBMA purified LeuT for SPR were identical. 

2.16 Immobilisation of SMA2000 and DIBMA solubilised and purified LeuT via anti-His capture kit 

An anti-His capture kit was purchased from GE. Biacore 8K machine was primed into buffer (150 mM 

NaCl, 50 mM Sodium phosphate pH 7.5, 0.005 % Tween-20) and a CM5 chip inserted into machine 

.The anti-His antibody was then diluted in the sodium acetate buffer provided with the kit to 20 μg ml-1  

and immobilized on the surface of CM5 chip  as instructed in the kit provided. The LeuT ligand was then 

diluted 1 in 4 in running buffer and injected over the flow cell containing immobilised anti-his antibody 

at 10 μl min-1 for 600 seconds and response examined. The Immobilisation methodologies of SMA2000 

and DIBMA purified LeuT for SPR were identical.    

To investigate the effects of extended immobilisation time, and subsequent leucine binding an anti-His 

capture kit was employed in Biacore 8K machine as described above, however the immobilisation time 

of LeuT was doubled. The immobilisation of LeuT was followed by a blank injection of running buffer 

and then a 10 μM Leucine injection and binding observed. Antibody immobilisation was elucidated by 

Biacore 8K control software and therefore required no further analysis. The immobilisation of LeuT 

however required loading of data onto Biacore Insight Evaluation software and then manual analysis of 

captured levels. The data obtained from extended LeuT immobilisation experiment was also loaded 

onto Biacore Insight Evaluation software and then analysed manually. The blank and leucine injections 

were used to determine if binding response could be observed by subtracting blank response from 

leucine injection responses.  
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To try to improve immobilisation, the anti-His capture kit was also tested with a C1 chip inserted into 

machine . The anti-His antibody was then diluted in the sodium acetate buffer provided with the kit to 

15 μg ml-1  and immobilized on the surface of C1 chip  as instructed in the kit provided. The LeuT ligand 

was then diluted 1 in 2 in running buffer and injected over the flow cell containing immobilised anti-his 

antibody at 5 μl min-1 and response observed. The immobilisation of SMA-SH-LeuT and DDM-LeuT 

were also attempted on C1 chips utilising the aforementioned protocol. The immobilisation 

methodologies of SMA2000 and DIBMA purified LeuT for SPR were identical.  

The Immobilisation levels of anti-His antibody were elucidated by Biacore 8K software and therefore 

required no further analysis and the immobilisation levels of LeuT were determined by loading data onto 

Biacore Insight evaluation software and then manually analysing captured levels. 

 

2.17 NTA Capture-Couple Immobilisation of SMA2000, DIBMA and DDM solubilised and purified LeuT  

A 1 litre solution of immobilisation buffer comprised of 500 mM NaCl, 50 mM Sodium Phosphate, pH 

7.5 and 0.005% Tween 20 was prepared for LeuT Immobilisation. A series S NTA sensor chip was 

inserted into the Biacore 8K machine and the system primed into the prepared buffer. An NTA Capture-

Couple method was used which consisted of several steps. The first step of the NTA capture method 

entailed conditioning of the NTA sensor chip via a one-minute wash of 350 mM EDTA, this was followed 

by cleansing of the flow system by Immobilisation buffer washes. The NTA sensor chip surface was 

then loaded with NiCl2 via a 1-minute loading of 0.5 mM NiCl2. The loading of NiCl2 onto NTA sensor 

chip was followed by a flow system wash with immobilisation buffer supplemented with 3mM EDTA. 

Next the NTA sensor chip was treated with coupling solution (EDC+NHS) at 10 μl min-1 for 7 minutes. 

Following NTA chip treatment an ethanolamine wash was carried out. Next the immobilisation of LeuT 

onto NTA sensor chip was attempted by a 10μl per min flow rate for 7-minutes. Following LeuT 

immobilisation another ethanolamine wash was carried out and this was subsequently followed by 

treatment of the NTA sensor chip with 350 mM EDTA at 30 μl min-1 flow rate for 1 minute. Lastly a wash 

of the flow system was carried out using Immobilisation buffer. The Immobilisation methodologies of 

SMA2000, DIBMA and DDM purified LeuT for SPR were identical. 

The quantification of leucine binding to capture-coupled immobilized LeuT was attempted by setting up 

a seven-point titration of leucine using 1 in 3 dilutions in assay buffer starting from 10μM. Leucine 

binding analysis methodologies were identical for SMA2000, DIBMA and DDM purified LeuT. 

The Immobilisation of LeuT was determined by loading data onto Biacore Insight Evaluation software 

and the binding of leucine was also analysed via Biacore Insight Evaluation software 
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2.18 Maleimide Labelling of SMA-SH-LeuT 

A 2nd Generation Monolith Protein Labelling RED-MALEIMIDE Kit was obtained from Nanotemper and 

used to label SMA-SH solubilised and purified LeuT according to the instruction provided in the kit. The 

labelled SMA-SH purified LeuT samples were loaded onto a small size exclusion column and elution 

factions collected. The labelling of the SMA-SH purified LeuT was assessed by MST instrument.  

2.19 NTA-Labelling of SMA-LeuT  

A 2nd Generation Monolith NT His-Tag Labelling RED-tris-NTA Kit was obtained from Nanotemper and 

used to label SMA2000 solubilised and purified LeuT according to the instruction provided in the kit. 

SMA2000 solubilised and purified LeuT at approximately 200nM concentration was mixed in a 1:1 ratio 

with NTA dye and incubated for 30 minutes, following which it was employed in initial capillary test 

experiments. Comparable labelling experiments were carried out with a sample of SMA2000 purified 

LeuT that was mixed with 0.5 % SDS and incubated at 95 ˚C for 15 minutes to allow denaturation, 

following this NTA labelling procedure was carried out as instructed in the kit and the mixed samples 

were incubated for 30 minutes and subsequently used in desipramine binding experiments. 

2.20 MST Capillary tests  

An assay buffer (150 mM NaCl, 20 mM Tris pH 8.0, 0.005 % Tween 20) was prepared and used to 

make ten 1 in 2 dilutions of labelled LeuT. The dilutions were then loaded into a standard capillary chip 

and the fluorescence signal of each dilution analysed. The excitation power was set at 40% and 

capillaries re-scanned after 30 minutes to examine occurrence of adsorption. 

Following MST capillary tests, the affinity of the Red-NTA label for His tag on the SMA2000-LeuT was 

investigated according to the instructions provided by Nanotemper in the 2nd Generation Monolith NT 

His-Tag Labelling Kit. 

2.21 Leucine Binding experiments  

Single points test comprised of 0 μM and 1 μM leucine concentrations as well as titrations were used 

to analyse leucine binding to NTA-Labelled SMA2000 LeuT. Titrations series ranged from 1 μM 

concentration up to 1 mM, with 12 points Single point tests were used to analyse leucine binding to 

SMA-SH-LeuT as well.  

2.22 Desipramine Binding Experiments 

A twelve point 1 in 2 dilution series was prepared by dissolving desipramine in DMSO with the top 

starting concentration being at 40mM. The dilution series was then further diluted 1 in 100 in assay 

buffer and finally mixed in a 1 (10 μl) to 1 (10 μl) ratio with diluted NTA-labelled SMA-LeuT to give a 

final top concentration of 200 μM desipramine and 10 nM SMA-LeuT. Experiments were carried out at 
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medium MST power and high MST power. For both medium and high MST power experiments, an 

excitation power of 15 % was employed. Desipramine binding experiments utilising DDM purified LeuT 

utilized high MST power. 

The data from fluorescence and labelling tests was examined using MO control and analysis software 

by analysing fluorescence levels. The data from NTA affinity test experiments was examined by loading 

data onto MO analysis software and selecting the titration data and fitting using a standard affinity 

model. 

2.23 Statistical analysis  

Graph Pad Prism was used to carry out Statistical analysis. One-way ANOVA tests were carried out on 

data obtained, with a Tukey post-hoc test. P values of less than 0.05 were considered significant. Non-

linear regression/curve fit was used for tryptophan quenching analysis.  



 
 

 
A.A , Akram , PhD Thesis , Aston University 2022.                                                                                                      51 

3. Target protein expression & purification 

The initial aim of this study was to express, solubilise and purify two target proteins, LeuT and Atm1, 

using polymers (SMA2000 or DIBMA) or conventional detergent DDM. 

3.1 LeuT purification 

The secondary active transporter LeuT was expressed in BL21 E. coli (DE3) cells which had already 

been transformed with vector pET16b-LeuT. Membrane preparations were made and these were 

solubilised with either 2.5 %(w/v) SMA2000, 2.5% (w/v) DIBMA or 2% (w/v) DDM, and purified using 

Ni2+ affinity chromatography. Figure 3.1 shows that SMA2000, DDM and DIBMA solubilised LeuT were 

all successfully purified as there is visible dissimilarity between the total solubilised protein sample (sol) 

and elution lanes. The total solubilised protein shows many different proteins, but the overexpression 

of LeuT can be seen as an intense band at approximately 55-60kDa (molecular weight of LeuT is 

57kDa). The flowthough (FT) sample, containing proteins that did not bind to the resin, contains many 

of the solubilised proteins but only minute amounts of LeuT, this indicates successful binding of LeuT 

to nickel resin. Wash one (W1) bands show some contaminants and wash five (W5) bands show even 

fewer indicating effective washing process. The elution bands on Figures 3.1 A,B and C predominantly 

show pure LeuT indicating successful purification process. However, Figure 3B, using DDM shows 

many more contaminants than SMA2000 and Figure3C, using DIBMA shows a higher molecular weight 

band, possibly a LeuT dimer. The purification with SMA2000 (Figure 3A) appears to give a greater 

degree of purity than the other two. 

 

3.2 Analysis of purified LeuT 

Following successful purification, the yields and purity of SMA2000, DDM and DIBMA purified LeuT 

were quantified using densitometric analysis of samples run on SDS-PAGE alongside BSA standards 

(Figure 3.2A). An average yield of 0.38 µg protein/mg membrane was obtained for SMA2000 purified 

LeuT, 0.28 µg/mg for DDM and 0.20 µg/mg for DIBMA. SMA2000 purified LeuT on average has the 

highest yield of purified LeuT and DIBMA lowest, however there are no statistically significant 

differences between the yields of SMA2000, DDM and DIBMA purified LeuT. 

Figure 3.2B displays the purity of SMA2000, DDM and DIBMA, purified LeuT. SMA2000 purified LeuT 

on average is 61% pure, DDM purified LeuT 50%, and DIBMA purified LeuT 56%. There is a trend that 

the polymers give more pure protein than DDM, however this was not statistically significant. 
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kDa 

Figure 3.1 Affinity purification of SMA2000, DDM and DIBMA solubilised LeuT. SMA2000 (A), DDM (B) and 

DIBMA (C) solubilised LeuT membranes (sol) were incubated overnight with Nickel-NTA Resin at 4°C, following 

which unbound material (FT) was removed and resin washed with purification buffers supplemented with 

increasing concentrations of Imidazole (20mM – 60 mM). For detergent purifications, the purification buffers were 

additionally supplemented with 0.1% (w/v) DDM. LeuT was eluted with buffers supplemented with 200mM 

imidazole. Samples were extracted from wash 1, wash 5, flow through and each elution collection, and run on 

SDS-PAGE along with a solubilisation sample.  Gels were stained with Instant Blue.  
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A 

B 

Figure 3.2 Quantification of SMA2000, DDM and DIBMA purified LeuT. A) Samples (10 µl and 

20 µl) of SMA2000, DDM and DIBMA purified LeuT were run on SDS-PAGE alongside BSA 

standards (0.25, 0.5, 0.75, 1, 1.25 µg) and gels stained with instant blue. The intensity of bands 

on gels were analysed using densitometry and yield calculated. B) Purity quantification. To 

estimate the purity of LeuT obtained, three SMA2000, DDM and DIBMA lanes were analysed using 

densitometry (Image J); purity was estimated by examining the intensity of LeuT band as a 

percentage of total lane intensity. Data are mean ± SEM, n=3. Data was analysed using One-way 

ANOVA tests, no significant differences were found. 
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It has previously been shown that SMA2000 SMALPs are sensitive to divalent cations such as Mg2+ or 

Ca2+, so the effect of magnesium chloride on the purified LeuT samples was tested. Figure 3.3 

demonstrates that magnesium chloride concentrations of up to 4mM have no substantial impact on 

SMA2000 purified LeuT however concentrations over 4mM cause the majority of SMA2000 purified 

LeuT to precipitate out of solution. In contrast DDM and DIBMA purified LeuT are relatively unaffected 

and still present in solution even at 10mM concentrations of magnesium chloride. 

 

3.3 Ligand binding to purified LeuT 

Following the investigations into the effects of magnesium chloride on purified LeuT, the final step was 

to investigate whether the different solubilisation methodologies (SMA2000, DIBMA, DDM) had an 

impact on LeuT structure and function by analysing ligand binding via a tryptophan fluorescence 

quenching assay. Two LeuT substrates were tested; Leucine and Alanine (Figure 3.4). Tryptophan 

fluorescence quenching is a type of fluorescence spectroscopy which can be employed in binding 

studies. This assay methodology is dependent on the fluorescence emissions of tryptophan residues 

within proteins. This method functions by measuring tryptophan fluorescence of chosen proteins in the 

absence of binding partner and in the presence of various concentrations of binding partner. Tryptophan 

are amino acids which have intrinsic fluorescence (Yammine et al., 2019). The intrinsic fluorescence of 
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Figure 3.3 Magnesium Sensitivity Assay. SMA2000, DDM and DIBMA purified LeuT protein 

samples were mixed with increasing concentrations of magnesium chloride (0-10mM) and incubated 

at room temperature for 15 minutes. Following incubation, samples were centrifuged at 100000g, for 

20 minutes at 4°C. Supernatants containing soluble proteins were extracted and pellets resuspended 

in buffer. Samples from supernatants and resuspended pellets were run on SDS-PAGE. Gels were 

stained with instant blue and analysed using densitometry (Image J) n=1. 
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tryptophan can be used to analyse protein conformational changes and ligand binding. Tryptophan are 

relatively rare amino acids, and this is useful as it can translate well into sensitive fluorescence 

measurements in protein conformation studies (Yammine et al., 2019; Whyte, 2023).The fluorescence 

emission of tryptophan residues can change when a binding partner or ligand is introduced in the 

environment. The introduction of the binding partner can change the local environment polarity, lead to 

local changes near the interaction site of protein or induce conformational changes in the protein which 

alter the tryptophan’s environment, all of which can lead to fluorescence emission decreasing. The 

reductions in fluorescence levels can therefore be interpreted as an indirect indicator of binding 

interactions (Yammine et al., 2019). 

Figure 3.4A reveals leucine to have the greatest affinity for DIBMA purified LeuT and lowest for DDM 

purified LeuT. Similarly, Figure 3.4B reveals alanine to have the greatest affinity for DIBMA purified 

LeuT and lowest for DDM purified LeuT. Figure 3.4 A also demonstrates that leucine has the highest 

maximum specific binding with DDM purified LeuT and lowest for SMA2000 purified LeuT. Figure 3.4B 

reveals alanine to have the highest maximum specific binding with DIBMA purified LeuT and lowest for 

SMA2000 purified LeuT. Figures 3.4A and 3.4B both show relatively similar binding affinities and 

maximal degrees of quenching for both leucine and alanine.  

Figure 3.4A shows there isn’t a substantial difference between the binding affinity of leucine for 

SMA2000 purified LeuT and DIBMA purified LeuT, however Figure 3.4A also shows that there is a 

significant difference between the binding affinity of leucine for SMA2000 purified LeuT and DDM 

purified LeuT, as the P value was 0.0088. DDM purified LeuT binding affinity is significantly lower than 

SMA2000 purified LeuT. 

 Figure 3.4A also shows that there is a significant difference between the binding affinity of leucine for 

DIBMA purified LeuT and DDM purified LeuT (P value 0.0088). Figure 3.4B shows no significant 

differences between the binding affinities of Alanine for SMA2000, DDM and DIBMA purified LeuT.  
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A 

Figure 3.4 Tryptophan fluorescence quenching analysis of ligand binding. SMA2000, DDM and DIBMA 

purified LeuT samples were loaded in a fluorometer and the quenching of intrinsic tryptophan fluorescence 

upon substrate (Leucine and Alanine) binding to LeuT measured. A) analysis of Leucine binding to SMA2000 

(dark circle), DDM (red circle) and DIBMA (blue triangle) purified LeuT via tryptophan fluorescence quenching. 

B) analysis of Alanine binding to SMA2000 (dark circle), DDM (red circle) and DIBMA (blue triangle) purified 

LeuT via tryptophan fluorescence quenching. Data are mean ± SD. Kd from 3 replicates was analysed by one-

way ANOVA. **P<0.01 significantly  different to SMA2000. 

B 
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3.4 Purification of Atm1 

Having successfully purified LeuT and confirmed ligand binding, the next step was to investigate if 

SMA2000 and DIBMA polymers and detergent DDM could also be used to solubilise and purify the 

ABC transporter Atm1. Atm1 was also expressed in BL21 E. coli, membranes were extracted, and 

protein solubilised using either SMA2000 and DIBMA polymers or the detergent DDM.  

Figure 3.5 shows that SMA2000, DDM and DIBMA solubilised Atm1 was successfully purified. An 

intense band corresponding to the overexpression of Atm1 can be seen in the solubilised protein 

sample (Sol) as well as many other proteins. Very little Atm1 is seen in the flowthrough, indicating 

successful binding of Atm1 to the resin. Wash one (W1) bands show some contaminants and wash five 

(W5) bands show even fewer indicating effective washing process. The elution bands on Figures 3.5A, 

and 3.5C predominantly show a single band indicating successful purification process. The purified 

Atm1 runs at approximately 55-60kDa, which is a bit lower than its molecular weight of 66kDa, however 

it is common for membrane proteins to not run perfectly at their molecular weight, and is comparable 

with a previous study on Atm1 (Fan, Kaiser and Rees, 2020). Figure 3.5B, illustrating DDM purification 

reveals many more contaminants in the elution samples than is seen with SMA2000 or DIBMA.  

3.5 Analysis of purified Atm1 

Following successful purifications, the yields of SMA2000, DDM and DIBMA purified Atm1 were 

quantified using SDS-PAGE (Figure 3.6A). An average yield of 0.76 µg protein/mg membrane was 

obtained for SMA2000, 0.59 µg/mg for DDM and 0.51 µg/mg for DIBMA. Although SMA2000 appear to 

give a higher yield of purified Atm1 than DDM or DIBMA, these differences were not statistically 

significant (P value 0.1716). 

Figure 3.6B displays the purity analysis of SMA2000, DDM and DIBMA purified Atm1. SMA2000 purified 

Atm1 on average was 77 % pure, DDM purified Atm1 63 %, and DIBMA purified Atm1 89 %. Although 

there is a trend that the polymers give a greater degree of purity than DDM, only DIBMA gave a 

statistically significant difference to DDM (P value 0.0139).  
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Figure 3.5 Affinity purification of SMA2000, DDM and DIBMA solubilised ATM1. SMA2000 (A), 

DDM (B) and DIBMA (C) solubilised Atm1 membranes (sol) were incubated overnight with Nickel-NTA 

Resin at 4oC, following which unbound material (FT) was removed and resins washed with purification 

buffers supplemented with increasing concentrations of Imidazole (20mM – 60 mM). For detergent 

purifications, the purification buffers were additionally supplemented with 0.1% (w/v) DDM. ATM1 was 

eluted with buffers supplemented with 200mM imidazole. Samples were extracted from wash 1, wash 

5, flow through and each elution collection, and run on SDS-PAGE along with a solubilisation sample.  

Gels were stained with Instant Blue.  
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Figure 3.6 Quantification of SMA2000, DDM and DIBMA purified Atm1. A) Samples (10 µl and 20 

µl) of SMA2000, DDM and DIBMA purified Atm1 were run on SDS-PAGE alongside BSA standards 

(0.25, 0.5, 0.75, 1, 1.25 µg) and gels stained with instant blue. The intensity of bands on gels were 

analysed using densitometry and concentrations calculated. B) To estimate the purity of Atm1 obtained, 

three SMA2000, DDM and DIBMA lanes were analysed using densitometry (Image J); purity was 

estimated by examining the intensity of Atm1 band as a percentage of total lane intensity. Data are 

mean ± SEM, n=3. Data was analysed using One-way ANOVA tests.*P<0.05. 
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Following Atm1 yield and purity analysis, the effect of magnesium chloride on precipitation of SMA2000, 

DDM and DIBMA purified Atm1 was investigated (Figure 3.7). Figure 3.7 demonstrates that magnesium 

chloride concentrations of up to 1mM have no impact on SMA2000 purified Atm1 however 

concentrations over 1mM cause the majority of SMA2000 purified Atm1 to precipitate out of solution. 

DIBMA purified Atm1 also displayed a high sensitivity to divalent cations as 1mM concentration of 

magnesium chloride causes approximately 40% of protein to precipitate out of solution. In contrast DDM 

purified Atm1 was relatively unaffected and still present in solution even at 10mM concentrations of 

magnesium chloride. 

  

 

3.6 Ligand binding to purified Atm1 

The next step was to explore whether the purified protein was functional, as measured by a ligand 

binding assay using tryptophan fluorescence quenching. Atm1 substrate glutathione (GSH) was testing 

for binding. 

Figure 3.7 Magnesium Sensitivity Assay. SMA2000, DDM and DIBMA purified Atm1 protein 

samples were mixed with increasing concentrations of magnesium chloride (0-10mM) and incubated 

at room temperature for 15 minutes. Following incubation, samples were centrifuged at 100000g, for 

20 minutes at 4°C. Supernatants containing soluble proteins were extracted and samples(20ul) run on 

SDS-PAGE. Gels were stained with instant blue and analysed using densitometry (Image J) n=2. 
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Figure 3.8 shows the binding of GSH to SMA2000 purified Atm1.  Although the curve has not fully 

plateaued, the curve fitting gave a Kd for GSH binding to Atm1 within SMALPs of 1.82 mM, which is 

not too dissimilar to previous reports proposing a Km in the mM range (15±1mM) for GSH (Lee et al., 

2014).  

 

3.7 Summary 

• Both LeuT and Atm1 could be successfully expressed in BL21 E.coli, extracted from the 

membrane using SMA2000, DIBMA or DDM and purified using Ni-NTA affinity chromatography. 

• The yield of purified Atm1 was higher than LeuT, but there were no significant differences 

between the different polymers or DDM for each target protein. 

• The degree of purity obtained showed a trend for both proteins that the polymers delivered a 

purer sample than DDM, however this was only statistically significant for Atm1 purified with 

DIBMA compared to DDM. 

• Ligand binding to purified LeuT or Atm1 could be monitored by tryptophan fluorescence 

quenching.

Figure 3.8 Tryptophan fluorescence quenching analysis of ligand binding. SMA2000  

purified Atm1 samples were loaded into fluorometer and the quenching of intrinsic tryptophan 

fluorescence upon addition of substrates (GSH) binding measured. Data is n = 1. 
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4. Preliminary SPR studies 

Surface Plasmon Resonance (SPR) is a commonly used approach to screen drug binding during the 

drug development process. In collaboration with the partner company Sygnature Discovery, it was 

investigated if SMA2000 or DIBMA encapsulated proteins could be used for SPR. LeuT was selected 

initially for these studies. SPR experiments require immobilisation of one of the binding components of 

a molecular interaction and therefore the first step was to investigate if and how SMA2000, DIBMA and 

DDM purified LeuT could be immobilized onto the surface of SPR sensor chips in a Biacore 8K machine.  

4.1 Immobilisation using an NTA sensor chip 

The initial approach was to utilise an NTA sensor chip which would allow the his-tag purified LeuT 

samples to immobilise (Figure 4.1). 

In Figure 4.1C the immobilisation of DDM purified LeuT can be seen. This shows a fairly typical 

immobilisation, where upon addition of the protein sample an increase in signal is observed compared 

to the control channel, that reaches a plateau, and following washing gives an immobilisation signal at 

~ 5560 RU. In contrast SMA2000 purified LeuT (Figure 4.1A) and DIBMA purified LeuT (Figure 4.1B) 

show much smaller increases in signal. SMA2000 gave an approximate immobilisation of ~ 23 RU and 

DIBMA purified LeuT had an approximate immobilisation of ~ 170 RU.   

Although the immobilisation levels were not ideal, some protein was immobilised on the chip surface, 

so the next step was to examine the stability of immobilised LeuT samples by incorporating a wait step 

into the empty analysis method and monitoring the decay of immobilised LeuT samples. Figure 4.2A 

shows the signal decreases over time for SMA2000 purified LeuT, giving a disassociation rate of 0.5 

RU per minute. Similarly, Figure 4.2B shows DIBMA purified LeuT disassociated at 0.7 RU per minute. 

However, Figure 4.2C shows that there was little to no decay of signal for DDM purified LeuT. Thus, 

DIBMA purified LeuT showed the highest disassociation rate and DDM purified LeuT the lowest. 
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Figure 4.1 Immobilisation of SMA2000, DIBMA and DDM purified LeuT via His-tag 

interactions. A standard NTA capture method was employed, Purified LeuT diluted into 

appropriate concentrations and flooded over NTA sensor chip surface at 10μl per min rate for 

7-minutes. A) sensorgram of SMA2000 purified LeuT Immobilisation. B) sensorgram of DIBMA 

purified LeuT Immobilisation. C) sensorgram of DDM purified LeuT Immobilisation. 
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Figure 4.2 Immobilised LeuT Stability Analysis. A standard NTA capture method was 

employed for immobilisation and a wait step incorporated into an empty analysis method. 

The resulting sensorgram was analysed for dissociation of ligand. A) analysis of SMA2000 

purified LeuT Immobilisation. B) analysis of DIBMA purified LeuT Immobilisation. C) analysis 

of DDM purified LeuT Immobilisation. 
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Following analysis of immobilized LeuT stability, the next step was to investigate if ligand binding to the 

immobilized LeuT could be measured (Figure 4.3). 

Figure 4.3 shows no observable binding of Leucine to SMA2000, DIBMA or DDM purified LeuT. In fact, 

the majority of SMA2000 purified LeuT disassociated following the first injection. Therefore, it was 

decided to investigate different buffer conditions to try to improve the immobilisation, to disrupt 

hypothesised strong repulsive electrostatic interactions between the chip and the SMALP and 

DIBMALP particles and thereby increase LeuT immobilisation.  
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Figure 4.3 Leucine Binding Analysis. SMA2000 (A), DIBMA (B) and DDM (C) purified LeuT 

samples were immobilised onto the surface of NTA sensor chips following a standard NTA protocol 

and the binding of leucine to immobilized LeuT investigated by creating a five-point titration series of 

Leucine concentrations using 1 in 3 dilutions starting at 500 nM.  
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LeuT immobilisation at different NaCl concentrations was investigated first.  In Figure 4.4A It can be 

seen that increasing the concentration of NaCl helped to increase the amount of SMALP encapsulated 

LeuT that was immobilised, reaching 144 RU at 500mM NaCl, compared to 23 RU at 200mM NaCl. 

Similarly, Figure 4.4B shows that DIBMA purified LeuT immobilised at the highest levels at 500mM 

NaCl, reaching up to 285 RU.  
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Figure 4.4 Buffer (NaCl) optimisation assay. Five buffers of varying NaCl concentration 

(100mM,200mM,300mM,400mM,500mM) were created at pH 8. A standard NTA capture protocol 

was tweaked and employed to include a series of ABA injections followed by regeneration 

injections to allow the testing of a series of buffers effects on LeuT Immobilisation. A) 

representative analysis of the effects of NaCl concentrations on immobilisation of SMA2000 

purified LeuT. B) representative analysis of the effects of NaCl concentrations on immobilisation 

of DIBMA purified LeuT. Data is n=1. 
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Following NaCl optimisation experiments, the effects of various pH levels on immobilisation of 

SMA2000 and DIBMA purified LeuT was investigated (Figure 4.5). 

 

Figure 4.5A shows that as the pH was increased from pH6 to pH8, the amount of SMA2000 purified 

LeuT immobilised increased, reaching a maximum at pH 8. However, increasing the pH further resulted 

in much lower levels of immobilisation.  DIBMA purified LeuT (Figure 4.5B) however immobilised at the 

highest levels at pH 7, but again increasing the pH above pH8 led to a big loss in immobilisation.  
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Figure 4.5 Buffer (pH) optimisation Assay. Seven buffers of varying pH concentrations 

(6.0, 6.5, 7.0, 7.5 ,8.0, 8.5 ,9) were created at 200mM NaCl concentration. A standard 

NTA capture protocol was tweaked and employed to include a series of ABA injections 

followed by regeneration injections to allow the testing of a series of buffers effects on 

LeuT Immobilisation. A) representative analysis of the effects of pH on immobilisation of 

SMA2000 purified LeuT. B) representative analysis of the effects of pH on immobilisation 

of DIBMA purified LeuT. Data is n=1. 
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4.2 Immobilisation using His-capture antibodies 

Changing the buffer conditions did improve the immobilisation levels observed with both SMA2000 and 

DIBMA encapsulated LeuT, however, the level of immobilisation achieved was still much lower than 

seen with initial DDM experiments (~5560 RU), and much lower than is really needed for binding studies 

with small molecules to be carried out. 

Therefore, it was decided to investigate alternative methods of LeuT immobilisation due to poor results 

from experiments utilising NTA chips. An alternative method of utilising CM5 chips and His-capture 

antibodies to immobilize his tagged proteins was investigated (Figure 4.6). The first step involves 

immobilising an anti-his antibody to the chip surface by traditional amine coupling, and then trying to 

bind the LeuT to the anti-his antibody. 

Figure 4.6 shows that SMA2000 purified LeuT had a higher level of immobilisation than DIBMA purified 

LeuT. SMA2000 purified LeuT reached approximately 300 RU and DIBMA purified LeuT had an 

approximate immobilisation of 100 RU. For SMA2000 this was a substantial improvement over the NTA 

capture method, but to see if it could be further improved, the impact of increased immobilisation time 

was tested (Figure 4.7). Again, SMA2000 purified LeuT has a higher level of immobilisation than DIBMA 

purified LeuT. Figure 4.7A shows SMA2000 purified LeuT to have an approximate immobilisation of 

500 RU and Figure 4.7B shows DIBMA purified LeuT to have an approximate immobilisation of 200 

RU. 

 

 

 

 



 
 

 
A.A , Akram , PhD Thesis , Aston University 2022.                                                                                                      70 

 

R 

E 

S 

P 

   O 

N 

S 

E 

(RU) 

Time (s) 

A 

Time (s) 

 R 

 E 

S 

P 

   O 

N 

S 

E 

 (RU) 

B 

Figure 4.6 Immobilisation of SMA2000 and DIBMA purified LeuT via his capture antibody.  

Biacore 8K machine was primed into buffer (150 mM NaCl, 50 mM Sodium phosphate pH 7.5, 0.005% 

Tween-20) and a CM5 chip inserted . An anti-His antibody was then immobilized on the surface of 

CM5 chip and SMA2000 and DIBMA purified LeuT samples injected over the immobilised anti-his 

antibody at 10 μl min-1 for 600 seconds and response examined. A) immobilisation of SMA2000 

purified LeuT via anti-his antibody. B) immobilisation of DIBMA purified LeuT via anti-his antibody. 
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Figure 4.7 Increased immobilisation time for SMA2000 and DIBMA purified LeuT via his capture 

antibody. Biacore 8K machine was primed into buffer (150 mM NaCl, 50 mM Sodium phosphate pH 7.5, 

0.005% Tween-20) and a CM5 chip inserted . An anti-His antibody was then immobilized on the surface 

of CM5 chip and SMA2000 and DIBMA purified LeuT samples injected over the immobilised anti-his 

antibody at 10 μl min-1 for 1200 seconds and response examined. A) immobilisation of SMA2000 purified 

LeuT via anti-his antibody. B) immobilisation of DIBMA purified LeuT via anti-his antibody. 
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Whilst these levels of immobilisation were still lower than ideal, they were much higher than achieved 

with the previous approach, so it was next decided to investigate Leucine binding (Figure 4.8). However, 

Figure 4.8 does not exhibit any convincing signs of Leucine binding to SMA2000 or DIBMA purified 

LeuT. 
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Figure 4.8 Leucine Binding Analysis. Biacore 8K machine was primed into buffer (150 mM NaCl, 50 mM 

Sodium phosphate pH 7.5, 0.005 % Tween-20) and a CM5 chip inserted . An anti-His antibody was then  

immobilized on the surface of CM5 chip and SMA2000 and DIBMA purified LeuT samples were then 

immobilized on the surface of the CM5 chip via interactions with his capture antibody. A 10 μM Leucine 

sample was injected over immobilized LeuT samples and responses observed. A; Leucine binding to 

SMA2000 purified LeuT. B; Leucine binding to DIBMA purified LeuT 
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Following on from the improved immobilisation observed with increased immobilisation time for the his-

capture approach using CM5 chips, the next step was to investigate if using C1 chips with same his-

capture approach would improve it further.  C1 chips were proposed to be effective at immobilizing 

large molecules and proteins and have flat surfaces which allow interactions to take place closer to the 

surface. 

Figure 4.9 shows that with these different chips, DIBMA purified LeuT has a higher level of 

immobilisation than SMA2000 purified LeuT. SMA2000 purified LeuT reached an approximate 

immobilisation of 20 RU and DIBMA purified LeuT reached 30 RU. Therefore, this approach clearly did 

not offer an improvement.  
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Figure 4.9 Immobilisation of SMA2000 and DIBMA purified LeuT on C1 chip via his capture 

antibody. Biacore 8K machine was primed into buffer (150 mM NaCl, 50 mM Sodium phosphate pH 

7.5, 0.005 % Tween-20) and a C1 chip inserted into 8K. The anti-His antibody was then diluted in the 

sodium acetate buffer provided with the kit to 15 μg ml-1 and immobilized on the surface of C1 chip as 

instructed in the kit. SMA2000 and DIBMA purified LeuT samples were then diluted 1 in 2 in assay 

buffer and injected over the immobilised anti-his antibody at 5μl min-1 for 600 seconds and response 

examined. A; representative immobilisation of SMA2000 purified LeuT via anti-his antibody. B; 

representative immobilisation of DIBMA purified LeuT via anti-his antibody. 
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4.3 Immobilisation using NTA capture-couple 

Another approach to improve immobilisation was NTA capture-couple. This consists of using the NTA 

chip to bind the his-tag on the LeuT protein, followed by traditional amine coupling to add stability. 

Figure 4.10 shows that for this combined approach, as before when using the NTA chip, there is a 

substantial immobilisation difference between SMA2000, DIBMA and detergent DDM purified LeuT. 

SMA2000 purified LeuT reached an approximate immobilisation of ~ 62.5 RU. DIBMA purified LeuT 

was better than SMA2000, and reached an approximate immobilisation of ~ 409 RU, whereas DDM 

purified LeuT had an approximate immobilisation of ~ 1260 RU. Any differences in the rate of deposition 

were not due to differences in protein concentration. 
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Figure 4.10 NTA Capture-Couple Immobilisation of SMA2000, DIBMA and DDM purified 

LeuT. Biacore 8K machine was primed into buffer (500 mM NaCl, 50 mM Sodium Phosphate, 

pH 7.5 and 0.005% Tween 20) and NTA sensor chip docked. An NTA Capture-Couple method 

was used for Immobilisation. LeuT samples loaded at 10μl per min for 7-minutes and 

immobilisation observed. A; immobilisation of SMA2000 purified LeuT. B; immobilisation of 

DIBMA purified LeuT. C; immobilisation of DDM purified LeuT. 
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Figure 4.11 Leucine Binding Analysis. SMA2000, DIBMA and DDM purified LeuT samples 

were immobilised onto the surface of NTA sensor chips following NTA Capture-Couple 

protocol and the binding of leucine to immobilized LeuT investigated by creating a seven-

point titration series of Leucine using 1 in 3 dilutions starting at 10μM. A; analysis of Leucine 

binding to SMA2000 purified LeuT. B; analysis of leucine binding to DIBMA purified LeuT. 

C; analysis of leucine binding to DDM purified LeuT. 
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The NTA Capture-Couple immobilized LeuT was then tested for leucine binding (Figure 4.11).Figure 

4.11 does not show any leucine binding to SMA2000 or DIBMA purified LeuT. However, Figure 4.11C 

does show successful binding of leucine to DDM purified LeuT, particularly with the two highest 

concentrations of leucine used, where a clear curved increase in signal is observed after addition of 

ligand, that decreases again following washing. 

 

4.4 Summary 

• Immobilisation of purified LeuT using an NTA chip to bind the his-tag worked well for DDM 

purified protein, but poorly for SMA or DIBMA. 

o DIBMA-LeuT immobilisation was better than SMA-LeuT. 

o Both DIBMA and SMA immobilised proteins were unstable over time and resulted in 

substantial decay.  

o Increasing concentrations of NaCl was able to improve the level of immobilisation for 

SMA or DIBMA purified LeuT. 

o SMA immobilisation was optimal at pH8, whereas DIBMA was optimal at pH7. 

o Ligand binding could not be observed. 

• An alternative approach of immobilising purified LeuT using a his-capture approach was tested. 

o SMA-LeuT was immobilised better than DIBMA-LeuT by this approach. 

o Increasing the immobilisation time improved the amount of protein bound. 

o CM5 chips were better than C1. 

o Ligand binding could not be observed. 

• An NTA-capture approach combining NTA chips to bind the his-tag and amine coupling to add 

stabilisation, was also tested. 

o DIBMA-LeuT immobilisation was better than SMA-LeuT, but still much worse than DDM-

LeuT. 

o Ligand binding could not be measured for SMA or DIBMA purified LeuT, but binding of 

leucine to immobilised DDM-LeuT was observed. 

• Overall, the level of immobilisation able to be achieved for SMA or DIBMA purified samples was 

not high enough, especially for detection of small molecule binding.  

o Alternative approaches to immobilisation that don’t involve the his-tag are needed. 
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5. Micro Scale Thermophoresis 

Due to difficulties with the immobilisation step needed for SPR experiments, an alternative method, 

microscale thermophoresis (MST), was tested for investigating the binding of leucine to LeuT within 

SMALPs. This was also carried out in collaboration with Sygnature Discovery. MST experiments do not 

require immobilisation of a sample, but they do require one of the binding components of a molecular 

interaction to be labelled fluorescently. 

 

5.1 Labelling LeuT with NTA-tagged fluorophore 

One way to label LeuT is to target the his-tag. The first step was to investigate the ideal concentration 

of SMA2000 purified LeuT to label. A capillary test was carried out using SMA2000 purified LeuT at 

various concentrations (Figure 5.1). 

Figure 5.1 shows a good range of fluorescence levels, and no adsorption can be observed in any of the 

capillary peaks. Figure 5.1 also shows that fluorescence decreases with dilutions.  Subsequently it was 

decided that 3.3 nM concentration of purified LeuT would be employed in the following experiments as 

3.3 nM concentration of purified LeuT had adequate fluorescence levels and would be sufficient to 

measure L-Leucine binding as leucine had an affinity of 15-20 nM (Figure 3.5). 

Following initial capillary tests, the next step was to investigate the affinity of the Red-NTA label for the 

His tag on the SMA2000 purified LeuT (Figure 5.2). 

 

Figure 5.1 Capillary test. SMA 2000 purified LeuT (at ~200 nM) was fluorescently labelled and ten 1 in 

2 dilutions of the labelled protein prepared using assay buffer with 1 representing highest concentration 

and 10 lowest. The dilutions samples were loaded onto a capillary chip and capillary chip loaded  onto 

Monolith NT.115 and fluorescence observed at 50 % excitation power. Data is (n=1). 

Protein Concentration (nM) 
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Figure 5.2A shows the MST traces obtained. When the laser is turned on (blue line), the fluorescent 

signal decreases over time as the fluorescent molecule moves away from the heat source . When the 

ligand binds, the rate of fluorescence decrease is slower. Ligand binding leads to formation of protein 

ligand complexes which increase the overall size of the protein and can also affect the hydration shells 

of the protein and reduce molecular motility of the protein in the buffer. The more ligand is added the 

slower it gets, until it reaches a plateau. In the plateau phase the thermodiffusion is counterbalanced 

by mass diffusion and because of this it represents the steady state. This can be plotted as a dose 

response curve by measuring the fluorescence signal at a given time point (red line) and plotting it 

against the ligand concentration (Figure 5.2B). A strong affinity (Kd 76 pM) was measured for the Red-

NTA label binding to the His tag on SMA2000 purified LeuT. The plateau phase represents the steady 

state , the steady state is where the  thermodiffusion is counterbalanced by mass diffusion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

Figure 5.2 Labelling the his tag with a fluorescent label. Affinity of Red-NTA label for His tag on 

the SMA2000 purified LeuT was examined by preparing LeuT and NTA samples according to the 

instructions provided by Nanotemper in the 2nd Generation Monolith NT His-Tag Labelling Kit. A) MST 

relative fluorescence trace of NTA affinity assay. B) a normalised fluorescence dose response graph 

of NTA label binding to His tag. Data is (n=1). 
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5.2 Leucine binding to NTA labelled LeuT-SMALPs 

Having labelled the his-tagged LeuT, next the binding of leucine to NTA-labelled SMA-LeuT was 

investigated by carrying out a single point test (Figure 5.3). Upon addition of leucine, a shift in the 

fluorescence trace can be seen (Figure 5.3A), which corresponds to a substantial difference in the 

response measured between SMA LeuT (Peak 3) and SMA LeuT in the presence of 1μM leucine (Peak 

4) (Figure 5.3C).  

Building upon this, the next step was to test leucine binding at various concentrations by preparing 

titrations with a range of leucine concentrations (Figure 5.4).  

Figure 5.3 Initial leucine binding analysis. NTA-labelled SMA-LeuT samples were mixed with 

0 μM and 1 μM L-Leucine concentrations and fluorescence observed. A) MST relative 

fluorescence trace of leucine binding assay. B) fluorescence count for ligand binding. Peak 3 

(SMA LeuT), Peak 4 (SMA LeuT + 1 μM leucine). C) response graph for leucine binding. Data is 

(n=1). 

B 

A 

C 
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Unfortunately, the traces shown in Figure 5.4 show no substantial difference in fluorescence following 

leucine titration series. Therefore, it was decided to carry out another single point spot test (Figure 5.5). 

In contrast to Figure 5.3, Figure 5.5C shows no substantial difference in the response of SMA LeuT 

(Peak 5) and SMA LeuT in the presence of 1μM leucine (Peak 6). 

A 

B 
C 

Figure 5.4 Leucine binding analysis for a range of leucine concentrations. A twelve-point titration series 

of leucine were prepared by carrying out 1 in 2 dilutions of leucine starting at 1 μM concentration. NTA-labelled 

SMA-LeuT samples were mixed with leucine titration series and loaded into MST capillaries. Capillaries 

analysed via Monolith NT.115 and fluorescence observed. A) MST relative fluorescence trace of leucine 

binding assay. B) fluorescence count for ligand binding. C) response graph for leucine binding. Data is (n=1). 
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Due to instability of the protein preparation, which was several days old. A freshly purified SMA LeuT 

sample was NTA labelled, and the effects of high sodium chloride concentrations on leucine binding via 

MST were explored.  

The binding of leucine to NTA-labelled SMA-LeuT in the presence of 500mM NaCl was examined by 

carrying out a single point test in comparison with normal buffer conditions without supplementation of 

500mM NaCl (Figure 5.6). 

A 

B C 

Figure 5.5 Leucine Binding Analysis – single point repeat. NTA-labelled SMA-LeuT samples were 

mixed with 0 μM and 1 μM L-Leucine concentrations and fluorescence observed. Peak 5 (SMA LeuT), 

Peak 6 (SMA LeuT + 1 μM leucine). A) MST relative fluorescence trace of leucine binding assay. B) 

fluorescence count for ligand binding. C) response graph for leucine binding. Data is (n=1). 
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Figure 5.6C shows a substantial difference in response between SMA LeuT + 1μM leucine (Peak 8) 

sample and SMA LeuT + 1μM leucine sample (Peak 10) supplemented with 500mM NaCl. This 

suggests that Na+ binding to LeuT can be measured. However, Figure 5.6C also shows that the 

response of SMA LeuT + 1μM leucine sample (Peak 10) is lower than SMA LeuT + 0μM leucine sample 

(Peak 9) despite both samples being supplemented with 500mM NaCl.  

A 

B C 

Figure 5.6 Leucine Binding Analysis testing the effect of high NaCl. NTA-labelled SMA-LeuT 

samples were mixed with 0 μM (Peak 7) and 1 μM (Peak 8) concentrations of leucine. NTA-labelled 

SMA-LeuT samples were also supplemented with 500mM NaCl and mixed with 0 μM (Peak 9) and 1 

μM (Peak 10) concentrations of leucine. The mixed samples were then loaded into MST capillaries and 

analysed via Monolith NT.115 and fluorescence observed. A) MST relative fluorescent trace of leucine 

binding assay. B) fluorescence count for leucine binding. C) response graph for leucine binding. Data 

is (n=1). 



 
 

 
A.A , Akram , PhD Thesis , Aston University 2022.                                                                                                      86 

Therefore, it was decided to investigate the binding of leucine to NTA-labelled SMA-LeuT in the 

presence of 500mM NaCl by carrying out a titration series (Figure 5.7). 

  

Figure 5.7 shows no substantial differences in fluorescence across the leucine titration series, 

suggesting no specific binding of leucine to LeuT. 

 

 

A 

B C 

Figure 5.7 Leucine Binding Analysis across a range of leucine concentrations in the presence of 

high NaCl. Two twelve-point titration series of leucine were prepared by carrying out 1 in 2 dilutions of 

leucine starting at 1 μM concentration. NTA-labelled SMA-LeuT samples were then mixed with leucine 

titration series and supplemented with 500mM NaCl. The supplemented samples were then loaded into 

MST capillaries and analysed via Monolith NT.115 and fluorescence observed.  A) MST relative 

fluorescence trace of leucine binding assay. B) fluorescence count for ligand binding. C) normalised 

fluorescence response graph for leucine binding. Data is (n=1. 
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5.3 Desipramine binding to NTA labelled LeuT-SMALPs 

Due to the variability and non-reproducibility of results, it was next decided to employ an alternative 

compound to analyse SMA-LeuT activity. Prior Studies by Zhou et al. had reported the binding of 

desipramine to LeuT. Therefore, the binding of desipramine to SMA2000 purified LeuT via MST was 

explored (Zhou et al., 2007). 

The initial dilution series test was carried out at medium MST power. Figure 5.8 shows a potential 

desipramine binding event. There is a poor signal: noise ratio, but the dose-response analysis is 

suggestive of binding at higher concentrations (Figure 5.8B). 

 

 

The initial desipramine dilution series test was carried out at medium MST power (40% Infrared laser 

power) and revealed a potential binding interaction, so next the effects when high MST power was used 

were examined. Figure 5.9 shows an improved shift indicative of a dose response. MST power 

corresponds to IR laser power and increasing the laser power can increase the temperature gradient 

induced from 2-6 °C. Low MST corresponds to 20% laser power, medium to 40% and high to 60% laser 

power. At high MST power, the thermophoretic movement of molecules and the decrease in 

fluorescence is generally larger and this can assist in examining molecular binding interactions. 

Figure 5.8 Initial Desipramine Binding Analysis. A twelve-point dilution series of desipramine was 

prepared. Desipramine dilutions were then mixed with NTA-labelled SMA-LeuT and loaded into MST 

capillaries and analysed via Monolith NT.115 and fluorescence observed. A) MST relative fluorescence 

trace of desipramine binding assay. B) normalised fluorescence dose response graph for ligand binding. 

Data is (n=1).  

A B 
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Whilst moving through the MST on times (the point at which the signal is observed, shown by the red 

bar on the MST traces), it was noticed that a larger effect was occurring at 10 seconds and beyond. 

The 15 second time point appeared to be most optimal for this, as it produced the same signal as 20 

seconds, but should be marginally less effected by experimental noise. Therefore, the experiment was 

replicated but the signal observation point moved close to 15 seconds (Figure 5.10). 

Figure 5.10 displays data characteristics of a binding isotherm in spite of having comparatively small 

signal range.  

 

 

 

 

 

B 

Figure 5.9 Desipramine Binding Analysis on high power. A twelve-point dilution series of desipramine was 

prepared. Desipramine dilutions were then mixed with NTA-labelled SMA-LeuT and loaded into MST capillaries and 

analysed via Monolith NT.115 and fluorescence observed. A) MST relative fluorescence trace of desipramine binding 

assay. B) normalised fluorescence (%) dose response graph for ligand binding. Data is (n=1). 

A 
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Subsequently to confirm the results from desipramine dilution series experiment, an experiment was 

set up in duplicate and analysed using the same settings (Figure 5.11). 

Figure 5.11 displays a typical binding isotherm pattern and is comparable to that shown in Figure 5.10. 

 

A B 

Figure 5.10 Desipramine Binding Analysis at a later time point. A twelve-point dilution series was prepared by 

carrying out 1 in 2 dilutions of desipramine in DMSO and then further diluting samples in assay buffer and finally 

mixing with NTA-labelled SMA-LeuT samples to give a final top concentration of 200 μM. The samples were then 

loaded into MST capillaries and analysed via Monolith NT.115 and fluorescence observed.  A) MST relative 

fluorescence trace of desipramine binding assay. B) normalised fluorescence dose response graph for ligand 

binding. Data is (n=1) 

A B 

Figure 5.11 Desipramine Binding Analysis. A twelve-point dilution series was prepared by carrying out 1 in 2 

dilutions of desipramine in DMSO and then further diluting samples in assay buffer and finally mixing with NTA-

labelled SMA-LeuT samples to give a final top concentration of 200 μM. The samples were then loaded into MST 

capillaries and analysed via Monolith NT.115 and fluorescence observed.  A) MST relative fluorescence trace of 

desipramine binding assay. B) normalised fluorescence (%) dose response graph for ligand binding. Data is (n=2). 
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The MO analysis software was employed to further examine the data generated from desipramine 

binding experiments and potentially verify desipramine binding interactions (Figure 5.12). MO software 

analysis determined a Kd value of 40.6 μM for desipramine. 

 

 

 

 

Figure 5.12 Desipramine Binding Analysis. Data generated from desipramine dilution series 

experiments was analysed using the Kd fit option in Mo analysis software. Data is (n=1). 
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For comparison, a duplicate experiment was set up using detergent DDM purified LeuT activity (Figure 

5. 13).   

 

Figure 5.13 does not show the same trend as previous SMA-LeuT experiments and does not display 

a typical binding isotherm pattern previously observed with SMA-LeuT experiments. 

Therefore, to check the reproducibility of the findings with SMA-LeuT, the assay was repeated a 

further time to validate initial findings (Figure 5.14). 

 

 

A B 

Figure 5.13 Desipramine Binding Analysis to DDM-LeuT. A twelve-point dilution series was prepared by 

carrying out 1 in 2 dilutions of desipramine in DMSO and then further diluting samples in assay buffer and 

ultimately mixing with NTA-labelled DDM-LeuT samples to give a final top concentration of 200 μM. The 

samples were then loaded into MST capillaries and analysed via Monolith NT.115 and fluorescence 

observed. A) MST relative fluorescence trace of desipramine binding assay. B) normalised fluorescence 

dose response graph for ligand binding. 
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Figure 5.14 displays a characteristic binding isotherm pattern and the same trend as obtained 

previously for SMA-LeuT experiments (Figure 5.12). A Kd value of 31.7μM was determined from Mo 

software analysis. 

Finally, in order to dismiss the possibility of desipramine non-specifically binding to LeuT. A duplicate 

experiment was set up utilising partially denatured SMA2000 purified LeuT (Figure 5.15). SMA2000 

purified LeuT sample was denatured by mixing with 0.5 % SDS in a 1 to 1 ratio , and incubation at 95 

˚C for 15 minutes. 

Figure 5.15 does not display the same trend as previous SMA-LeuT experiments. The signal is different 

and has a greater amplitude, and the dose response curve is shifted to the right. A Kd value of 290μM 

was determined from Mo software analysis. This experiment does not seem to have fully reached 

saturation, but that it shows a quite different curve than that obtained prior to denaturation , furthermore, 

not having reached saturation will only shift the Kd even further. 

Figure 5.14 Desipramine Binding Analysis reproduction. A twelve-point dilution series 

was prepared by carrying out 1 in 2 dilutions of desipramine in DMSO and further diluting 

samples in assay buffer and lastly mixing with NTA-labelled SMA-LeuT samples to give a final 

top concentration of 200 μM. The samples were then loaded into MST capillaries and 

analysed via Monolith NT.115 and fluorescence observed, and a normalised fluorescence 

dose response graph for ligand binding. Data is (n=1) 
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5.4 Summary 

• MST is an alternative method to study molecular interactions, which doesn’t require 

immobilisation, but does require fluorescent labelling of one binding partner. 

o LeuT-SMALPs can be labelled with NTA-fluorescent dyes at the his tag. 

• Whilst there were some suggestions that leucine binding to LeuT could be detected, it was 

inconsistent and not reproducible. 

• Binding of the drug desipramine to SMA-LeuT could be measured by MST, but the signal change 

was low, requiring high power, and longer time points. 

o A Kd of 31-40 μM was measured. 

o Binding was disrupted by partial denaturation of LeuT. 

o Binding could not be detected when using DDM-LeuT. 

Figure 5.15 Desipramine Binding Analysis to partially denatured LeuT-SMALPs. A 

twelve-point dilution series was prepared by carrying out 1 in 2 dilutions of desipramine in 

DMSO and then further diluting samples in assay buffer and lastly mixing with NTA-

labelled denatured SMA-LeuT samples to give a final top concentration of 200 μM. The 

samples were then loaded into MST capillaries and analysed via Monolith NT.115 and 

fluorescence observed.  Figure 4.15 normalised fluorescence dose response graph for 

ligand binding. 
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6. Approaches to overcoming limitations of SMALPs for SPR and MST   

Due to challenges encountered when trying to use SMA2000 or DIBMA for SPR (or MST) experiments, 

alternative approaches were investigated that might improve immobilisation.  

The first idea was to modify the polymer so that immobilisation could involve the polymer rather than 

the protein. Preceding Studies by Lindhoud et al., had shown that it was possible to graft SMA polymers 

with cysteamine and produce SMA with solvent-exposed sulfhydryl’s (SMA-SH). Sulphydryl chemistry 

offers the possibility of labelling with a range of different tags (Lindhoud et al., 2016). In 2018 an 

alternative protocol to create SMA-SH was published by (Schmidt and Sturgis, 2018) that was designed 

to be better suited to a Biosciences lab. Therefore, it was decided to follow this protocol to modify 

SMA2000 polymer to form SMA-SH. 

The second idea was to add a SNAP tag to the target protein, which could be labelled with a wide range 

of different molecules to enable immobilisation or fluorescent labelling and might be more effective than 

the his-tag. 

6.1 Generation and characterisation of SMA-SH 

The protocol provided by Schmidt & Sturgis was followed to generate sulphydryl modified SMA2000 

(Figure 6.1).  

 

Figure 6.1 Schematic for generation of SMA-SH.  Schmidt & Sturgis, 2018, BBA Biomembranes 1860; 

777-783. Full details of the protocol and guidance provided at Bio-protocols DOI: 10.21769/BioProtoc.2969. EDC 

(1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride) , Sulfo-NHS (N-hydroxysulfosuccinimide).DTT( 

Dithiothreitol)  
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In order to confirm the successful conversion of SMA2000 to SMA-SH, both SMA2000 and SMA-SH 

polymers were analysed by FTIR spectroscopy (Figure 6.2). Fourier transform infrared (FTIR) is a 

commonly used infrared spectroscopy. FTIR is a very useful technique as it does not require much time 

and it does not destroy the compound analysed. It is also sensitive and accurate. FTIR works on the 

principle that when infrared radiation passes through a compound, some of the radiation is absorbed 

by the covalent bonds present within the compound. Covalent bonds selectively absorb radiation of 

specific wavelengths, and this changes the vibrational energy in the bonds. Different types of vibrations 

can be induced by different types of atoms present within a bond.  Different functional groups and bonds 

absorb infrared radiation at different frequencies and therefore the transmittance pattern produced is 

also different. Subsequently different compounds also produce different transmittance patterns.  The 

spectrum generated can be visualised by plotting the transmittance on Y-axis and the wavenumber 

(cm–1) on the X axis (Colthup, 2004; Fadlelmoula et al., 2022). 

  

Figure 6.2 FTIR spectroscopy analysis of SMA2000 and SMA-SH. SMA2000 and SMA-SH polymer 

samples in solid form were scanned with a scan range of 4000 – 650cm-1 and acquired data analysed. 

Purple spectra (SMA2000), Gold spectra (SMA-SH). The FTIR spectra were obtained by Dr Aiman 

Gulamhussein. 
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Figure 6.2 shows that for SMA2000 strong bands are observed between 1400 - 1550cm-1 indicating the 

stretching vibrations of carboxylate ions (COO-), moreover broad OH bands are observed around 

3300cm-1 indicating the presence of a carboxylic acid within the SMA polymer. For the SMA-SH sample 

generally similar peaks are observed, however there is the appearance of a weak peak around 2500 

cm-1 which is characteristic of an S-H bond (these are always weak in signal) and a strong peak around 

1000-1100 cm-1 which is characteristic of a C-N bond. The strong peak around 1000-1100 cm-1 

demonstrates the modification of some of the maleic acid groups with the cysteamine group. 

 

6.2 Using SMA-SH to solubilise and purify membrane proteins 

Having established the polymer had been modified, the next step was to investigate if SMA-SH polymer 

could still be used to solubilise and purify membrane proteins (Figure 6.3). 

Table 6.1 Common wavelengths associated with bond type in FTIR.  



 
 

 
A.A , Akram , PhD Thesis , Aston University 2022.                                                                                                      97 

Figures 6.3 shows SMA-SH solubilised Atm1 or LeuT membranes were successfully purified. There are 

clear, quite pure bands within the elution fractions. Following successful purification of Atm1 and LeuT, 

the yield and purity of the SMA-SH purified proteins was analysed (Figure 6.4). 

 

Figure 6.4 shows that an average yield of 0.44 µg protein/mg membrane and an average purity of 92 

% was obtained for SMA-SH purified Atm1. Whereas a yield of 0.19 µg/mg and an average purity of 

74% was obtained for SMA-SH purified LeuT.   

There is a substantial difference between the average yield of SMA-SH purified Atm1 and SMA-SH 

purified LeuT, SMA-SH purified ATM1 has considerably higher average yield however LeuT 

experiments need to be repeated to establish validity of results. 

There is also a significant difference in yield between SMA-SH purified Atm1 and SMA2000 purified 

Atm1 (P value 0.0142), where SMA2000 purified Atm1 gives a significantly higher yield. There is also 

a significant difference in yield between SMA2000 purified Atm1 and SMA2000 LeuT. SMA2000 purified 

Atm1 has higher yield in comparison to SMA2000 purified LeuT, but this may just reflect differences in 

expression levels. 

There is no significant difference in purity between SMA2000 and SMA-SH purified Atm1 and LeuT. 

SMA-SH purification of Atm1 produced the highest purity and SMA-SH purification of LeuT the lowest 

however the difference in purity is not significant. 

Figure 6.3 Affinity purification of SMA-SH solubilised membrane proteins. SMA-SH solubilised 

membranes (sol) were incubated overnight with Nickel-NTA Resin at 4
o
C, following which unbound 

material (FT) was removed and resins washed with purification buffers supplemented with increasing 

concentrations of Imidazole (20mM – 60 mM). Proteins were eluted with buffers supplemented with 

200mM imidazole. Samples were extracted from wash 1, wash 5, flow through and each elution 

collection, and run on SDS-PAGE along with a solubilisation sample.  Gels were stained with Instant 

Blue. A) Atm1, B) LeuT. 
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Figure 6.4 Analysis of SMA-SH & SMA2000 purified LeuT & Atm1 proteins. A) protein yield 

quantification. Samples (20 μl) of SMA-SH or SMA2000 purified Atm1 and LeuT were run on SDS-

PAGE alongside BSA standards (0.25, 0.5, 0.75, 1, 1.25 μg) and gels stained with instant blue. The 

intensity of bands on gels were analysed using densitometry and yield calculated.  B) Purity 

quantification. To estimate the purity of Atm1 or LeuT proteins, elution fractions were analysed using 

densitometry (Image J); purity was estimated by examining the intensity of target protein band as a 

percentage of total lane intensity.*P<0.05. 

  

  

* 
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Next, the impact of magnesium chloride on SMA-SH purified Atm1 was investigated. It has been shown 

by others (Morrison et al. 2016), and in chapter 3 that SMA2000 SMALPs are extremely sensitive to 

divalent cations and therefore it was decided to examine if this was also the case for SMALPs formed 

from SMA-SH application. It has been proposed (Hawkins et al., 2021) that the sensitivity is due to 

divalent cations binding to the two negatively charged groups of each maleic acid and causing some 

kind of conformational change which makes the polymer dissociate from the SMALP. With SMA-SH, 

some of the carboxyl groups are replaced with cysteamine, so it was investigated if this would make 

any difference to the divalent cation sensitivity. 

 

Figure 6.5 demonstrates that magnesium chloride concentrations of up to 1mM have no substantial 

impact on SMA-SH purified Atm1 however concentrations over 2mM cause the majority of SMA-SH 

purified Atm1 to precipitate out of solution. Therefore, the modification does not seem to improve the 

divalent cation sensitivity. Both SMA-SH purified and SMA2000 purified LeuT show similar magnesium 

chloride sensitivity profiles.  

Finally, it was investigated if SMA-SH solubilisation had an impact on membrane protein LeuT structure 

and function by analysing ligand binding via a tryptophan fluorescence quenching assay. Two LeuT 

substrates were tested, Leucine and Alanine (Figure 6.6). 

Figure 6.5 Magnesium sensitivity of SMA-SH purified Atm1. SMA-SH purified Atm1 samples were 

mixed with increasing concentrations of magnesium chloride and centrifuged. Supernatants containing 

soluble proteins extracted and run on SDS-PAGE alongside marker. Gels stained with instant blue and 

analysed via densitometry (Image J) n=3. 
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Figure 6.6 shows that both Leucine and Alanine bind to SMA-SH purified LeuT. Figures 6.6A and 6.6B 

both show relatively similar binding affinities and maximal degrees of quenching for both Leucine and 

Alanine.  The binding affinities observed for SMA-SH purified LeuT are also very similar to SMA2000 

purified LeuT. SMA-SH purified LeuT binding affinity to substrate leucine is nearly identical to SMA2000 

purified LeuT and exhibits a higher degree of maximal quenching for substrate leucine. SMA-SH purified 

LeuT binding affinity for alanine is greater than SMA2000 purified LeuT however it exhibits a lower 

degree of maximal quenching for alanine in comparison to SMA2000 purified LeuT. 
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Figure 6.6 Tryptophan fluorescence quenching ligand binding assay for SMA2000 and SMA-SH 

purified LeuT. SMA2000 and SMA-SH purified LeuT samples were loaded into fluorometer and the 

quenching of intrinsic tryptophan fluorescence upon titration of substrates analysed (Leucine and 

Alanine). A) analysis of leucine binding to SMA2000 and SMA-SH purified LeuT. B) analysis of Alanine 

binding to SMA2000 and SMASH purified LeuT. n=1. Data are fitted with a one site binding curve by 

non-linear regression. 

A 

B 
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6.3 Labelling SMA-SH with biotin maleimide 

Biotin is frequently used as a tag for immobilisation of proteins due to its high affinity interaction with 

strepdavidin. Therefore, attempts to label the SMA-SH polymer with biotin maleimide were investigated, 

adapting the protocol of Sturgis & Schmidt to use biotin maleimide in place of a fluorophore maleimide 

(Figure 6.7). In order to verify successful incorporation of the biotin tag within SMA-SH, and the 

encapsulation of LeuT within biotin labelled SMALPs, it was planned to carry out a binding assay using 

streptavidin coated plates, but due to time constraints this wasn’t possible.’ 

 

Then biotinylated SMA-SH polymer was tested for solubilisation and purification of LeuT protein.  

Figures 6.8 shows that SMA-SH Biotin solubilised LeuT membranes were successfully purified with 

clear bands visible in the elution fraction. Analysis of concentration and purity was undertaken and gave 

a purity of 94% using SMA-SH Biotin . 

 

Figure 6.7 Mechanism for labelling SMA-SH with biotin maleimide. A; Schematic of labelling process, 

adapted from Bio-protocols DOI: 10.21769/BioProtoc.2969. B; Schematic of reaction between biotin 

maleimide and a sulphydryl group, adapted from Dojindo.eu.com.  
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6.4 Use of SMA-SH purified protein in SPR or MST 

Next, it was decided to investigate if SMA-SH purified LeuT could be employed in SPR studies. Initially 

it was tested if SMA-SH purified LeuT could be immobilized onto the surface of C1 sensor chip, which 

allows coupling between carboxyl groups on the chip surface and -SH, -NH2 or -OH groups on the 

target. DDM purified LeuT was used as control. 

 

MK Sol FT W1 W5 
Elutions 

Figure 6.8 Affinity purification of SMA-SH Biotin solubilised LeuT. SMA-SH Biotin solubilised 

LeuT membranes (sol) were incubated overnight with Nickel-NTA Resin at 4oC, following which 

unbound material (FT) was removed and resins washed with purification buffers supplemented with 

increasing concentrations of Imidazole (20mM – 60 mM). LeuT was eluted with buffers supplemented 

with 200mM imidazole. Samples were extracted from wash 1, wash 5, flow through and each elution 

collection, and run on SDS-PAGE along with a solubilisation sample.  Gel was stained with Instant 

Blue. 
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Figure 6.9 shows no Immobilisation for SMA-SH purified LeuT and approximately 300 RU of 

Immobilisation for DDM purified LeuT. This clearly offered no improvement over previous immobilisation 

attempts. Due to time constraints, it wasn’t possible to proceed to test the biotin-labelled SMA-SH 

sample. 

Next the application of SMA-SH purified LeuT in MST experiments was trialled. MST experiments 

require one of the binding components of molecular interactions to be labelled, so SMA-SH purified 

LeuT samples were labelled with fluorescent maleimide. Since LeuT does not contain any cysteine 

residues there was no chance of the protein being labelled rather than the polymer. 
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No Immobilisation of SMA-SH 

Immobilisation start 
DDM Immobilisation achieved (300 RU) 

Figure 6.9 Immobilisation of SMA-SH and DDM purified LeuT on C1 chip. Biacore 8K machine 

was primed into buffer (150 mM NaCl, 50 mM Sodium phosphate pH 7.5, 0.005 % Tween-20) and 

a C1 chip inserted  . SMA-SH (yellow line) and DDM (blue line) purified LeuT samples were 

injected over the chip as instructed in the kit at 5μl min-1 for 600 seconds and response examined.  
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LeuT purified in SMA-SH was mixed with a red-maleimide dye and incubated at room temperature  for 

30 minutes, then SMALPs were separated from free dye using a small size exclusion column. Different 

elution factions from the column were analysed for fluorescence using the MST machine (Figure 6.10). 

Due to its larger molecular weight the SMA-SH LeuT would elute from the column first. The first elution 

corresponds to sample 18 on Figure 6.10, showing successful fluorescent labelling of the SMA-SH 

LeuT. In the second fraction (sample 19) very little fluorescence is detected. In fractions 3-7 (samples 

20-24) peaks corresponding to free dye can be seen eluting. Therefore, the first elution (sample 18) 

was used in the following experiments. 

Figure 6.10 Fluorescent maleimide labelling analysis of SMA-SH LeuT. A second-

generation monolith protein labelling red-maleimide kit was obtained from Nanotemper and 

used to label SMA-SH purified LeuT .  Next the labelled  LeuT samples were loaded into a 

small size exclusion column and elution fractions collected and analysed by MST 

instrument. Sample numbers represent the order in which elution factions were collected 

from size exclusion column. Sample 18 representing elution 1 , samples 19,20,21,22,23 

and 24 represent elution’s 2,3,4,5,6 and 7. 

Sample Number 
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Next it was decided to investigate the binding of leucine to fluorescent maleimide labelled SMA-SH 

LeuT by carrying out a single point spot test (Figure 6.11) Figure 6.11 shows that maleimide labelled 

SMA-SH LeuT samples have a similar response in the presence and absence of 1μM leucine , and no 

specific binding was detected. 

 

A 

B C 

Figure 6.11 Leucine Binding Analysis for Maleimide labelled SMA-SH LeuT. Samples were mixed 

with 0 μM and 1 μM concentrations of Leucine and fluorescence observed via MST analysis. Peak 1 

(SMA-SH LeuT), Peak 2  ( SMA-SH LeuT +  1 μM leucine). A) representative MST trace of leucine 

binding assay. B) representative fluorescence count for ligand binding. C) representative response 

graph for leucine binding. 
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6.5 Generation of a SNAP-tagged Atm1 construct 

The SNAP tag is a genetically encoded 20kDa fusion protein tag that reacts specifically with 

benzylguanine derivatives to form an irreversible covalent labelling with a probe of your choosing (Cole, 

2013) (Figure 6.12). A wide range of different benzylguanine probes are commercially available, 

including fluorescent probes or affinity molecules such as biotin. Also, the specificity of the SNAP tag 

reaction means there are no concerns with labelling the protein elsewhere within its sequence (as there 

can be with maleimide reactions and cysteines).  

 

The plasmid pSNAP-tag(T7)-2 was selected for adding the SNAP tag to a protein, and Atm1 was 

chosen as the target protein to study. The pSNAP-tag(T7)-2 plasmid has two multiple cloning sites 

(Figure 6.13), to enable addition of the SNAP tag at either the N-terminal or C-terminal end of the 

protein. Two sets of primers were designed to amplify the Atm1 gene from the pJL-H6 vector. To add 

the SNAP-tag at the N-terminus primers included restriction sites for SbfI in the forward primer and XhoI 

in the reverse primer. To add the SNAP-tag at the C-terminus primers included NdeI sequences in the 

forward primer, and EcoRI in the reverse primer, as well as mutating the stop codon (Table 6.2). 

 

Figure 6.12 Schematic for reaction of SNAP tagged proteins with benzylguanine probes. From 

NEB.com. 
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As addition at the C-terminus would require a second step to add a stop codon after the SNAP tag, 

initial trials were undertaken to add the SNAP tag at the N-terminus of Atm1. The first step was to 

amplify the amount of starting material pJL-H6-Atm1 plasmid. DH5α E. coli cells were transformed with 

the plasmid, small overnight cultures grown and DNA harvested by mini-prep. A range of PCR 

Figure 6.13 Plasmid map for pSNAP-tag(T7)-2. Obtained from NEB.com. 

Table 6.2. PCR primers. Locations of restriction sites are underlined. The mutation of the stop codon is in 

bold. Atm1 sequences are in capitals. 
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conditions were tested, varying the amount of primers and the annealing temperature (Table 6.3). 

Samples of the PCR products were then run-on agarose gel electrophoresis (Figure 6.14). 

 

 

All of the PCR conditions produced a band at the expected size of approximately 2kb, with condition 1 

giving the most intense band. Three PCR samples (1-3) were selected and digested with the enzymes 

SbfI and XhoI. Following enzyme cleanup steps, they gave concentrations of 21-27 ng/μl.  

 

Table 6.3 PCR conditions and yield of DNA. 
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The plasmid pSNAP-tag(T7)-2 was also transformed into DH5α E.coli cells and amplified by miniprep 

before being digested with SbfI and XhoI. Ligation reactions were set up with the digested PCR products 

and digested pSNAP-tag(T7)-2 plasmid overnight, and this was then transformed into DH5α cells.  

However, no transformants were obtained. Due to time constraints further progress was not possible.  

 

 

 

 

250 

Figure 6.14 Agarose gel analysis of Atm1 PCR products. Samples of PCR products were 

supplemented with 6X DNA loading dye and run a 1% agarose gel alongside 1KB DNA ladder. 
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6.6 Summary 

• Reaction of SMA2000 with cystamine was carried out to form SMA-SH. 

• Proteins could be successfully solubilised and purified using SMA-SH. 

• SMA-SH purified samples could be labelled with a fluorescent-maleimide tag. 

o This was carried out after protein purification. LeuT contains no cysteine residues so 

labelling of the protein couldn’t occur, however this could be a problem for other proteins 

labelled in this manner. 

• Reaction of SMA-SH with biotin-maleimide was carried out, and it had no apparent effect on the 

ability of the polymer to extract and purify LeuT. 

• Initial tests for SPR and MST using SMA-SH were not successful. 

o Biotin-labelled SMA-SH was not tested and may offer a good approach for the future. 

o Further optimisation of fluorescent labelling is needed for MST. 

• Addition of a SNAP-tag to Atm1 offers the possibility of specifically adding a range of 

probes/tags. 

o PCR amplification of Atm1 from pJL-H6-Atm1 was successful. 

o Ligation into the pSNAP-tag(T7)-2 plasmid was not successful. 

o Further work is needed to complete the molecular biology, test expression of the SNAP-

tag protein, and investigate if the tag has any effect on protein function. 
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7. Testing novel polymers as an alternative to SMA2000 

A range of SMA polymers and derivatives have been developed since the initial application of styrene 

maleic acid co-polymers for membrane solubilisation and extraction (Knowles et al., 2009). It is well 

established that SMA2000 does have several limitations, including problems with affinity resin binding, 

a sensitivity to low pH (Scheidelaar et al., 2016; Pollock et al., 2018) and a sensitivity to divalent cations 

(Oluwole et al., 2017; Morrison et al., 2016) and it was shown in chapter 4 that it is challenging for 

immobilisation on SPR chips. For ABC transporters the sensitivity to divalent cations is particularly 

problematic as they require Mg2+ as a cofactor for ATP hydrolysis. Therefore, it was decided to 

investigate two different series of SMA polymer variants. Atm1 was used for these studies because it 

is an ABC transporter. 

 

7.1 Partially esterified SMA polymers 

An example of SMA polymer variants that have been presented in the literature is the partially esterified 

variants of SMA which have been shown to solubilise cyanobacterial thylakoid and plant membranes 

more effectively than SMA2000 (Korotych et al., 2019; Brady et al., 2019; Cherepanov et al., 2020;  

(Korotych et al., 2021). Several partially esterified variants of SMA have been developed including 

SMA1440, SMA17352 and SMA2625 (Figure 7.1 & Table 7.1). 
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Therefore, it was decided to investigate if SMA1440, SMA17352 and SMA2625 polymers could be used 

to solubilise and purify Atm1 protein. E .coli (BL21) cells expressing Atm1 protein were harvested, and 

membranes extracted. The Atm1 membranes were solubilised using either SMA1440, SMA17352 and 

SMA2625 and purified by nickel affinity chromatography (Figure 7.2). 

Figure 7.1 Structures of the partially esterified polymers. SMA2000 is a co-polymer of styrene 

and maleic acid. SMA2625, SMA1440 and SMA17352 are partially esterified variants of SMA, with 

the ester moieties ® shown. Hawkins et al (2021) BBA Biomembranes 1863; 183758.  

Table 7.1 Properties of polymers according to the manufacturers. The average ratio of styrene to 

maleic acid within the polymers. Mw, the average molecular weight of the polymers. The number 

average molecular weight (Mn), which is the total weight of the polymer molecules divided by the number 

of molecules. The polydispersity index (PDI), which is equal to Mw/Mn and is a measure of the 

distribution of the molecular weights. Hawkins et al (2021) BBA Biomembranes 1863; 183758 
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Figure 7.2 shows that SMA1440, SMA17352 and SMA2625 solubilised Atm1 membranes were all 

successfully purified producing strong bands of Atm1 with very few contaminants. In all cases the strong 

Atm1 band seen in the solubilised protein sample (Sol) is not present in the flowthrough (FT) showing 

successful binding of Atm1 to Nickel resin. Figure 7.2B, with SMA17352 solubilisation and purification 

shows marginally more contaminants in the eluent bands than SMA2625 Figure 7.2C.  
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Figure 7.2 Affinity purification of SMA1440, SMA17352 and SMA2625 solubilised Atm1. SMA1440 

(A), SMA17352 (B) and SMA2625 (C) solubilised ATM1 membranes (sol) were incubated overnight 

with Nickel-NTA Resin at 4oC, following which unbound material (FT) was removed and resins washed 

with purification buffers supplemented with increasing concentrations of Imidazole (20mM – 60 mM). 

Atm1 was eluted with buffers supplemented with 200mM imidazole. Samples were extracted from wash 

1, wash 5, flow through and each elution collection, and run on SDS-PAGE along with a solubilisation 

sample.  Gels were stained with Instant Blue.  
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Following successful purifications, the yield of purified Atm1 obtained using SMA1440, SMA17352 or 

SMA2625 was quantified using SDS-PAGE (Figure 7.3A). 

An average yield of 0.33 µg protein/mg membrane was obtained for SMA1440, 0.36µg/mg for 

SMA17352 and 0.47µg/mg for SMA2625. Although SMA2625 appeared to give a higher yield, statistical 

analysis showed there was no significant differences between the yield of SMA1440, SMA17352 and 

SMA2625 purified Atm1. However, there were significant differences between the yield of Atm1 

obtained with each of the partially esterified polymers when compared to SMA2000, which had a 

significantly higher yield of 0.76  ug/mg. 

Figure 7.3B displays the purity analysis of Atm1 purified with SMA2000, SMA1440, SMA17352 or 

SMA2625 polymer. SMA2000 purified ATM1 on average was 77% pure. SMA1440 purified Atm1 on 

average was 80 % pure, SMA17352 purified Atm1 78% and SMA2625 purified Atm1 75%. However no 

significant differences in purity were measured between SMA2000, SMA1440, SMA17352 and 

SMA2625 purified Atm1 (P value 0.9552). 
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A 

B 

Figure 7.3 Quantification of SMA1440, SMA17352 and SMA2625 purified Atm1. A) protein yield 

quantification. Samples (20 µl) of SMA1440, SMA17352 and SMA2625 purified Atm1 were run on 

SDS-PAGE alongside BSA standards (0.25, 0.5, 0.75, 1, 1.25 µg) and gels stained with instant blue. 

The intensity of bands on gels were analysed using densitometry and yield calculated. B) Purity 

quantification. To estimate the purity of Atm1 obtained, three SMA1440, SMA17352 and SMA2625 

elution lanes were analysed using densitometry (Image J); purity was estimated by examining the 

intensity of ATM1 band as a percentage of total lane intensity. Data are mean ± SEM, n=3. Data 

was analysed using One-way ANOVA tests.*P<0.05. 

* 

* 

* 
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Having established all three partially esterified polymers could be used to solubilise and purify Atm1, 

the effect of magnesium chloride on precipitation of SMA1440, SMA17352 and SMA2625 purified Atm1 

was investigated (Figure 7.4). 

 

Figure 7.4 demonstrates that magnesium chloride concentrations of up to 1mM have no substantial 

impact on SMA2625 purified Atm1 however concentrations over 1mM cause the majority of SMA2625 

purified Atm1 to precipitate out of solution. It also shows that over 40% of SMA1440 and SMA17352 

purified ATM1 precipitated out of solution in the presence of 1mM concentration of magnesium chloride. 

All of SMA1440, SMA17352 and SMA2625 purified Atm1 precipitated out of solution at 4mM 

concentration of magnesium chloride. So rather than improving the tolerance to divalent cations, the 

partially esterified polymers were actually even more sensitive to Mg2+ than SMA2000.  

 

7.2 Benzylamine modified SMA polymers 

A second series of SMA polymer variants was provided by Professor Bert Klumperman (Stellenbosch 

University). These were a series of 1:1 styrene:maleic acid polymers which were modified by adding a 

benzylamine group to one of the carboxyl groups in each maleic acid (Figure 7.5). The rationale behind 

Figure 7.4 Magnesium Sensitivity Assay for partially esterified polymers. SMA1440, SMA17352 and 

SMA2625 purified Atm1 protein samples were mixed with increasing concentrations of magnesium 

chloride (0-10mM) and incubated at room temperature for 15 minutes. Following incubation, samples 

were centrifuged at 100000g, for 20 minutes at 4°C. Supernatants (S) containing soluble proteins were 

extracted and samples(20µl) run on SDS-PAGE alongside marker (MK). Gels stained with instant blue 

and analysed using densitometry (Image J) Data are the average of 3 replicates.  
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the design of these polymers was that making a 1:1 polymer is much simpler than 2:1 (like SMA2000). 

It has been shown that 1:1 SMA polymers are not effective for membrane protein solubilisation 

(Morrison et al., 2016), however addition of the benzylamine group increases the hydrophobicity and 

mimics the 2:1 ratio of hydrophobic: hydrophilic seen with SMA2000. SMA1000-benzylamine was made 

from modification of the commercially available SMA1000 polymer. The others were made by RAFT 

polymerisation to generate 1:1 alternating SMA polymers of different sizes, that were then modified by 

benzylamine. The advantage of the RAFT polymerisation process is that the size distribution of 

polymers formed can be more tightly controlled, thus there are polymers with average molecular 

weights of 2kDa, 4kDa and 7kDa. The final difference is the end group, which is either -SH or N-phenyl 

maleimide (NPMI). Upon reaction with the benzylamine the RAFT end group will get reduced to -SH, 

which can dimerise. To prevent this, for some samples the end group was capped with NPMI.   

 

 

 

 

 

Table 7.2 Properties of benzylamine modified polymers. A series of polymers with a 1:1 ratio of styrene:maleic 

anhydride with different molecular weights were generated by RAFT polymerisation at Stellenbosch University. 

These, or commercially produced SMA1000, were then modified by addition of benzylamine to the maleic 

anhydride groups. Upon amine addition to the polymer, the RAFT end group will be reduced to a thiol which can 

oxidize to form disulfide bridges. To block or minimize such oxidation, the formed thiol end groups were capped by 

reaction with N-phenylmaleimide (NPMI) in the presence of trimethylphosphite.  The number average molecular 

weight (Mn), which is the total weight of the polymer molecules divided by the number of molecules. The 

polydispersity index (PDI), which is equal to Mw/Mn and is a measure of the distribution of the molecular weights.  

 

 

Polymer name Styrene:maleic anhydride in 

unmodified polymer 

Modification Mn (kDa) PDI 

SMA2000 2:1 - 3 2.5 

SMA1000-benzylamine 1:1 benzylamine 2 2.75 

SMA-benzylamine-NPMI 2kDa 1:1 benzylamine 2.1 1.32 
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Trials of Atm1 solubilisation and purification were first carried out with SMA-Benzylamine-SH 2kDa, 

SMA-Benzylamine-SH 4kDa and SMA-Benzylamine-SH 7kDa (Figure 7.6). 

 

Figure 7.5 Structures of the benzylamine modified SMA polymers. Provided by Prof. Bert 

Klumperman, Stellenbosch University. 
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Figure 7.6 Affinity purification of Atm1 using benzylamine modified polymers. SMA 

Benzylamine-SH 2kDa (A), SMA Benzylamine-SH 4kDa (B) and SMA Benzylamine-SH 7kDa (C) 

solubilised Atm1 membranes (sol) were incubated overnight with Nickel-NTA resin at 4oC, 

following which unbound material (FT) was removed and resins washed with purification buffers 

supplemented with increasing concentrations of Imidazole and Atm1 eluted. Samples of wash 1 

(W1), wash 5 (W5), flow through (FT) and each elution were run on SDS-PAGE along with a 

solubilisation sample (sol).  Gels were stained with Instant Blue 
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All three polymers were able to solubilise and purify Atm1, producing very pure looking bands on SDS-

PAGE. The yield of purified Atm1 obtained with each polymer was quantified using SDS-PAGE (Figure 

7.7A). An average concentration of 0.51µg protein/mg membrane was obtained for SMA Benzylamine 

2kDa, 0.46µg/mg for SMA Benzylamine 4kDa and 0.21µg/mg for SMA Benzylamine 7kDa.  

There were no significant differences between the yields of Atm1 obtained with SMA Benzylamine-SH 

2kDa and SMA Benzylamine-SH 4kDa, and similarly there were no significant differences between the 

yields of Atm1 obtained with SMA Benzylamine-SH 4kDa and SMA Benzylamine-SH 7kDa. However, 

there was a significant difference between the yields of SMA Benzylamine 2kDa purified Atm1 and SMA 

Benzylamine 7kDa purified Atm1 (P value 0.0419), showing that SMA benzylamine-SH 7kDa gave a 

significantly lower yield of purified protein. Likewise, there was also a significant difference between the 

yield of SMA2000 purified Atm1 and SMA Benzylamine 7kDa purified Atm1 (P value is 0.0056) . There 

are however no significant differences between SMA2000 purified and SMA Benzylamine 2kDa and 

SMA Benzylamine 4kDa purified Atm1 Yields. 

Figure 7.7B displays the purity of SMA Benzylamine 2kDa, SMA Benzylamine 4kDa and SMA 

Benzylamine 7kDa purified Atm1. SMA Benzylamine 2kDa purified Atm1 on average is 88 % pure, SMA 

Benzylamine 4kDa purified ATM1 91 %, and SMA Benzylamine 7kDa purified Atm1 81 % pure. On 

average SMA Benzylamine 4kDa purified Atm1 has the highest purity and SMA Benzylamine 7kDa 

purified Atm1 the lowest. There are no significant differences in purity between SMA Benzylamine 2kDa, 

SMA Benzylamine 4kDa and SMA Benzylamine 7kDa purified Atm1. There are also no significant 

differences in purity between SMA2000 purified Atm1 and SMA Benzylamine 2kDa, SMA Benzylamine 

4kDa and SMA Benzylamine 7kDa purified Atm1. 
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A 

B 

Figure 7.7 Quantification of SMA Benzylamine-SH 2kDa, SMA Benzylamine-SH 4kDa and 

SMA Benzylamine-SH 7kDa purified Atm1.A) protein yield quantification. Samples (20 µl) of Atm1 

purified with each benzylamine polymer were run on SDS-PAGE alongside BSA standards and gels 

stained with instant blue. The intensity of bands on gels were analysed using densitometry and yield  

calculated. B) Purity quantification. To estimate the purity of Atm1 obtained, Atm1 purified with each 

benzylamine polymer was analysed using densitometry (Image J); purity was estimated by 

examining the intensity of ATM1 band as a percentage of total lane intensity. Data are mean ± SEM, 

Data was analysed using One-way ANOVA tests. *P<0.05, **P<0.001. 

* 

** 
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Following Atm1 yield and purity analysis, the effect of magnesium chloride on precipitation of SMA 

Benzylamine-SH 2kDa, SMA Benzylamine-SH 4kDa and SMA Benzylamine-SH 7kDa purified Atm1 

was investigated (Figure 7.8). 

 

 

Figure 7.8 reveals that just a 1mM concentration of magnesium chloride caused all of SMA 

Benzylamine-SH 2kDa, SMA Benzylamine-SH 4kDa and SMA Benzylamine-SH 7kDa purified Atm1 to 

precipitate out of solution. So rather than improving the tolerance to divalent cations, the SMA 

Benzylamine polymers were actually even more sensitive to Mg2+ than SMA2000. 

The second subset of benzylamine polymers which included SMA1000 Benzylamine, SMA 

Benzylamine-NPMI 2kDa and SMA Benzylamine-NPMI 4kDa were subsequently tested for Atm1 

solubilisation (Figure 7.9). All three polymers gave successful purifications, with strong bands in the 

elution fractions and very few contaminants present. The yields of SMA1000 Benzylamine, SMA 

Benzylamine-NPMI 2kDa and SMA Benzylamine-NPMI 4kDa purified Atm1 were quantified using SDS-

PAGE (Figure 7.10A). 

Figure 7.8 Magnesium Sensitivity Assay for benzylamine-SH polymers. Atm1 purified with 

SMA Benzylamine-SH 2kDa (blue diamond triangle), SMA Benzylamine-SH 4kDa (red square) or 

SMA Benzylamine-SH 7kDa (green triangle) were mixed with increasing concentrations of 

magnesium chloride (0-10mM) and incubated at room temperature for 15 minutes. Following 

incubation, samples were centrifuged at 100000g, for 20 minutes at 4°C. Supernatants (S) 

containing soluble proteins were extracted and samples (20μl) run on SDS-PAGE alongside marker 

(MK). Gels stained with instant blue and analysed using densitometry (Image J). Data are the 

average of 3 repeats. 



 
 

 
A.A , Akram , PhD Thesis , Aston University 2022.                                                                                                      125 

 

kDa 

45 

116 

MK Sol FT W1 W5 
Elutions 

A 

MK Sol FT W1 W5 
Elution

s 

C 

M

K 
Sol FT W1 W5 

B 

Elutions 

Figure 7.9 Affinity purification with benzylamine modified commercial polymer or with 

the RAFT end group capped. SMA1000 Benzylamine (A), SMA Benzylamine-NPMI 2kDa (B) 

and SMA Benzylamine-NPMI 4kDa (C) solubilised Atm1 membranes (sol) were incubated 

overnight with Nickel-NTA Resin at 4oC, following which unbound material (FT) was removed 

and resins washed with purification buffers supplemented with increasing concentrations of 

Imidazole and Atm1 eluted. Samples of wash 1 (W1), wash 5 (W5), flow through (FT) and elution 

factions were run on SDS-PAGE along with a solubilisation sample (sol).  Gels were stained 

with Instant Blue. 
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A 

B 

Figure 7.10 Quantification of SMA1000 Benzylamine, SMA Benzylamine-NPMI 2kDa and SMA 

Benzylamine-NPMI 4kDa purified Atm1. A) protein yield quantification. Samples (20 µl) of SM 

Benzylamine purified were run on SDS-PAGE alongside BSA standards (0.25, 0.5, 0.75, 1, 1.25 µg) 

and gels stained with instant blue. The intensity of bands on gels were analysed using densitometry and 

yields calculated. B) Purity quantification. To estimate the purity of Atm1 obtained, elution fractions were 

analysed using densitometry (Image J); purity was estimated by examining the intensity of ATM1 band 

as a percentage of total lane intensity. Data are mean ± SEM, n=3. Data was analysed using One-way 

ANOVA tests.*P<0.05. 

* 

* 
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An average yield of 0.40µg protein/mg membrane was obtained for SMA 1000 Benzylamine, 0.58 

µg/mg for SMA Benzylamine-NPMI 2kDa and 0.39µg/mg for SMA Benzylamine-NPMI 4kDa. Although 

SMA benzylamine-NPMI 4kDa seemed to give a higher yield than the others, statistical analysis showed 

there were no statistically significant differences between the yields of purified Atm1 obtained with any 

of the polymers (P value 0.1446).  

However, there is a significant difference in yield between SMA2000 and SMA1000 Benzylamine 

purified Atm1 (P value is 0.0198). There is also a significant difference in yield between SMA2000 and 

SMA Benzylamine NPMI 4kDA purified Atm1. Conversely there is no significant difference in yields 

between SMA2000 ATM1 and SMA Benzylamine NPMI 2 kDa purified Atm1. 

Figure 7.10B displays the analysis of purity of Atm1 purified using SMA1000 Benzylamine, SMA 

Benzylamine-NPMI 2kDa and SMA Benzylamine-NPMI 4kDa. SMA1000 Benzylamine purified Atm1 

was on average 80 % pure, SMA Benzylamine-NPMI 2kDa purified Atm1 87 %, and SMA Benzylamine-

NPMI 4 kDa purified Atm1 85% pure. There were no significant differences in purity for Atm1 between 

these polymers (P value 0.5892). likewise, there were no significant differences in purity for Atm1 

between these polymers and SMA2000. 
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Finally, the effect of magnesium chloride on SMA1000 Benzylamine, SMA Benzylamine-NPMI 2kDa 

and SMA Benzylamine-NPMI 4kDa purified Atm1 was investigated (Figure 7.11). 

 

Figure 7.11 reveals that just as with the other benzylamine modified polymers (Figure 7.8) 1mM 

concentration of magnesium chloride caused all the purified Atm1 to precipitate out of solution, with 

each of the polymers.  

 

 

 

 

 

 

Figure 7.11 Magnesium Sensitivity Assay forSMA1000 Benzylamine, SMA Benzylamine-NPMI 2kDa 

and SMA Benzylamine-NPMI 4kDa purified ATM1. Atm1 samples were mixed with increasing 

concentrations of magnesium chloride (0-10mM) and incubated at room temperature for 15 minutes. 

Following incubation, samples were centrifuged at 100000g, for 20 minutes at 4°C. Supernatants (S) 

containing soluble proteins were extracted and samples (20μl) run on SDS-PAGE alongside marker (MK). 

Gels stained with instant blue and analysed using densitometry (Image J). Data are an average of 3 

replicates. 
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7.3 Summary 

• Partially esterified polymers can be used to successfully solubilise and purify the ABC 

transporter Atm1. 

o No significant differences in yield or degree of purity between the different partially 

esterified polymers. 

o SMALPs formed from the partially esterified polymers are more sensitive to Mg2+ than 

SMA2000. 

• Benzylamine modified SMA polymers can be used to successfully solubilise and purify the ABC 

transporter Atm1. 

o No significant difference observed between the different polymers for yield or degree of 

purity, suggesting the size differences and end group have little effect. 

o SMALPs formed from benzylamine modified polymers are even more sensitive to Mg2+ 

than SMA2000 or the partially esterified polymers. 

• These novel polymers do not offer any improvement over SMA2000, giving somewhat similar 

yields of purified protein and degree of purity, and being even more sensitive to divalent cations. 

However, these results can hopefully help to further the wider understanding of how SMA 

polymer works and what features lead to what properties. Additionally, these novel polymers 

potential could further explored by employing them in protein function studies to examine 

effectiveness of the polymers in maintaining protein function.   
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8. Discussion 

In the present project, the aim was to optimise lipid nanoparticle extracted and purified LeuT and Atm1 

proteins for drug screening and development using SPR and MST techniques. The initial objective of 

the study was to investigate whether SMA2000, DIBMA or DDM purified LeuT and Atm1 could be 

utilised for SPR studies.  To achieve this the first step was to solubilise and purify LeuT and Atm1 using 

each of the solubilisation agents.  

8.1 Expression and purification of target proteins 

LeuT and Atm1 were chosen because they are bacterial homologues of important eukaryotic proteins, 

meaning they could be expressed relatively easily and quickly in E. coli. Also, both of them have already 

had their structure determined. Prior studies had therefore shown that LeuT could be effectively 

solubilised and purified with detergents such as DDM (Khelashvili et al., 2013). LeuT was also used 

previously to test a series of SMA polymers with differing lengths and ratios of styrene:maleic acid 

(Morrison et al., 2016).  The results from this current investigation regarding DDM and SMA2000 

solubilisation and purification of LeuT agree well with those obtained previously. No significant 

difference between DDM and SMA2000 was found regarding yield of protein, which agrees with 

Morrison et al.  However, although previous studies had proposed that a greater degree of protein purity 

could be obtained using SMA co polymers in comparison to detergents, and although this trend was 

also observed in this study, the difference in purity obtained was not significant (Gulati et al., 2014; 

Morrison et al., 2016). DIBMA is an alternative polymer to SMA, which has an aliphatic chain in place 

of styrene, and was first shown by Oluwole et al. to also be capable of solubilising membrane proteins 

(Oluwole et al., 2017). This study is the first to test DIBMA for solubilising and purifying LeuT and found 

that it worked comparably to both SMA2000 and DDM. This contrasts with some other studies which 

have found that DIBMA tends to give lower yields of proteins in comparison to SMA2000 (Grethen et 

al., 2017; Gulamhussein et al., 2020).  

The second protein to be tested, Atm1, has previously been solubilised for structural studies using a 

mixture of 4 different detergents (LDAO, OG, CHAPSO, HEGA-11) (Lee et al., 2014), or a mix of 2 

detergents (DDM and C12E8) (Fan, Kaiser and Rees, 2020). It was also previously solubilised with 

DDM only for investigations into liposome reconstitution (Rottet et al., 2020) . The results in this current 

study support the fact that DDM alone is effective for solubilising and purifying Atm1. There are no 

previous reports of using SMA or DIBMA for Atm1, but there are several reports for other ABC 

transporters (Gulati et al., 2014; Morrison et al., 2016; Gulamhussein et al., 2020). The findings of this 

current study largely agree with those previous studies, showing both SMA2000 and DIBMA can be 

used to solubilise and purify Atm1. As with LeuT, a trend was seen that SMA2000 gave a higher yield 

than DIBMA, but this was not statistically significant. It was however found that DIBMA gave a greater 

degree of purity than DDM. 
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SMALP sensitivity to divalent cations such as Mg2+ has been highlighted in earlier studies (Dörr et al., 

2015; Morrison et al., 2016). Results in chapter 3 for LeuT and Atm1 agree with these previous studies, 

and it is evident that magnesium chloride concentrations have a definite impact on the amount of LeuT 

and Atm1 protein being lost. Concentrations of MgCl2 up to 4mM for LeuT and up to 1mM for Atm1 

were tolerated, however concentrations over this caused SMALP instability and lead to proteins loss. 

The LeuT findings agree very well with those shown previously in Morrison et al. Why the Atm1 SMALPs 

were more sensitive to Mg2+ than LeuT is not clear. It might be interesting in the future to test the 

sensitivity of SMALPs to other divalent cations such as Zinc and Calcium Chloride. On the other hand, 

the results from DDM magnesium assays along with preceding findings of (Matar-Merheb et al., 2011) 

imply that detergent solubilised proteins are not affected by the presence of divalent cations such as 

Mg2+. Previous investigations have proposed that DIBMA solubilised proteins could tolerate up to 20mM 

concentrations of divalent cations (Oluwole et al., 2017; Gulamhussein et al, 2020), and initial findings 

from the LeuT magnesium assay experiments support these claims as DIBMA extracted LeuT was 

shown to have no sensitivity to magnesium ions, within the concentration range tested. However, the 

findings from DIBMA purified Atm1 magnesium assays contradict the previous findings, as Atm1 is 

shown to have high sensitivity to magnesium chloride ions and precipitate out of solution at low 1mM 

concentration of magnesium chloride. Therefore, perhaps the individual structure and composition of 

different membrane proteins in SMALPs may also contribute towards divalent cation sensitivity. 

Atm1has shown a much higher sensitivity in magnesium assays and it has substantially more negatively 

charged amino acids than LeuT . Atm1 has 35 Aspartic acids and 29 Glutamic acids whereas LeuT 

only has 12 Aspartic acids and 24 Glutamic acids . The difference in negatively charged amino acids 

could affect the overall charge of Atm1 and LeuT proteins . 

Membrane protein instability is a major issue in membrane protein research as a failure to maintain 

membrane protein stability following extraction and purification can result in loss of protein function. 

This is especially true of integral membrane proteins which can have numerous polypeptide segments 

embedded in the membrane. It’s been previously shown that membrane proteins extracted by SMA 

polymers can recognise ligands, transmit signals and activate other proteins and that proteins extracted 

using DIBMA polymer maintained their secondary structure and activity (Logez et al., 2015; Oluwole et 

al., 2017). In this study the results from LeuT tryptophan quenching experiments support these findings 

as SMA2000 and DIBMA purified LeuT samples successfully bound leucine and alanine ligands. DDM 

solubilised LeuT was also shown to bind leucine and alanine. The binding affinity data obtained for 

leucine experiments agree well with previous studies which used a radioligand binding assay on DDM 

solubilised LeuT and reported a binding affinity of 20 ± 2 nM for LeuT (Singh et al., 2008).However, in 

the current study there was a significant difference between the binding affinity of leucine for DDM 

(33.07 nM) purified LeuT and SMA2000 (14.99 nM) purified LeuT, with the binding affinity of leucine for 

SMA2000 purified LeuT being stronger than the binding affinity of leucine for DDM purified LeuT. The 

same was also true for DIBMA (8.73 nM), leucine has a stronger binding affinity for DIBMA purified 
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LeuT in comparison to DDM purified LeuT. The difference in binding affinity could be due to the 

destabilizing effects of DDM; as it has been shown that DDM can cause small destabilizations in the 

binding domains of membrane protein (Yang et al., 2014). The findings from tryptophan quenching 

experiments for alanine however show no significant difference between the binding affinity of alanine 

for SMA2000, DDM or DIBMA purified LeuT. The findings for alanine binding affinity also differ from 

those previously published (Singh et al., 2008), who reported a binding affinity of 512 ± 131 nM for LeuT 

whereas the findings from this investigation suggest a much stronger affinity at 21.26 nM for SMA2000, 

25.52 nM for DDM and 11.82 for DIBMA purified LeuT. 

Tryptophan fluorescence quenching was also used to study the binding of GSH to SMALP purified 

Atm1. An affinity of approximately 1.8mM was obtained. This is a bit lower than the 15mM Km value for 

GSH transport previously reported , but may reflect differences between initial binding and the whole 

transport process (Fan et al, 2020).  

It would be interesting in the future to try different methods for binding assays to see if the Kd obtained 

was consistent across different methods, as fluorescence quenching is not a direct binding assay. 

 

8.2 Immobilisation of LeuT for SPR 

The key step in setting up an SPR experiment, which can often be challenging, is the immobilisation of 

one of the binding partners.  It has been proposed that his-tags typically employed for protein purification 

were ideal for the immobilisation of ligands onto NTA Sensor Chips (Nieba et al., 1997). The findings 

from this study (chapter 4) utilising NTA sensor chips however showed extremely low levels of 

immobilisation for SMA2000 purified LeuT (~ 26 RU). DIBMA purified LeuT samples immobilized 

approximately 5-fold higher than SMA2000 purified sample at (190 RU) and therefore showed some 

promise. Detergent DDM purified LeuT samples performed the best and immobilized at 5560 RU. This 

ability to immobilise the DDM solubilised LeuT compares well to a previous study which had shown that 

DDM solubilised GPCRs could be immobilized on Ni NTA (Robertson et al., 2011). Similarly, his tagged 

A2aR has previously been immobilized via NTA capture and were very stable (Congreve et al., 2011). 

However, it has also been proposed that a common flaw with NTA chip application is slow and 

continuous dissociation of immobilized ligands (Willard and Siderovski, 2006; Kimple et al., 2010). The 

results from the current study support these proposals as a slow level of decay at approximately 0.5 

RU per minute was detected for SMA2000 purified LeuT. Although the decay rate was slow, it still 

represented a substantial loss in the amount of immobilised ligand as almost 50% of the immobilized 

ligand would be lost within 20 minutes. DIBMA purified LeuT had a slightly higher rate of decay at 0.7 

RU per minute however it can be considered more stable as proportionally over 20 minutes it only lost 

7.36% (~14 RU) of the initially immobilized LeuT. DDM immobilized LeuT showed no drift and was 

stable. 
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When attempting to bind leucine to the immobilised SMALP-LeuT, the majority of protein disassociated 

following first injection. DIBMA purified LeuT also showed a similar disassociation trend to SMA2000 

purified LeuT. The levels of drift/protein dissociation observed in the leucine bindings experiment made 

it impossible to analyse leucine binding. Therefore, the results suggest that nitrilotriacetic acid (NTA) 

and histidine-tag (HT) interactions are suitable for transient applications like protein purification however 

binding studies can be compromised due to protein dissociation (Johnson and Martin, 2005). It should 

also be noted that even for protein purification SMALP-encapsulated proteins have been reported to 

show much poorer binding to Ni-NTA resin than detergent solubilised proteins (Broadbent et al., 2022). 

Exactly why isn’t clear, possible reasons might include interactions between the polyhistidine-tag and 

the polymer or steric hindrance from the polymer or interference from excess free SMA. 

Salts play a vital role in living organisms and the concentration of ionic species like sodium can vary 

greatly within organisms (1mM - 200 mM) (Wegner and Isenberg, 1983). Salt concentrations can affect 

the stability of biomolecules and prior investigations of Schlick, Li and Olson, 1994 have shown that the 

high negative charges on polyelectrolytes like nucleic acids can lead to destabilization. Other studies 

have proposed that increasing the ionic strengths of solvents can screen repulsive interactions and 

thereby stabilize the conformation of nucleic acids in solution (Beauchamp and Khajehpour, 2012). 

SMA is highly negatively charged, thus investigations into the effects of salt on immobilisation and 

stability were undertaken and increasing the concentrations of NaCl led to increased immobilisations of 

SMA2000 and DIBMA purified LeuT. 

It has been shown previously that the pH of aqueous solutions could have an immense impact on the 

conformation of SMA, and at low pH even cause SMA polymers to precipitate (Dörr et al., 2015). The 

results from the buffer optimisation experiments support these findings as low pH buffer conditions led 

to low immobilisation of both SMA2000 and DIBMA purified LeuT. Overall, although buffer optimisation 

offered some improvements, the degree of immobilisation obtained was still too low. 

As an alternative approach to immobilisation, a his-capture process was used, where an anti-his 

antibody was amine coupled to the SPR chip, and then LeuT bound to the anti-his antibody via its his-

tag. Previous studies have shown that α2-adrenergic receptors could be successfully immobilized onto 

CM5 sensor chips using this approach (Sen et al., 2005). The results for SMA2000 purified LeuT 

immobilisation using his-capture did show an improvement over the Ni-NTA approach, reaching 

immobilisation levels of 300 RU, which could be increased to 500 RU with optimisation of immobilisation 

time. DIBMA was not quite as good, with immobilisation of 100 RU, up to 200 RU with increased 

immobilisation time. These levels of immobilisation are comparable to those achieved in a recent study 

using SMALP-encapsulated proteins, who also used his-capture (Sharma, et al., 2021). Despite this 

improved level of binding, leucine binding could still not be detected. For efficient detection of small 

molecules binding to a larger molecule, a much higher level of immobilisation is needed. However, it 
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would be interesting to investigate if binding of a larger molecule, such as an antibody, could be 

detected, as was seen in (Sharma et al, 2021). 

Capture-coupling is an alternative approach previously shown to aid immobilisation (Willard and 

Siderovski, 2006; Diskar et al., 2007; Kimple et al., 2010). The results from the NTA capture couple 

experiments in this study however were varied. SMA2000 purified LeuT immobilized poorly (62.5 RU) 

and DIBMA purified LeuT did substantially better at 409 RU. DDM purified LeuT had the highest levels 

of immobilisation at 1260 RU. None of the immobilisations attempts did as well as prior studies which 

had shown Immobilisation levels as high as 6000 RU for capture coupling method (Kimple et al., 2010). 

The reason for the poor level achieved with SMA2000 may be related to the lower pH used for the 

second amine coupling step, which would likely disrupt the SMALP structure.  Subsequent Leucine 

binding experiments show DDM purified LeuT to bind leucine in a dose dependent manner however 

the signal level and data quality was too low to generate affinity data.  

In summary in this study a range of immobilisation methods were explored however they were all 

ineffective at achieving desired levels of immobilisation for SMA2000 and DIBMA purified LeuT. In the 

future alternative methods for immobilisation should be investigated. This could include using 

alternative tags. Notably, Sharma et al, 2022 found that using a FLAG tag on the SMALP-encapsulated 

protein and an anti-FLAG antibody gave improved results over the his-antibody and his-tag approach. 

Another tag that shows great potential is biotin, coupled with a streptavidin sensor chip, this has been 

used for immobilisation and SPR analysis of biotinylated peptides (Snow, Brothers and Siderovski, 

2002) or neuropeptides (Zou et al., 2008). Furthermore, it’s been shown that the biotinylated Gα 

subunits of RGS (Regulator of G-protein signalling) proteins can be immobilized onto streptavidin 

sensor chips (Kimple et al., 2007).   

Alternatively, Cao et al have recently shown that they can successfully immobilise SMALP-

encapsulated P-glycoprotein using an L1 chip, which has a surface of carboxymethylated dextran pre-

immobilised with lipophilic groups, designed for capture of lipid vesicles (Cao et al., 2022). Using this 

approach, they were able to immobilise SMALP-Pglycoprotein at levels of 6000 RU, and this enabled 

them to measure binding of small molecule inhibitors.  

 

8.3 Microscale thermophoresis trials 

An alternative approach for monitoring ligand binding to LeuT that was tried was. microscale 

thermophoresis (MST). MST doesn’t require the immobilization of a protein or ligand however it does 

require the fluorescent labelling of one of the binding components of an interaction (Jerabek-Willemsen 

et al., 2014). Previously it has been shown that Ni-NTA fluorescent labels can give high affinity and 

fluorescence signals, as well as an ideal signal to noise ratio in microscale thermophoresis experiments 

(Bartoschik et al., 2018). The results from the current study, although using a different brand NTA label, 
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have also shown high affinity for an Ni-NTA fluorophore. The labelling experiment gave a binding affinity 

of 76 pM for the NTA label for SMA2000 purified LeuT. This result suggests that the NTA label can 

affectively bind to SMA2000 purified LeuT and that the His tags on LeuT protein are accessible in a 

SMALP structure. Although initial results from single point spot tests showed promise for detecting 

leucine binding, this was not reliably reproducible. 

Therefore, it was next decided to employ an alternative compound to analyse SMA-LeuT activity. The 

drug desipramine has been reported to bind LeuT (Zhou et al., 2007). Therefore, the binding of 

desipramine to SMA2000 purified LeuT via MST was explored. The objective of this experiment was to 

use desipramine as an alternative positive control to leucine. It was hoped that desipramine having a 

larger molecular weight, and drug like aromatic structure could produce a positive response in the MST 

assays. 

Following several steps of optimisation, such as increasing the power and moving the observation point, 

a typical binding isotherm was achieved, however the signal range was still relatively small. This was 

reproducible and gave Kd values ranging from 32- 41μM, which is comparable to the IC50 of 80 μM 

previously observed (Zhou et al., 2007). Thus, the findings from desipramine MST experiments suggest 

that the LeuT protein maintained its structure and function after being solubilised by SMA2000. As a 

final control, the SMALP-LeuT sample was partially denatured prior to MST analysis. The findings 

showed the signal and affinity for desipramine were changed dramatically, adding further weight to the 

specificity of the measurements taken for SMALP-LeuT and desipramine.  This suggests that MST does 

have promise as a method for investigating drug binding to SMALP-encapsulated proteins.  

Interestingly the DDM purified LeuT did not give any specific binding results for desipramine via MST, 

despite the fact DDM purified LeuT had showed some activity in SPR experiments. Clearly the 

optimisation required for the different types of samples is quite distinct and requires further work.  

8.4 SMA-SH as an alternative polymer 

Due to poor results obtained from SMA2000 purified LeuT samples in SPR and MST studies, it was 

decided to explore methods of modifying the SMA2000 polymer that would enable the polymer to be 

labelled or tagged rather than the protein. Lindhoud et al., 2016 had shown that it was possible to graft 

SMA polymers with cysteamine and produce SMA with solvent-exposed sulfhydryls (SMA-SH). This 

was followed up by Schmidt and Sturgis, 2018, who offered an alternative method for producing SMA-

SH. The method of Schmidt & Sturgis was chosen as the equipment and materials needed were less 

specialised (Lindhous et al., 2016; Schmidt and Sturgis 2016).  FTIR analysis showed that the 

modification was successful (Figure 6.2). In addition SMALPs formed with SMA-SH were successfully 

labelled with a sulphydryl reactive fluorophore, confirming the incorporation of the sulphydryl groups 

(Figure 6.10).  
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Prior Studies by Lindhoud et al., 2016 had also proposed that the SMA-SH polymer can successfully 

dissolve lipid bilayer membranes and solubilise proteoliposomes into protein-loaded nanodiscs. The 

results for LeuT solubilisations and purification supports this (Lindhoud et al., 2016). However, the 

results from this study using SMA-SH polymer suggest that it gives a lower concentration of purified 

protein in comparison to SMA2000.  However, the SMA-SH polymer gave comparable results to 

SMA2000 in terms of purity.  In order to confirm protein activity, SMA-SH purified LeuT samples were 

employed in tryptophan quenching experiments. The results from this investigation reveal SMA-SH 

purified LeuT produced comparable binding affinity and maximal quenching data to SMA2000 purified 

LeuT for both leucine and alanine, thereby suggesting that the modification of SMA2000 to SMA-SH 

polymer does not interfere with or impact downstream ligand binding experiments.  

After confirming the activity of SMA-SH purified LeuT, it was decided to label SMA-SH polymer with 

biotin maleimide. As previously discussed, biotin often offers a good way of immobilising proteins for 

SPR. Lindhoud et al., 2016 had shown that it was possible to covalently modify SMA-SH polymer 

nanodiscs with biotin derivatives and Schmidt and Sturgis, 2018 had shown that it was possible to label 

the SMA-SH polymer prior to use with Atto488 maleimide. In this study the same procedures were 

followed to incorporate biotin into the polymer, however due to time constraints it wasn’t possible to fully 

confirm this. The potentially biotin-labelled SMA-SH could be used for solubilisation, and it appeared to 

give a greater degree of purity compared to SMA-SH, but this should be investigated further.  

Initial trials of immobilization of SMA-SH purified LeuT in SPR experiments onto the surface of a C1 

sensor chip was not successful. However, this was not thoroughly investigated due to time constraints. 

Also, use of the biotin-labelled SMA-SH to bind to a streptavidin chip would arguably be a better 

approach going forward. Initial experiments to test this could include binding of biotinylated-SMALPs to 

streptavidin coated 96 well plates.  Also, in the future further experiments would need to be conducted 

to establish the amount of biotin labels per polymer and/or per SMALP.  It would be interesting to try to 

produce different versions of SMA-SH with different proportions of sulphydryl modification. Some initial 

attempts to do this were carried out but increasing the cystamine led to precipitation part way through 

the process. The original method for generating SMA-SH given by Lindhoud et al might offer a better 

way to control the degree of modification. 

8.5 SNAP-tag 

SNAP- tags are small, genetically encoded, well expressed tags that can be fluorescently labelled as 

well as biotinylated (Cole, 2013; Hansen, Rodgers and Hoskins, 2016; Macias-Contreras, Little and 

Zhu, 2020). Therefore, it was hypothesised that if the Atm1 protein could be SNAP-tagged and 

subsequently biotinylated or fluorescently labelled then it could be employed in either SPR or MST 

studies. This could make use of high-affinity streptavidin (SA) sensor chips for SPR, and MST requires 

one of the binding components of an interaction to be fluorescently labelled.  
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Primers were designed for PCR amplification of the Atm1 gene to be introduced into the pSNAP-tag 

vector, with the tag at either the N-terminus or C-terminus of Atm1, and PCR was successfully carried 

out, but the ligation step into the pSNAP-tag vector was problematic. This did not progress further due 

to time constraints. Going forward this could be an important area to pursue. The specificity of binding 

to the SNAP tag is high, and a wide range of different probes are available commercially to react with 

it. This could overcome some of the issues associated with relying on the his-tag. 

 

8.6 Novel polymers 

In recent years a wide range of different polymer variants have been developed and tested for 

membrane protein solubilisation. One group of polymer variants is the partially esterified SMA polymers 

which were shown to be better than SMA2000 for solubilising membranes from plant thylakoids 

(Korotych et al., 2019; Brady et al., 2019; Cherepanov et al., 2020; Korotych et al., 2021) . However, 

they hadn’t been tested on proteins from other organisms/expression systems, therefore they were 

tested with Atm1. All three partially esterified polymers, SMA1440, SMA17352 and SMA2625, could be 

used to solubilise and purify Atm1 successfully. The concentration of purified Atm1 obtained utilizing 

SMA1440 SMA17352 and SMA2625 was considerably less than SMA2000, but there were no 

significant differences between the esterified polymers. There were no differences with the average 

purity of Atm1, with all the esterified polymers being comparable to SMA2000. So, the partially esterified 

polymers do work, but don’t show any improvement over SMA2000 in terms of yield. This contrasts with 

the results for plant thylakoids, where SMA1440 in particular was shown to be more effective than 

SMA2000. One reason for this might be the differences in lipid composition for plant thylakoids 

compared to E. coli. Thylakoid membranes are densely packed and high in galactolipids (Korotych et 

al., 2021). It is known that membrane composition does have an impact on solubilisation kinetics (Kopf 

et al., 2020). 

The benzylamine modified polymers are novel polymers that have not previously been tested for 

membrane protein research. The results from this investigation show that membrane proteins can be 

solubilised and purified using all of the benzylamine modified polymers. SMA Benzylamine-SH 2kDa, 

SMA Benzylamine-SH 4kDa and SMA Benzylamine-SH 7kDa polymers produced similar 

concentrations of purified Atm1 to partially esterified polymers SMA1440 SMA17352 and SMA2625.  

However, on average the purity of Atm1 obtained from SMA Benzylamine-SH 2kDa, SMA Benzylamine-

SH 4kDa and SMA Benzylamine-SH 7kDa application was higher. The polymers SMA1000 

Benzylamine, SMA Benzylamine-NPMI 2kDa and SMA Benzylamine-NPMI 4kDa polymers gave 

purified Atm1 with similar levels of purity, however SMA benzylamine-NPMI 4kDa polymer seemed to 

produce Atm1 with a higher concentration than the other polymers, but statistical analysis revealed that 

this was not a statistically significant difference.  Therefore, although the benzylamine modified 

polymers don’t appear to offer an improvement over SMA2000, they do all work. This helps add to the 



 
 

 
A.A , Akram , PhD Thesis , Aston University 2022.                                                                                                      138 

understanding of the requirements of a polymer in terms of ratio of hydrophobic and hydrophilic 

moieties. The size of polymer didn’t make much difference. Previous studies investigating different size 

standard SMA polymers showed previously that the smaller molecular weight polymers gave a faster 

rate of solubilisation, but that the larger polymers gave a greater deal of stability (Cunningham et al., 

2020). It would be interesting going forward to investigate in more detail the kinetics and stability of the 

benzylamine polymers, and importantly how they might affect protein function. 

 

8.7 Divalent cation sensitivity 

One of the biggest draw backs of SMA co polymer and derivative polymers application is the sensitivity 

to divalent cations  (Dörr et al., 2015; Morrison et al., 2016) It has been proposed that the maleic acid 

carboxyl groups in SMALPs chelate divalent cations and this process causes increasing strain on 

SMALP stability. The occurrence of this strain subsequently results in conformational changes in SMA 

and if the changes in SMA conformation occur at large then it can cause the SMA in SMALPs to 

precipitate out and lead to SMALP structure devastation and protein loss (Morrison et al., 2016). Based 

upon this hypothesis it was thought that removal/alteration of one of the carboxyl groups from each 

maleic acid might improve the tolerance to divalent cations.  

SMA-SH has modifications to some of the carboxyl groups. Atm1 protein purified within SMA-SH was 

analysed for magnesium chloride sensitivity.  The results suggest that the modification of SMA2000 to 

SMA-SH does not overcome this divalent cation sensitivity as a very similar magnesium sensitivity 

profile to SMA2000 was observed for SMA-SH purified Atm1.  However, SMA-SH is likely only modified 

on a small number of maleic acid groups, and therefore maybe isn’t sufficiently different to SMA2000 

to see a difference. 

SMA1440 SMA17352 and SMA2625 polymers are partially esterified, again modifying one of the 

carboxyl groups of maleic acid, for many of the maleic acid groups within the polymers.  However, it is 

evident that Atm1 purified with partially esterified polymers SMA1440 SMA17352 and SMA2625 are 

highly sensitive to divalent cations as concentration over 2mM magnesium chloride cause the majority 

of Atm1 proteins to precipitate out of solution. The SMA17352 polymer is the most sensitive partially 

esterified polymer, as 2mM concentration of magnesium chloride caused the Atm1 protein to completely 

precipitate out of solution. SMA1440 and SMA2625 show similar magnesium sensitivity profiles to each 

other, which are not too dissimilar to SMA2000. Again, the partially esterified polymers are not modified 

on every maleic acid group, but SMA17352 is reported by the manufacturers to be more highly modified 

than SMA2625, and SMA17352 has got the greatest sensitivity to divalent cations.  

Finally, the benzylamine polymers are modified on every maleic acid group. These polymers have all 

shown an extremely high sensitivity toward magnesium chloride ions as all purified Atm1 precipitated 

out of solution at 1mM concentration of magnesium chloride.  
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Therefore, it seems that the hypothesis about removing a carboxyl group would improve tolerance to 

divalent cations was incorrect. 

The findings from this investigation agree with previous studies which have shown that increasing levels 

of SMA esterification via butoxyethanol also increased the sensitivity towards magnesium cations 

(Brady et al., 2021). However, it contrasts with work that has shown it is possible to increase polymer 

tolerance towards divalent cations by modifying 1:1 Styrene: Maleic acid co polymers by reacting 

methylamine with the maleic anhydride to form an amide derivative (SMAma) instead of an ester 

(Esmaili et al., 2020). 

It appears that divalent cation sensitivity is a complicated issue.  DIBMA polymer has increased 

tolerance towards divalent cations even though its structure contains identical maleic acid groups as 

SMA (Oluwole et al., 2017; Cuevas Arenas et al., 2017; Simon, Pollock and Lee, 2018). () Other Studies  

have gone even further and suggested that supplementing DIBMA polymer with low millimolar 

concentrations of Mg2+ or Ca2+ can actually speed up the solubilisation process (Danielczak, Meister 

and Keller, 2019). Therefore, perhaps the divalent cation sensitivity is not dependent entirely on maleic 

acid groups and impacted more by the overall hydrophobicity of each polymer. For example, the 2:1 

styrene: maleic acid polymer (SMA2000) is less hydrophobic than the 3:1 styrene: maleic acid polymer 

(SMA3000) and SMA2000 has been shown  to be less sensitive to divalent cations than SMA3000 

(Morrison et al., 2016). The DIBMA polymer has a 1:1 ratio of diisobutylene:maleic acid and therefore 

is less hydrophobic than SMA2000, perhaps correlating with its greater tolerance towards divalent 

cations such as Mg2+ or Ca2+. 

Likewise, the amide derivative SMAma polymer should also be less hydrophobic and more hydrophilic 

as it has a 1:1 ratio of styrene:maleic acid and therefore it should be more tolerant towards divalent 

cations however it is important to note that there is a delicate balance of polymer hydrophilicity and 

polymer applicability.  SMA 1000 polymer, which has a 1:1 ratio of styrene: maleic acid is ineffective in 

membrane solubilisation trials (Morrison et al., 2016). 

It is also possible that the divalent cations cause polymers to precipitate out of solution by neutralising 

the charges present on polymers despite polymers being able to tolerate high concentrations of Na+ or 

K+ ions, it may be due to differences in coordination chemistry between divalent cations such as Mg2+ 

and Ca2+ and Na+ or K+. Divalent cations may be able to form specific bonds with polymers or affect the 

alignment of polymer structure in a unique way which the single charged Na+ or K+ ion are unable to 

replicate. 

A final explanation could be that the different polymers create discs of different sizes, and therefore the 

polymers already experience different strain depending on the circumference. SMA3000 is known to 

produce smaller discs than SMA2000 and it is more sensitive to divalent cations (Morrison et al., 2016). 

DIBMA is known to create larger discs than SMA2000 and it is more tolerant (Oluwole et al., 2017; 
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Gulamhussein et al 2020). It would be good going forward to examine the size of the discs formed using 

DLS and/or electron microscopy. 

A range of other styrene maleic acid derivates have been reported in the literature to overcome the 

limitation of the standard SMA co polymers. Styrene maleimide (SMI) polymers have been used to 

solubilise membrane proteins with comparable efficiency to SMA co polymers for some proteins. 

Styrene maleimide polymers also remain functional at acidic pH and are compatible with high 

concentrations of divalent cations (Hall et al., 2018).. Therefore, in future studies, use of SMI polymers 

for LeuT or Atm1 could be tested. Although it was reported that to date SMI has proved unsuccessful 

for ABC transporters (Hawkins et al., 2021). Studies have also shown that styrene maleic acid 

copolymers can be modified to form a pH-resistant form of SMA polymer (SMA-QA) which is capable 

of solubilising membrane proteins within a diverse pH range (2.5 to 10), the SMA-QA polymer discs are 

stable even in the presence of divalent cations (Ravula et al., 2018a). Therefore SMA-QA polymers are 

another option which could be explored in the future. 

SMA polymer can also be modified by amination reactions to form SMA-EA polymers and the resultant 

polymers are capable of solubilising lipid bilayers into varying sizing of nanodiscs. By varying the ratio 

of polymer to lipid, different size nanodiscs ranging from nanometer to sub-micrometer diameter could 

be formed (Ravula et al., 2017b). The SMA-EA could be extremely useful for SPR future experiments 

as LeuT/Atm1 proteins could be purified into various size nanodiscs and immobilisation attempted to 

see if nanodisc size has an impact on immobilisation. Similarly, it has also been shown that 

ethylenediamine can be attached to SMA polymers to form SMA-ED polymer which are capable of 

solubilising multilamellar vesicles. Ravula et al., 2017a have also proposed that SMA-ED polymer could 

be dehydrated to form SMAd-A polymer which is effective at solubilising DMPC vesicles at acidic pH 

levels. SMA-ED and SMAd-A polymers can tolerate high concentrations of salt as well as high 

concentrations of divalent cation (200mM) (Ravula et al., 2017a). Testing these in the future would be 

interesting. 

Finally, a zwitterionic styrene maleic acid copolymer (zSMA) has been created by replacing the carboxyl 

acid groups of SMA with zwitterionic phosphatidylcholine groups (Fiori et al., 2017). zSMA polymer 

could solubilise E. coli membranes, was compatible with low pH conditions and was tolerant to 

polyvalent cations. Therefore, the zSMA polymer is another option which could be explored for protein 

solubilisation in future experiments.  
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