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Thesis Abstract

ABC transporters such as BmrA are key targets for structural and functional characterisation
due to their role in multi-drug efflux and the resulting development of multi-drug resistance.
While a wealth of knowledge is available regarding the structure of some of these membrane
proteins thanks to developments in techniques such as cryo-EM, functional study remains
limited. Using the traditional detergent solubilisation method, concerns are raised regarding
the stability and integrity of studied membrane proteins due to the non-native nature of
detergent micelles. Due to this, novel alternatives such as amphipols, membrane scaffold
proteins and co-polymers were introduced, but each method displays their own advantages

and disadvantages.

Solubilisation of membrane proteins using co-polymers has been studied here as they have
the unique ability to retain the native phospholipid environment resulting in the production
of highly stable nanodiscs with intact protein-lipid interactions. However, co-polymers such as
SMA2000 display a sensitivity to divalent cations which is a concern for ABC transporter study
due to the requirement of magnesium as a co-factor for ATPase activity. To overcome this
issue, a range of co-polymers have been tested in the solubilisation of ABC transporters BmrA

and MRP4 in bacterial and insect membrane models.

In this project, SMA variants and Glyco-DIBMA were relatively unsuccessful at solubilising
BmrA. However, DIBMA and AASTY co-polymers solubilised BmrA at a good purity and yield
with nanodiscs displaying a lower sensitivity to magnesium. Further experimentation found
BmrA to be capable of substrate binding in selected co-polymer nanodiscs, but while SMA2000
and DIBMA solubilised BmrA did not display ATPase activity, 6-50 and 11-50 solubilised BmrA
did. Nanodiscs characteristics such as size, polydispersity and lipid composition were also
investigated. DIBMA appears to produce larger nanodiscs with a wider distribution when
compared to SMA2000, 6-50 and 11-50, but all nanodiscs displayed an enrichment of PE when

compared to crude membranes.

Co-polymer solubilisation has been shown to be effective in the study of membrane proteins,
with characterisation in this project finding AASTY 6-50 and 11-50 to be superior polymers for

the functional study of BmrA.
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1. Introduction

1.1 The Significance of Membrane Proteins

Membrane proteins are a group of diverse and complex molecules associated with or attached
to the plasma membrane at the cell surface or within cytosolic compartments such as
mitochondria. They are found across all species of life, with an estimated 20-30% of all
genomes encoding for membrane proteins (Krogh, et al., 2001). The number of membrane
proteins can vary across organisms based on cell type, but more complex cells tend to exhibit
higher numbers (Yang, et al., 2015). One study identified over 600 membrane proteins by
topology analysis of E. coli (Daley, et al., 2005), while another group found 6,718 different
membrane proteins in the human proteome (Almén, et al., 2009). In plants, Aradopsis is
generally considered complex while having a relatively small genome of ~ 135 megabase pairs,
but studies conducted using green tissue found 232 membrane proteins (Alexandersson, et

al., 2004).

Alongside an immense number, membrane proteins also display considerable variation in size,
structure and function. Some are smaller than 100 amino acids such as SARS-CoV-2 E protein,
while others are over 700 amino acids in length such as the Cadherin group. Located at the
plasma membrane, endoplasmic reticulum (ER) and Golgi apparatus in viral cells, E protein
plays multiple roles in the viral life cycle. It has been found to be involved in protein trafficking
and is known to form pores to augment virulence (Zhou, et al., 2023). Members of the
Cadherin group are split into four types based on distribution — epithelial (E), neuronal (N),
placental (P) and vascular (V) but all primarily function in cell-cell adhesion (Maitre, et al.,
2012) with roles in morphogenesis through mediation of cell polarity (Bosveld, et al., 2012),

proliferation (Nelson, et al., 2003) and fate specification (Sarpal, et al., 2012).

The structure of membrane proteins can also vary widely and can be grouped based on their
location and association with the plasma membrane as shown in Figure 1.1. Integral
membrane proteins are directly associated with the plasma membrane and can either partially
span the membrane (monotopic) or span the entire width of the membrane
(transmembrane). Transmembrane proteins can also be grouped based on how many

transmembrane loops are present. They may contain a single transmembrane loop (bitopic)
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such as receptor-activated tyrosine kinase (Cournia, et al., 2020) or multiple transmembrane

loops (polytopic) such as the transporter lactose permease (Nagamori, et al., 2004).

Transmembrane proteins can display two structural motifs — alpha helices (a-helices) and/or
beta barrels (B-barrels) also shown in Figure 1.1. These directly correlate to location with the
highly hydrophobic a-helical bundles often found in receptors and ion channels (Galdiero, et
al., 2007), while the rigid structure of -barrels are associated with the outer membrane of

Gram-negative bacteria, mitochondria and chloroplasts (Galdiero, et al., 2007).

A smaller subset of membrane proteins (peripheral) are only temporarily associated with the
membrane, binding to integral membrane proteins or directly to lipids as shown in Figure 1.1.
The majority of monotopic membrane proteins that are structurally characterised display
extensive soluble domains (Allen, et al., 2019), are biologically active as dimers (Mattevi, et

al., 2006) and share homology with soluble proteins of known function (Nam, et al., 2013).

Monotopic Bitopic Polytopic Polytopic : Peripheral

a-helices B-barrels

00000 00000FONOIODY

Figure 1.1 : Schematic representation of membrane associated protein structures. 1 — Monotopic proteins span
a single layer of the plasma membrane. 2 — Bitopic proteins span the entire width of the plasma membrane only
once. 3 - a-helical polytopic proteins span entire width of the plasma membrane multiple times in a-helical
structures. 4 - B-barrel polytopic proteins span entire width of the plasma membrane multiple times in B-sheet
structures. 5 — Peripheral proteins are only temporarily associated with the plasma membranes. Created with

BioRender.
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While transmembrane proteins have become increasingly studied with many now structurally
solved (Shimizu, et al., 2018), they remain to be underrepresented in the Protein Data Bank
(PDB) when compared to soluble proteins due to the difficulty in extraction. Maintaining
protein structure and function is problematic and so computational modelling is commonly
used. However, while bitopic proteins exhibit high sequence homology and simple
architecture, polytopic proteins exhibit significant variation in shape, size and function which

highlights the requirement for in vitro study.

Polytopic proteins are typically large and more structurally complex than bitopic proteins.
They commonly exhibit highly ordered re-entrant helices, are hydrophobic in nature and
contain the aromatic amino acids tryptophan and tyrosine (Moosmann, et al., 2000). Many
have also been structurally solved in multiple conformations (Zhou, Lewis and Lu, 2023). While
some polytopic proteins have multiple transmembrane domains in single polypeptide such as
the Type lll Endosome Membrane Protein (TEMP) (Aturaliya, Kerr and Teasdale, 2012), others
are expressed in separate polypeptides which dimerise to produce oligomers containing
multiple transmembrane domains such as the trimeric outer membrane channel (TolC) in E.

coli (Koronakis, et al., 2004).

The function of polytopic transmembrane proteins can also vary widely, with roles in signal
transmission, energy conversion and transport of nutrients and drugs to name a few. One
major superfamily of transmembrane proteins involved in signal transduction are G Protein
Coupled Receptors (GPCRs). These proteins act as receptors which bind extracellular signals
and undergo conformational changes, initiating a signal transduction cascade in the
associated GTP-binding protein (G protein). f1-adrenergic receptor (ADRB1) is a GPCR found
in cardiac myocytes that is activated by the binding of adrenaline and noradrenaline. This leads
to an increase in cAMP production, contraction strength, cardiac output and blood pressure
(Sun, et al., 2021). It also plays a role in renin-angiotensin-aldosterone system (RAAS), which

regulates blood pressure and sodium transport in the kidneys (Kelley, et al., 2019).

Energy conversion is critical for the maintenance of life and is achieved with the presence of
the mitochondrial respiratory chain. This is a series of polytopic protein complexes found in
the inner membrane of mitochondria, which functions to maintain electrochemical gradients
for the consistent production of adenosine triphosphate (ATP) — the primary energy source in

cells (Guan, et al., 2022). The proton gradient is maintained by three large complexes, complex
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| (NADH/ubiquinone oxidoreductase), Ill (cytochrome c reductase) and IV (cytochrome ¢
oxidase). Complex | transfers electrons from the soluble NADH to membrane bound quinol,
where complex Ill then transfers from quinol to cytochrome ¢ contributing a single proton.
Complex IV then transfers from cytochrome c to oxygen resulting in the production of 4

protons per molecule of oxygen consumed (Kihlbrandt, 2015).

Perhaps the most common function of polytopic membrane proteins is transport. The
majority of transporters display high substrate promiscuity with the ability to transport a
diverse range of substrates that vary in size, shape and chemistry, including nutrients such as

sugars, amino acids and metal ions.

Glucose transporters (GLUTSs) are passive transporters of glucose that are found in all phyla
due to the universal requirement of glucose as an energy source (Alexander, et al., 2023). All
members of the GLUT family are ~ 500 amino acids in length, with 12 a-helical transmembrane
loops and a single N-linked oligosaccharide (Joost, et al., 2002), with 14 GLUTs expressed in
humans. GLUT1 is found in the brain blood capillaries where it allows for the distribution of
glucose across the blood-brain barrier and into the cerebral tissue (Pragallapati and Manyam,
2019). GLUT11 is also found in skeletal and cardiac muscle and is overexpressed in slow-twitch
but not fast-twitch fibres (Gaster, et al., 2004). It functions to maintain nutrient homeostasis
in the energy demanding muscle tissue by providing glucose. It shares 42% homology to GLUT5
(Navale and Paranjape, 2016) — which is a fructose transporter — but appears to be inhibited

by fructose (Doege, et al., 2001).

GLUTs are considered to be uniporters — functioning passively with substrate transported
across the membrane using a concentration gradient. But other types of transporters have
also been identified that require ATP hydrolysis for function - primary and secondary
transporters. While both are involved in the transport of substates across the membrane
against a concentration gradient, secondary transporters require the co-transport of a second

substrate for function — otherwise known as antiporters or symporters.

The Na*/K* pump is an electrogenic transmembrane ATPase protein that actively pumps three
Na* out of the cell for every two K* that enters the cell, per ATP consumed (Pivovarox,
Calahorro and Walker, 2018) functioning as an antiporter. This results in a cellular increase in

net negative charge, hyperpolarising the cell membrane against the increasing net positive
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charge extracellularly — contributing to muscle contraction and neuronal communication
(Gagnon and Delphire, 2021). This protein is critical for the maintenance of the proton
gradient and energy production and the requirement for rapid transport is met by the
presence of a channel. Unlike transporter proteins which require conformational change to
transport substrate, channel proteins have the ability to rapidly transport substrates across

the membrane without the need for conformational change.

While transporters are slower when compared to channels, they are also a major cellular
defence against drugs, contributing to drug absorption, distribution and excretion (Roberts,
2021). Three major subfamilies of transmembrane proteins are known to transport multiple
drugs including the Solute Carrier (SLC) family, the SLCO family of organic anion transporting

polypeptides (OATPs) and the ATP-Binding Cassette (ABC) transporters.

The SLC superfamily comprises of 55 gene families, with a minimum of 362 functional protein-
coding genes (He, Vasiliou and Neber, 2009). In 2005, a human multidrug and toxin extrusion
(MATE) protein was identified as a homolog to the bacterial NorM (Otsuka, et al., 2005). It
functions as a H+/organic cation antiporter and is highly expressed in the kidney, adrenal
gland, liver and skeletal muscle (Masuda, et al., 2006) with localisations in proximal tubule
membranes, suggesting a role in renal secretion of cationic drugs. MATE 1 is able to transport
drugs such as metformin, procainamide and cimetidine, all of which are pharmacologically
relevant in the treatment of type Il diabetes (Flory and Lipska, 2019), arrhythmia (Toniolo, et

al., 2021) and gastric ulcers (Brogden, et al.,1978).

There are over 300 members of the OATP superfamily with 11 currently known to be
expressed in humans (Hagenbuch and Stieger, 2013). All are 643 — 722 amino acid
polypeptides with 12 transmembrane segments and both C and N — terminus in the cytosol.
They primarily function in the intestinal-hepatic circulation of bile (Li, et al., 2019) playing a
role in absorption metabolism and excretion of bile. OATPs substrates are mainly large
hydrophobic organic anions such as bile acids, thyroid hormones, prostaglandins and
testosterone (Li, et al., 2019). However, OATPs have also been found to transport drugs such
as pentamidine, HIV protease inhibitors (Pls) and fexofenadine — as in the case of OATP1A2
which is highly expressed in the brain, liver and kidneys (Schulte, et al., 2019). Pentamidine is

utilised as an anti-protozoa agent in the treatment leishmaniasis (Piccica, et al., 2021), Pls are
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the primary anti-viral cocktail for the treatment of HIV (Weber, Wang and Harrison, 2021) and

fexofenadine is an antihistamine used to treat the symptoms of allergy (Howarth, et al., 1999).

ABC transporters are the largest class of drug transporters that function as either exporters or
importers in an ATP-dependent manner. They exhibit a high level of substrate promiscuity,
able to transport substrates that vary widely in size, shape and chemistry (Steinfels, et al.,
2004). P-glycoprotein (P-gp) is a human 170kDa polypeptide chain ABC transporter which folds
into two pseudo-symmetric halves to form a functional protein (Ward, et al., 2013). It acts as
a drug efflux pump for xenobiotic compounds such as colchicine, digoxin, tacrolimus and
doxorubicin. All of which are pharmacologically relevant in the treatment of gout (McKenzie,
et al., 2021), heart failure (Parikh, et al., 2022), prevention of organ rejection (Pernin, et al.,
2023) and chemotherapy in response to sarcomas (Pautier, et al., 2022). The overexpression
or mutation of P-gp confers multi-drug resistance (MDR) by decreasing the bioavailability of

drugs intracellularly, reducing efficiency of the treatments previously described.

One of the first identified ABC transporters involved in drug efflux in Gram-negative bacteria
is MacB (Kobayashi, Nishino and Yamaguchi, 2001). MacB has four transmembrane helices, an
N-terminal transmembrane domain (TMD) and a large periplasmic domain (Okada, et al.,
2017). Similarly to other ABC transporters, MacB requires dimerization for function, but these
dimers are fairly rigid and contains no transmembrane cavities (Crow, et al., 2017). In order to
function as a transporter, MacB dimers must form the MacAB-TolC complex, with the outer
membrane efflux protein (OEP) TolC acting as the efflux pathway to expel xenobiotic
compounds such as the macrolide class of antibiotics (Lu and Zgurskaya, 2013). Increased
expression of MacAB has also been found to result in resistance to the tetracycline antibiotic

eravacycline (Zheng, et al., 2018).

1.2 The Significance of ABC Transporters

ABC transporters have also been linked to health disorders — with mutations in vital ABC genes
leading to the development of conditions such as Alzheimer’s disease (AD) and cystic fibrosis
(CF). AD is a neurodegenerative disorder characterised by the increasing presence of amyloid-
beta (AP) peptides in the cerebral tissue and the progressive formation of plaques in grey

matter. Mutations of ABC transporters ABCB1 AND ABCA1 have been found to cause impaired
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clearance of AP peptides, resulting in the development of amyloid plaques and disease

progression (EIAli and Rivest, 2013).

CF is a respiratory disorder caused by the mutation of the cystic fibrosis transmembrane
conductance regulator (CFTR) gene. 1,480 amino acids in length. While CFTR is actually an ion
channel rather than a transporter, it functions to maintain the balance of water and salt (Liou,
2019). Mutation and dysfunction of CFTR causes an imbalance in salt homeostasis, leading to
an overproduction of thick mucus and persistent respiratory infections (Lyczak, Cannon and
Pier, 2002). While many ABC transporters can interact with drugs prescribed for different
conditions, CFTR is the only ABC transporter with clinically approved targeted drug treatment

known as trikafta (Zaher, et al., 2021).

Due to the role of ABC transporters in drug transport, they have become increasingly utilised
in drug trials for pharmacokinetic safety and efficacy testing (Giacomini, et al., 2010). While
many ABC transporters are structurally well characterised — functional study remains difficult
due to their tendency to aggregate once removed from the cell membrane. As one of the
largest subfamilies of membrane proteins that is commonly linked to human health and MDR
— the structural and functional study of ABC transporters is critical to further our

understanding.

The human genome contains 48 ABC genes encoding for seven different subfamilies — each of
which contain a different number, expression level and combination of ABC genes (Vasiliou,
Vasiliou and Nerbert, 2009). However, they all exhibit similar key structural characteristics
with two nucleotide binding domains (NBDs), where ATP is bound and hydrolysed, and two
transmembrane domains (TMDs), which facilitate the substrate translocation. They also all
share the structural motifs Walker-A, Walker-B and LSGGQ, which are critical for facilitating
nucleotide binding (Aktar and Turner, 2022). While NBDs are generally well conserved across
all ABC transporters, the TMDs exhibit a level of sequence variety with differences in TMD
folding (Beek, Guskov and Slotboom, 2014). The four domains of ABC transporters are
generally expressed as a single polypeptide in eukaryotes, or as two ‘half-transporters’
comprising one NBD and one TMD that dimerise, while it is more common in prokaryotes for
the domains to be expressed as separate polypeptides (Davidson, et al., 2008). The seven

subfamilies of ABC transporters can be grouped based on their TMD fold and function as
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shown in Figure 1.2. Type |, Il and Il ABC transporters are importers, Types IV and V are

exporters and types VI and VIl are considered mechanotransducers.

Type | and Il ABC transporters depend on soluble substrate-binding proteins (SBPs) to capture
substrate and deliver to the transmembrane domain (Quiocho and Ledvina, 1996) — as is the
case for ModABC and BtuCDF (Figure 1.2). First characterised in Archaeoglobus fulgidis
(Hollenstein, Frei and Locher, 2007), ModABC imports molybdate, an important co-factor in
microbial metabolism (Kisker, Schindelin and Rees, 1997) and enzyme synthesis (Zang, Rump
and Gladyshev, 2011). The transmembrane region ModB contains 6 transmembrane helices
per TMD — with a total of 12 helices contributing to an inward-facing conformation. Structural
comparison against the maltose transporter (MalFGK3) - which is considered a model system
for this class - suggests an alternating access and release mechanism of function for type | ABC

transporters (Chen, 2013).

Type Il importers are generally larger, containing 20 TMDs and exhibit a higher binding affinity
when compared to type | - accepted to reflect the abundance of substrate (Locher, 2016).
BtuCDF imports vitamin B1z, an important co-factor in amino acid synthesis (Sultana, et al.,
2023) and gene regulation (Degnan, et al., 2014). This complex contains 10 transmembrane
helices per TMD totalling 20 helices and displays a very high binding affinity for vitamin B1,
(Lewinson, et al., 2010). But its high basal activity (Borths, et al., 2005) and low substrate-
binding stimulation (Lewinson, et al., 2010) suggests an alternative mechanism of action when
compared to the reported alternating access and release of type | (Rice, Park and Pinkett,

2014).

The type lll importer group are energy-coupling factor (ECF) proteins first discovered in the
1970s (Henderson, Zevely and Huennekens, 1979). The architecture of folate ECF transporter
is strikingly different to other members of the ABC transporter family - as shown in Figure 1.2.
In place of SBPs, ECFs use secondary integral membrane proteins (S components) to bind its
substrates. For folate ECF in Lactococcus, the S component binds riboflavin with nanomolar
affinity (Duurkens, et al., 2007). It then undergoes substantial conformation change (Xu, et al.,
2013) in a lipid-dependent toppling-based mechanism (Faustino, et al., 2020) to allow for

transport of substrates, crucial for nucleic acid and amino acid synthesis (Kok, et al., 2020).
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Type VI and VIl are considered mechanotransducers (Figure 1.2), referring to their mechanism
of action whereby there is significant conformational changes transmitted from one side of
the membrane to the other (Crow, et al., 2017). This facilitates the transport of substrates
without the presence of a central cavity. While they have similar structures to type V
exporters, they exhibit distinct differentiating features including a lack of amphipathic ‘elbow’

helices and re-entrant TM5/6 helices (Thomas, et al., 2020).

Type VII MacB - as previously explored — is a multi-drug efflux transporter with 4 helices per
TMD, totalling 8 per homomeric complex. Type VI LptBFG however, has 6 transmembrane
helices — forming a total of 12 per heterodimeric complex (Dong, et al., 2017). LptBFG is a
lipopolysaccharide (LPS) transporter that extracts LPS from the inner membrane of Gram-
negative bacteria and deposits to the periplasmic domain of the inner membrane protein LptC.
This helps to maintain the asymmetric outer membrane of bacteria, critical for drug resistance

and pathogenesis (Bryant, et al., 2010).

The final group and perhaps the most clinically significant are the type IV and V exporters
(Figure 1.2). While bacteria can employ both importer and exporter ABC transporters,
eukaryotes mostly express exporters (EI-Awady, et al., 2016) and type IV and V encompass all
human ABC transporters. However, there are exceptions in type V with examples such as
retina-specific importer ABCA4 that functions as an importer (Quazi, Lenevich and Molday,

2012).

Both type V and IV exporters display classical ABC architecture, with highly conserved NBDs
and six helices per TMD totalling to twelve. However, type IV proteins also feature cytosolic
extended TMDs which dimerise via domain swapping (Mascarenhas and Gosavi, 2017). This
mediates larger conformational changes promoting a widely open central cavity, allowing for
increased substrate access. However, Type V ABC exporters possess much shorter TMDs and

therefore have restricted substrate access (Hou, et al., 2022).

Type V exporter ABCG5 (Figure 1.2) plays a role in cholesterol homeostasis through mediation
of plant sterol excretion from the liver and intestines when in heterogenous complex with
ABCGS8 (Zhang, et al., 2021). Although sterol binding sites in ABCG5/8 are similar to another
type V. member (ABCG1), which requires cholesterol acceptors for transport, ABCG5/8 is able

to export cholesterol independently (Hou, et al., 2022).
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The first type IV transporter characterised was Sav1866 (Figure 1.2) from Staphylococcus
aureus (Dawson and Locher, 2006). Like many type IV transporters, Sav1866 has a very broad
substrate spectrum including Hoechst 33342, verapamil and tetraphenylphosphonium
(Velamakanni, Gutmann and van Ween, 2008) and is believed to function in an alternating

access mechanism (Immadisetty, Hettige and Moradi, 2019).

Importers Exporters Mechanotransducers

Type ll Type lll Type IV Type V Type VI Type VII

Figure 1.2 : Schematic representation of the seven ABC transporters superfamilies. ABC transporter types | —
VIl structures grouped based on mode of function. From left to right; Type | - ModABC (molybdate transporter),
Type Il — BtuCDF (vitamin B12 transporter), Type Il — FolT (Folate energy-coupled micronutrient transporter),
Type IV — Sav1866 (multi-drug exporter), Type V — ABCG5 (sterol exporter), type VI — LptBFG (LPS transporter),
Type VIl — MacB (multi-drug exporter).

Type IV ABC transporters are those most commonly linked with the development of MDR and
are the group of interest for this research. However, their study is hampered by hurdles
experienced during expression, extraction, and purification due to their large size,
hydrophobicity and lack of stability once removed from the cell membrane (Carpenter, 2008).
In order to study them, we must first solubilise them and many methods exist with their own

advantages and disadvantages.
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1.3 BmrA

Bacillus subtilis Multidrug Resistance ABC transporter (BmrA) is a 64.5kDa type IV ABC
transporter (Figure 1.3) studied as a model membrane protein in this research due to its link
with Cervimycin C resistance in Bacillus subtilis (Krigel, et al., 2010). Produced by
Streptomyces tendae, Cervimycin C is an antibiotic with bactericidal activity against Gram-
positive bacteria (Hoffmann, et al., 2024) and is one of the few antibiotics currently available
for the treatment of clinically significant infections such as multidrug-resistant staphylococci
(MRSA) and vancomycin-resistant enterococci (VRE) (Herold, et al., 2004). Understanding the

function of BmrA may help to develop proactive defences against the development of MDR.

BmrA —also known as YvcC (Steinfels, et al., 2004) - shares close sequence homology to other
type IV ABC transporters including Lactococcus lactis multi-drug resistance protein (LmrA) and
mammalian P-gp (van Veen, et al.,, 1996, Ward, et al., 2013) at 41.5% and 28% identity
coverage respectively. While bacterial BmrA and LmrA are considered half-size ABC
transporters — meaning dimerisation is required to for a functional unit — P-gp is expressed as
a single polypeptide that folds into two pseudo-symmetrical halves (Ward, et al., 2013). All
three have been linked to MDR in prokaryotic and eukaryotic models (Krugel, et al., 2010, van
Veen, et al., 1998 and de Graaf, et al., 1996), highlighting the clinical significance and the

necessity for structural and functional characterisation of this group.

Since the first identification of BmrA in genomic analysis of Bacillus subtilis (Kunst, et al., 1997),
a wealth of research has been conducted to structurally and functionally characterise it. BmrA
is a homomeric ABC transporter, with each monomer consisting of one TMD covalently linked
at the C-terminal end of one NBD (Chami, et al., 2002). Each functional unit of BmrA also
contains twelve transmembrane helices — all typical characteristics of type IV ABC transporters

(Thomas, et al., 2020).

BmrA displays two carbon-hydrogen (CH) moieties, important for TMD and NBD interactions
which mediate the transmission of conformational changes from ATP binding/hydrolysis in
the NBDs to the TMDs (Thomas and Tampé, 2020). BmrA also contains three tryptophan
residues at positions W104, W164 and W413 (Oepen, Mater and Schneider, 2023). W104 is
localised in the TMD, W164 is found in the extracellular short loop between TM3 and TM4 and
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W413 is found at the C-terminus of the cytosolic NBD. The intrinsic fluorescent properties of
tryptophan can be utilised in functional study, as environmental polarity changes shift
fluorescent emissions, therefore indicating substrate binding based on conformational
changes (Eftink, 1994). This method has been applied in previous studies with BmrA exhibiting
conformational changes upon binding known substrates doxorubicin and Hoescht 33342

(Morrison, et al., 2016) and is further investigated in this study.

Advances in techniques such as cryo-EM has uncovered a wealth of BmrA structures in
multiple conformations. This includes inward and outward facing conformations in complex
with a range of different ligands and/or substrates (Chaptal, et al., 2022).This information has
helped illuminate mechanistic understanding of BmrA transport, which in turn provides critical
information by which pharmacological agents may be able to mediate ABC transporter

transport in clinically relevant cases.

The generally accepted mechanism of action for multi-drug exporters is the alternating access
theory in which the catalytic cycle of ATP drives the switch between inward and outward
facing conformations. Upon ATP binding, a tight dimer is formed between the Walker A motif
from one NBD and the LSGGQ motif of the other NBD, resulting in an outward facing state
that is responsible for substrate release (Kim, et al.,, 2018). ATP hydrolysis then causes NBD
dimer disassociation, resetting transporter conformation back to an inward facing state

(Lewinson, et al., 2020).

While BmrA is able to transport a diverse range of substrates that differ in size, shape and
chemistry, there is limited information about how this transport is mediated. Theoretically,
larger substrates require a larger TMD pore to be able to pass through the membrane, and
this is probed in recent studies. In one study, BmrA mutant A582C was created by a cysteine
substitution at the NBD c-terminus, producing a disulfide bond which restrains NBD separation
during the catalytic cycle. While this mutation did not affect the transport of doxorubicin and
Hoechst 33342, it reduced the transport of 7-amino-actinomycin — a large DNA binding dye -
suggesting the transport of larger molecules requires a higher degree of freedom in the NBDs
during the transport cycle (Di Cesare, et al., 2024). This highlighted a new inward facing state
of BmrA, in which the NBDs conduct a ‘tweezer-like’ motion to allow for a wider opening to

larger drugs (Di Cesare, et al., 2024).
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Figure 1.3 : Cryo-EM structure of the ABC transporter BmrA in complex with ATP-Mg. Homomeric BmrA with
nucleotide binding domains at the cytosolic surface and membrane spanning regions across the lipid bilayer with
extracellular extensions. Bound ATP and Walker A and B motifs highlighted. PDB ID
70WS, https://doi.org/10.2210/pdb70W8/pdb (Chaptal, et al., 2022).
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1.4 MRP4

The mammalian multidrug resistance protein 4 (MRP4) is another type IV ABC transporter
used as a comparative membrane protein model in this project (Figure 1.4). It has been
successfully solubilised using co-polymers in multiple expression models including insect,
yeast and mammalian cell lines (Hardy, et al., 2019) and is utilised in this study to probe if co-
polymers exhibit lipid-class dependencies and how expression models with differential lipid

composition may play a role co-polymer solubilisation efficiency.

MRP4 is a 170kDa monomeric complex with classical ABC transporter architecture of two
TMDs and two NBDs with each TMD comprised of six transmembrane helices — similar to
BmrA. These helices undergo large conformational changes during the transport cycle in an

alternating access and release mechanism as previously explored (Huang, et al., 2023).

It is endogenously expressed in high levels in the kidney and prostate (Lee, Klein-Szanto and
Kruh, 2000) and low levels in other tissue sites such as the liver, testes and adrenal gland
(Borst, de Wolf and van de Wetering, 2007) and functions in compliance with other type IV
ABC transporters as a multi-drug exporter of a wide range of substrates. This includes
hormones such as prostaglandins (Reid, et al., 2003) which play key roles in the female
oestrous cycle (Lacroix-Pépin, et al., 2011). MRP4 also exports cyclic nucleotides adenosine
monophosphate (AMP) and cyclic adenosine monophosphate (cAMP) (Ritter, et al., 2005).
Both are important metabolic messengers which drive biochemical processes such as lipid and

sugar mobilisation and breakdown (Patra, et al., 2023).

The MRP4 gene expression is highly variable with mutations linked to differential transport of
xenobiotics including methotrexate (Lee, Klein-Szanto and Kruh, 2000) and azidothymidine
(Abla, et al., 2008). The overexpression of MRP4 has also been linked to MDR as witnessed in

patients with adenocarcinoma (Gancedo, et al., 2024).
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Figure 1.4 : Cryo-EM structure of the ABC transporter MRP4 in complex with prostaglandin E2 in MSP lipid
nanodisc. Monomeric MRP4 with nucleotide binding domains at the cytosolic surface and membrane spanning
regions across the lipid bilayer with extracellular extensions. Prostaglandin E2 and Walker A and B motifs

highlighted. PDB ID : 8SXB, https://www.rcsb.org/structure/8SXB (Pourmal, et al., 2024).

1.5 Methods of Solubilisation
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1.5.1 Detergents

The first and most commonly utilised method of membrane protein solubilisation involves the
use of detergents to produce micelles in a four-step process (Figure 1.5). First, detergent is
added to a membrane sample with detergent monomers able to integrate into the outer layer
of the membrane, where it interferes with polar interactions causing curvature and
mechanical strain. This results in the disruption of membrane structure, leading to the
formation of pores which in turn allows for further integration of detergent monomers. Once
the critical micelle concentration (CMC) is achieved, detergent micelles are formed containing

a mixture of detergent and membrane proteins.
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Figure 1.5 : Schematic representation of detergent micelle formation. 1 : Detergent is added to native
membrane samples. 2 : Detergent monomers protrude into the outer layer of the plasma membrane, inducing
curvature and mechanical strain. 3 : Pores are formed with detergent monomers continuing to integrate into the
membrane. 4 : Detergent micelles containing membrane proteins are formed when CMC is achieved. Created

with BioRender.

The CMC value is defined as the minimum concentration at which a detergent is capable of
producing micelles and is determined by the level of hydrostatic interactions between
detergents and membranes. Higher CMC values generally indicate weak protein binding and
lower micelle stability while low CMC values indicate strong protein binding and higher micelle

stability (Kapse, et al., 2020, Francis, et al., 2004). While reported CMC values are useful to
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begin studies, the value can differ based on factors such as temperature, detergent chain

length and concentration so optimisation is required.

Studies have found that by increasing the temperature from 15°C to 30°C, CMC values are
decreased, with more intense decreases at lower temperatures (Kroll, et al., 2022). This is due
to weakened hydrogen bonds between detergent ethylene chains and surrounding water
molecules leading to dehydration (Crook, et al, 1964). This increases detergent
hydrophobicity and lowers the CMC values (Kroll, et al., 2022). Increasing temperature has
also been linked to the formation of much larger micelles (Naous, Molina-Bolivar and Ruiz,

2014).

There are three major classes of detergents grouped according to their structure and head
group charge (Table 1.1). lonic detergents contain charged head groups that are either
cationic or anionic and also display a hydrocarbon or steroidal backbone. Interestingly, the
formation of micelles using ionic detergents can be modulated by size depending on the
utilisation of counter ions at varying concentrations, with higher concentrations of counter
ions resulting in larger micelle sizes (Molina-Bolivar and Ruiz, 2012). Longer alkyl chain
detergents also produce larger micelles (Molina-Bolivar, Hierrezuelo and Ruiz, 2013). This
modulation is useful in various applications such as drug delivery with different sizes of
micelles able to permeate different tissue sites. Larger micelles tend to accumulate in
permeable tumours, while smaller micelles are able to penetrate poorly permeable tumours

(Cabral, et al., 2011).

lonic detergents such as sodium dodecyl sulfate (SDS) exhibit high solubilisation efficiencies in
membrane protein solubilisation (Hjertén, Sparrman and Liao, 1988, Arachea, et al., 2012) but
is considered to be one of the most denaturing detergents available. In fact, SDS is commonly
used in polyacrylamide gel electrophoresis (SDS-PAGE) for its activity against protein-protein
interactions, whereby it breaks down tertiary structure to linearise the protein and produce

high resolution protein separation (Nowakowski, Wobig and Petering, 2014).

Non-ionic detergents are considered to be less denaturing as they have a limited effect on
protein-protein interactions and as such are the most commonly utilised for membrane
protein solubilisation (Seddon, Curnow and Booth, 2004). These contain uncharged

hydrophilic head groups consisting of either polyoxyethylene or glycosidic groups and
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hydrophobic acyl tails. Due to their reduced electrostatic repulsion, non-ionic detergents are
able to integrate into the membrane with ease, and as such generally display much lower CMC
values when compared to ionic (Tadros, 2013). They are also less affected by the presence of

ions in regard to micelle size.

Non-ionic detergents such as n-dodecyl-B-D-maltoside (DDM) have been shown to solubilise
a wide range of membrane proteins (Kotov, et al., 2019) including ABC transporters (Hawkins,
et al., 2021, Hardy, et al., 2019) and their utilisation accounts for over half of all unique protein
structures between 2010 and 2019 (Choy, et al., 2021). However, it is reported that non-ionic

detergents display a lower solubilisation efficiency when compared to ionic.

In order to maintain solubilisation efficiency while reducing the level of denaturation, a third
class of detergents was identified. Zwitterionic detergents display characteristics of both ionic
and non-ionic detergents. Similarly to non-ionic detergents, zwitterionic detergents have no
net charge as they contain both positively and negatively groups. However, they retain the

ability to interfere with protein-protein interactions much like ionic detergents.

Zwitterionic detergents lack conductivity and do not bind to ion-exchange resins making
downstream purification of target proteins more accessible without the requirement of
separate surfactant removal stages (Hjelmeland, 1980). FOS-Choline 12 is an example of a
zwitterionic detergent that has been shown to solubilise membrane proteins (Pustovalova, et

al., 2023).

Table 1.1 : Information regarding detergents utilised for membrane protein solubilisation. Detergent class,

examples of each class with CMC values and associated advantages and disadvantages.

Detergent Examples CMC (mM) | Advantages Disadvantages
Class
Non-ionic DDM 0.17-0.18 Mild and non- | Low efficiency.
denaturing.
lonic SDS 8.2 High solubilisation | Highly
efficiency. denaturing.
Zwitterionic | FOS-Choline 1.5 Often used in | More denaturing
12 crystallisation studies. than non-ionic.
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While detergents have been critical for the structural determination of a wide range of
membrane proteins, representing 77% of all structures solved (Lee, et al., 2022) there are
some major disadvantages to their application. The first is the limited structural diversity of
detergents which is in contrast with the diversity observed in membrane proteins
(Ratkeviciute, Cooper and Knowles, 2021). There is no ‘one-case-fits-all’ and the majority of

membrane protein studies begin with detergent screens to determine suitability.

Detergents can also be fairly expensive which limits some applications, especially considering
the requirement for the sustained presence of detergent at CMC concentrations in
subsequent buffers to limit loss of solubility during purification (Linke, 2009). On the other
hand, high concentrations of detergents can also interfere with downstream processing such
as spectroscopy leading to the requirement of detergent removal (Seddon, Curnow and

Booth, 2004).

However, the major disadvantage of detergent utilisation is the progressive loss of native
phospholipids during solubilisation and purification and the selective nature of detergents
(llgt, etal., 2014). While proteins are typically the subject of study, they only account for ~50%
of the membrane biomass (Cooper, 2000). Other membrane components such as
phospholipids, cholesterol, carbohydrates and glycolipids account for the other ~50%. Twenty
of the forty-eight human ABC transporters have also been linked to lipid or lipid-related
transport (Tarling, de Aguair Vallim and Edwards, 2013), and protein-lipid interactions are
increasingly evidenced to support membrane protein structure and function (Sych, Levental

and Sezgin, 2022).

In some cases, membrane proteins have been found to selectively bind lipids (Laganowsky, et
al., 2014) which can modulate substrate binding affinity and efflux in the mechanosensitive
channel MscL (Powl, East and Lee, 2008). Lactose permease of Escherichia coli has also been
shown to exhibit dynamic conformational switching in different lipid environments, with a
total loss of phosphatidylethanolamine (PE) resulting in the protrusion of TMD seven into the

periplasm (Vitrac, et al., 2015).

Phospholipids also play a key role in the maintenance of membrane thickness, fluidity and
lateral pressure — all key components affecting membrane permeability. Phospholipids with

longer acyl tail lengths increases the hydrophobic thickness of the membrane (Frallicciardi, et
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al., 2022) which can decrease permeability and therefore modulate protein activity as shown
with Tolaasin Il (Steigenberger, et al., 2022). Membrane lateral pressure has also been shown

to affect protein structure and function (Cantor, 1999).

Detergents may therefore provide a poor membrane mimic (Seddon, Curnow and Booth,
2004) and in order to further study membrane proteins and probe protein-lipid interactions,

the search for alternative methods was stimulated.

1.5.2 Amphipols

Amphipols were introduced in the 1990s as a response to the protein instability exhibited in
detergent micelles (Tribet, Audebert and Popot, 1996). Synthesised from polyacrylic acid
precursors and octylamine, these amphipathic molecules bind to protein surfaces
encompassing their hydrophobic segments (Figure 1.6). They have been shown to maintain
protein solubility following dilution of the detergent used for solubilisation to below CMC
(Popot, 2010). Unlike detergents, they are unable to solubilise directly from the cell
membrane and are utilised to extend the time in which the protein remains stable, allowing
for downstream study that may otherwise have been inaccessible. However, novel amphipols
introduced retain the ability to directly solubilise as shown in recent studies with a cycloalkane

modified amphipol able to solubilise AcrB from Escherichia coli (Higgins, et al., 2021).

Another benefit of amphipols is the relatively low mass requirement for protein solubility
when compared to detergents (Popot, et al., 2003). Cytochrome B was found to bind ~260
molecules of DDM but only ~100 molecules of amphipol (Tribet, Audebert and Popot, 1997),
which helps to reduce the interference with crystallography studies witnessed with
detergents. Amphipols may also be utilised as novel delivery systems with amphipol packaged
diacylglycerol kinase (DAGK) — an integral membrane protein —inserted into pre-formed lipid
vesicles and exhibiting activity (Nagy, et al., 2001). Unlike detergents, amphipols are safe up
to excessive concentrations of 0.1g and remain stable once injected into different mediums

until interaction with membranes (Popot, et al., 2003).

However, amphipols are still considered a non-bilayer mimetic in the fact that they fail to

retain lipids and associated interactions. They also display sensitivities to changes in pH and
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the presence of divalent cations with exposure causing protein precipitation and aggregation

(Zoonens and Popot, 2014).

1.5.3 Membrane Scaffold Proteins (MSPs)

In 2002, another novel method was introduced in the form of Membrane Scaffold Proteins
(MSPs) (Bayburt, Grinkova and Sligar, 2002). This method involves the use of truncated forms
of the naturally occurring a-helical protein apolipoprotein A-1 (Apo A-1), a major component
of high-density lipoprotein (HDL). Due to its intrinsic amphipathic nature (Brouillette, et al.,
1984), Apo A-l is able to wrap around phospholipids, encompassing hydrophobic segments in
a double belt configuration with or without the presence of membrane proteins into discoidal

nanoparticle— otherwise known as an MSP nanodisc (Figure 1.6).

MSP nanodisc diameter can be modulated depending on the form of MSP used with some
studies reporting sizes of 6 — 18 nm (Schuler, Denisov and Sligar, 2013) while others report 9.5
— 12.8 nm (Denisov, Grinkova and Lazarides, 2004) and 16 — 17 nm (Grinkova, Denisov and
Sligar, 2010). However, MSP nanodisc thickness appears to be independent to nanodisc
diameter at a thickness reported between 4.5 — 5.5 nm (Bayburt, Grinkova and Sligar, 2002,

Denisov, Grinkova and Lazarides, 2004).

Unlike detergents and amphipols, MSPs are able to reconstitute membrane proteins in
association with phospholipids (Bayburt, Grinkova and Sligar, 2002), providing the opportunity
to study membrane proteins in a more representative bilayer environment. They are also
more consistent, monodisperse and stable when compared to micelles and amphipols (Nath,
Atkins and Sligar, 2007) and have been shown to successfully reconstitute a range of
membrane proteins including GPCRs such as [2-adrenergic receptor (Leitz, et al., 2006),
bacterial chemoreceptors (Boldog, et al., 2006), bacteriorhodopsin trimers (Bayburt, Grinkova

and Sligar, 2006) and ABC transporters such as P-gp (Ritchie, et al., 2009).

However much like traditional amphipols, MSPs are unable to directly solubilise from native
membranes and require an initial detergent solubilisation step. While MSP nanodiscs provide
a good representation of a bilayer system, the phospholipids found within are non-native and

are selectively added to detergent: protein: MSP mixtures during reconstitution. Because of
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this, native protein-lipid interactions are lost, exposing membrane proteins to brief periods
whereby structure and function can degrade. The lipid: MSP ratio also requires optimisation
on a case-by-case basis and the production of MSPs can be time consuming and requires

specialist equipment to produce consistently good yields (Ritchie, et al., 2009).

1.5.4 Styrene Maleic Acid

To address the concerns raised with solubilisation methods explored previously, Styrene
Maleic Acid (SMA) was introduced (Knowles, et al., 2009). SMA is an amphipathic co-polymer
that has the ability to self-insert into the membrane bilayer, encompassing sections of
phospholipids with membrane proteins embedded (Figure 1.6). While the exact method of
formation is yet to be elucidated, the resulting nanodiscs are known as SMA lipid particles
(SMALPs) or co-polymer nanodiscs (Figure 1.7). SMALPs are generally ~10 nm in diameter, but
reported values range from 5 — 30 nm depending on the preparation and membrane protein

extracted (Dorr, et al., 2016).

SMA is composed of repeating units of hydrophobic styrene and hydrophilic maleic acid
moieties and is easily synthesised in the lab environment by hydrolysis of anhydride
precursors. Co-polymer solubilisation is easily accessible and less time consuming when
compared to other methods of solubilisation, and SMALPs provide a good mimic of a bilayer
membrane. However, SMA is unique in its ability to retain protein associated phospholipids
following direct protein extraction from the plasma membrane without the requirement for
detergent. This provides a rare opportunity to study native protein-lipid interactions alongside
membrane protein structure and function, including studies such as the analysis of SMA co-
extracted lipids. While SMA appears to show no lipid extraction preference, SMA solubilised
ZipA nanodiscs exhibit an enrichment in PE and a depletion of cardiolipin (CL) while SMA
solubilised FtsA nanodiscs contained higher proportions of longer chain phosphatidylglycerol

(PG) (Teo, et al., 2019).

SMA solubilisation is considered to be milder when compared to detergents and therefore
have fewer denaturing effects on protein structure and function. It remains a popular choice
in membrane protein solubilisation and is widely considered as the industry standard, with

SMA2000 continuing to show promise in the solubilisation of a wide range of membrane
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proteins including GPCRs such as calcitonin gene related peptide (CGRP) and adenosine A2a
receptor (A2aR) (Gulamhussein, et al., 2020) and ABC transporters such as BmrA, P-gp and
bacteriorhodopsin in different expression models (Gulati, et al.,, 2014, Cao, et al., 2022,

Broecker, Eger and Ernst, 2017).

Amphipols MSP Nanodiscs Co-polymer Nanodiscs

Figure 1.6 : Representation of nanoparticle structures formed using alternative solubilisation agents. From left

to right ; Amphipols, MSP nanodiscs, Co-polymer nanodiscs. Created with BioRender.
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Figure 1.7 : Schematic representation of co-polymer nanodisc formation. 1 : Co-polymer is added to native
membrane samples where it adheres by hydrophobic interactions. 2 : Co-polymer hydrophobic head groups bury
into the acyl core of the bilayer cause local membrane undulation. 3 : Co-polymers continue to saturate the
membrane, leading to pore formation. 4 : Segments of membrane with protein embedded are encapsulated into

co-polymer nanodiscs. Created with BioRender.
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However, there are still disadvantages in the application of SMA for membrane protein
solubilisation. While protocols for the synthesis of SMA are widely available, conditions must
be optimised on a case-by-case basis to ensure a good yield (Klumperman, 2010) and the
process may still yield heterogenous co-polymer populations. Styrene maleic anhydride
(SMAnNh) hydrolysis can be controlled by changing the feed monomer ratio but resulting SMA
exhibit a random distribution including polymeric length and composition, introducing issues
with batch variance (Dorr, et al., 2016). SMA also interferes with spectroscopic analysis with
styrene absorbing at a wavelength of 260 nm, partially obscuring the ultraviolet (UV)

absorption range of some proteins (Oluwole, et al., 2017).

Perhaps mostly importantly, SMALPs display a sensitivity to divalent cations such as
magnesium (Gulamhussein, et al., 2020). This sensitivity is believed to the result of cationic
chelation by the exposed carboxyl groups in maleic acid moieties (Pollock, et al., 2017,
Hawkins, et al., 2021) and is a concern for the functional investigation of ABC transporters as
magnesium is an essential cofactor for ATPase hydrolysis. This makes the measurement of

ATPase activity as an indicator for ABC transporter functionality difficult.

Another concern is co-polymer nanodisc size, as the reported ~10 nm diameter is much too
small for larger proteins and multi-complex proteins (Pollock, et al.,, 2018). It is also
hypothesised that SMALPs hold ABC transporters too tightly for full conformational flexibility
during substrate transport (Pollock, et al., 2018). While native lipids are retained in SMALPs,
studies into co-polymer nanodisc lipid packing found increased headgroup packing in
dimyristoylphosphatidylcholine (DMPC) SMALPs when compared to DMPC liposomes
(Hernandez and Levental, 2023). To overcome some of the issues presenting with SMA-based

solubilisation, a range of new polymers have been developed and introduced to the market.

1.5.5 SMA Variants

Due to the continued success of SMA2000 in membrane solubilisation and developments in
synthesis — a range of SMA variants have been developed. New synthesis methods such as
reversible addition fragmentation chain transfer (RAFT) polymerisation has fine-tuned co-
polymer production. Utilising RAFT, co-polymer distribution is narrowed with more defined

molecular weights, chain length and compositions (Cheng, et al., 2023).
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This includes SMA variants with different apolar: polar ratios such as SMA1000 and SMA3000
which have ratios of 1:1 and 3:1 respectively. The balance of hydrophobic and hydrophilic
moieties is known to be the driving force behind co-polymer association and integration with
plasma membrane, with less hydrophobic polymers expected to exhibit lower solubilisation
efficiencies. In one study, SMA1000 exhibited a lower solubilisation efficiency when compared
to SMA2000, but interestingly SMA3000 did not provide a higher efficiency (Morrison, et al.,
2016).

SMA is also commonly chemically modified to functionalise the co-polymer for specific
applications. This includes SMA solvent-exposed sulfhydryls (SMA-SH) which unlike SMA
covalently binds to thiol-reactive species such as biotin and fluorophores (Lindhoud, et al.,
2016).

In an attempt to reduce the sensitivity of SMA to magnesium, partial monoesters SMA1440
and SMA2625 were introduced. By esterifying SMA and reducing the number of exposed
carboxyl groups from two to one, interactions with divalent cations are reduced resulting in a
lower co-polymer sensitivity. SMA1440 and SMA2625 have been shown to solubilise thylakoid
membranes to a high efficiency (Cherepanov, 2020, Olena, et al., 2019) and were tested for
the solubilisation of Escherichia coli membranes where SMA1440 was found to provide lower

yields of protein and an unexpectedly higher magnesium sensitivity (Hawkins, et al., 2021).

A more recent introduction to the field are SMA variants SMA -EA, SMA-ED, SMAd-A and
SMA-QA (Figure 1.8). They are reported to display reduced magnesium sensitivity (Ravula, et

al., 2017a, Ravula, et al., 2017b, Ravula, et al., 2018) and were tested in this study.

All are variants of SMAnh, with SMA-EA synthesised via a nucleophilic ring opening reaction
using ethanolamine (Table 3.2). It was reported that SMA-EA exhibited an increased
tolerance to magnesium when compared to SMA2000 (Ravula, et al., 2017a) and therefore
more variants were produced. SMA-ED is a zwitterionic analogue of SMA2000 synthesised
via ethylenediamine before creation of a maleimide group by dehydration into acid stable
SMAd-A (Table 3.2). SMA-QA was then synthesised via aminoethyltrimethylammonium to
form a polymer with a pH independent hydrophilic group (Table 3.2). SMA-ED, SMA-d-A and
SMA-QA were also reported to exhibit some degree of magnesium tolerance (Ravula, et al.,

2017b and Ravula, et al., 2018).
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1.5.6 DIBMA Variants

Other co-polymers showing promise for membrane protein solubilisation is Diisobutylene
Maleic Acid (DIBMA) and Glyco-DIBMA, which contain aliphatic diisobutylene moieties in
place of the aromatic styrene moieties found in SMA - in a 1:1 ratio with maleic acid (Figure
1.8). This exchange results in a polymer with lower hydrophobicity but similar hydrophobic:
hydrophilic balance, which is hypothesised to result in less sensitive DIBMA lipid particles
(DIBMALPS). It also does not absorb in the region of 260 nm, making them more applicable for

spectroscopic study of membrane proteins.

DIBMA has been successful in the solubilisation of many membrane proteins across multiple
membrane models including A2aR and CGRP (Gulamhussein, et al., 2020) and outer membrane
phospholipase A (OmpLA) (Oluwole, et al., ,2017). It also consistently displays a higher
tolerance to magnesium when compared to SMA2000. DIBMALPs are also reported to be
between 10 — 50 nm in diameter (Oluwole, et al., 2017), which is bigger than reported values
for SMALPs, potentially making them more applicable for larger membrane protein or protein
complex studies. However, DIBMALP size distribution is wider than SMALPs (Oluwole, et al.,
2017) and displays a reduced solubilisation efficiency and yield of ABC transporter BmrA

(Gulamhussein, et al., 2020).

In response to the reported lower solubilisation efficiencies, DIBMA was functionalised by
partial amidation with sugar residue meglumine into Glyco-DIBMA. This modification reduces
polymer charge, increases hydrophobicity and is expected to maintain solubilisation
efficiency. Glyco-DIBMA has been shown to successfully solubilise BmrA (Gulamhussein, et al.,

2020) and so both DIBMA and Glyco-DIBMA were selected for study.

1.5.7 AASTY Variants

The third co-polymer group explored in this project are the acrylic acid styrene (AASTY) co-
polymers 6-45, 6-50, 6-55, 11-45, 11-50 and 11-55 (Figure 1.8), which were introduced in
response to the high polymer heterogeneity of existing co-polymers available. Produced by
RAFT, AASTY polymers have a highly alternating structure and are more monodisperse

producing nanodiscs with lower heterogeneity when compared to SMA and DIBMA.
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While the structures of the six AASTY co-polymers tested in this study are identical, they differ
by molecular weight at either 6kDa or 11kDa and the ratio of apolar: polar moieties with 45%,
50% or 55% acrylic acid — providing the opportunity to probe the effect of polymeric weight

and ratio in areas such as efficiency, protein yield and functionality.

While a more recent introduction to membrane protein solubilisation, AASTY has been
successfully applied in the solubilisation of human transient receptor potential melastatin
type 4 (hnTRPM4) into co-polymer nanodiscs of ~18 nm (Smith, et al., 2020) — a slightly bigger
diameter than SMALPs. AASTY has also been shown to exhibit an increased tolerance to
magnesium (Timcenko, et al., 2022). The six studied AASTY co-polymers also provide an
interesting study due to the exchange of maleic acid to acrylic acid — which is uncommon

among all other co-polymers tested in this research.

SMA2000 SMA-ED

NH,

OH OH

AASTY

SMA-QA
|

-..__N._/

| / J

Figure 1.8 : Representation of the chemical structures of co-polymer variants tested. ‘m’ represents the
number of repeating apolar moieties, while ‘n’ represents the number of repeating polar moieties. From top
left to bottom right ; SMA2000, SMA-EA, SMA-ED, DIBMA, AASTY, SMAd-A, SMA-QA and Glyco-DIBMA.
Coloured boxes represent classes of co-polymers ; Black : SMA2000, Orange : SMA variants, Red : DIBMA

variants, Aqua : AASTY variants. Created using ChemDraw v21.0.0 and BioRender.
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1.6 Aims & Objectives

The aims of this project were to identify co-polymers suitable for the functional study of BmrA,

while probing nanodisc characteristics and solubilisation agent ‘switching’.

Objectives included:

e Express, prepare and purify BmrA from E. coli membranes to investigate ABC
transporter functionality in a range of co-polymer solubilised nanodiscs.

e Probe nanodisc characteristics such as size/mass, lipid environment and fluidity, and
define co-polymer suitability application for ABC transporter study.

e |Investigate solubilisation agent ‘switching’ utilising co-polymers, detergent and
proteoliposomes to overcome methodological challenges and highlight co-polymer

application to a wide range of targets.
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2. Methods and Materials

2.1 Polymer Preparation

SMA2000 was provided as a kind gift from Cray Valley, supplied as SMAnh powder which
required conversion into active SMA form. This was carried out as previously described
(Morrison, et al., 2016) with 25g of SMAnh hydrolysed by reflux in 250ml 1M NaOH for 2 hours
at 120°C before leaving to cool to room temperature. The solution was then transferred to
two 500ml centrifuge tubes with 50ml concentrated HCl and 300ml| dH,O added before
centrifugation (11000 x g, 15 minutes, 5°C). The supernatant was carefully discarded with the
precipitated polymer in the pellet resuspended in dH,O before a second centrifugation step
(11000 x g, 15 minutes, 5°C). This was repeated once again before resuspending the pellet in
125ml 0.6M NaOH and freezing at -20°C. The polymer was then freeze dried into a dry powder

for room temperature storage.

Polymers purchased from Cube Biotech and Anatrace including SMA variants, DIBMA, Glyco-
DIBMA and AASTY variants were supplied in a powdered active form, which required
reconstitution with purification buffer (20mM Tris and 150mM NaCl, pH 8) to a working

concentration of 10%.

2.2 BmrA Expression, Culture and Membrane Preparation

C41 E. coli BmrA overexpressing cells were utilised for this study, transformed with the vector
pET23b-BmrA (Morrison, et al., 2016). To inoculate an overnight culture, a 10l tip was pushed
into the surface of glycerol stocks stored in 1.5ml centrifuge tubes at -80°C and ejected into
5ml of Luria Broth (LB [Formedium™]) supplemented with 5ul 100mg/ml ampicillin. Following
incubation overnight at 37°C 200rpm, the overnight sample was added to 1L LB and returned
to incubation. Once ODgoo of 0.6 was achieved, protein synthesis was induced using 1ml 0.5M
isopropyl [-D-1-thiogalactopyranoside (IPTG) [Fisher Bioreagents] and left to incubate
overnight at 25°C, 200rpm. Cells were then harvested by centrifugation (6000 x g, 10 minutes)

with pellet retained.
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Cell pellets were resuspended in homogenisation buffer (50mM Tris, 0.25mM CaCl, and
250mM Sucrose) up to a total volume of 20ml. 200ul of protease inhibitors [Sigma] was then
added to samples before being processed through a French Press (3 x 16,000 pounds per
square inch (PSI)). The resulting cell lysate was centrifuged (650 x g, 10 minutes, 4°C) with the
supernatant further ultracentrifuged (100000 x g, 20 minutes, 4°C). The resulting pellet was
then resuspended at a wet membrane weight of 60mg/ml with purification buffer and stored

at -20°C.

2.3 Sf9 Expression, Culture and Membrane Preparation

Sf9 MRP4 overexpressing cells were also utilised in this study, transformed using a baculovirus
expression system with pFastBac-MRP4-hiss construct as previously described (Gulati, et al.,
2014). 1ml of transformed stocks were added to T25 flasks with 9ml growth media (ESF 921
insect cell culture medium, 10% foetal bovine serum (FBS) and 1% penicillin-streptomycin)
and incubated overnight at 28°C. Once cells reach 80% confluency, cells were passaged by
gently knocking the flask bottom and transferred to 125ml shaker flasks supplemented with
20ml growth media. This was then incubated at 28°C on a shaker plate set to 100rpm. For
further passages, cells are counted with a haemocytometer before transfer to new 125ml
shaker flasks diluted to a density of 0.5 x 10° cells/ml before returning to incubation at 28°C,

100rpm.

Cells were harvested by centrifugation (7000 x g, 10 minutes, 4°C) with the pellet retained and
resuspended in 10ml phosphate buffered saline (PBS). The sample was then centrifuged once
more (3220 x g, 10 minutes, 4°C) before resuspension in 20ml homogenisation buffer with
protease inhibitors added. To harvest membranes, nitrogen cavitation was utilised with cell
suspension transferred to a precooled cell disruption vessel with 500 PSI pressure applied. The
vessel was left on ice for 15 minutes before the sample was transferred to 50ml falcon tubes
before repeating nitrogen cavitation another two times. The samples were then centrifuged
(750 x g, 10 minutes, 4°C), with supernatant retained and centrifuged again (100000 x g, 20
minutes, 4°C). The pellet was then resuspended at a wet membrane weight of 60mg/ml with

purification buffer and stored at -80°C.
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2.4 Protein-Lipid Nanodisc Production

5% (SMA, SMA variants, DIBMA and Glyco-DIBMA) or 1% (AASTY) w/v polymer in purification
buffer was added in equal volume to 60mg/ml BmrA* C41 or MRP4* Sf9 membrane stocks and
mixed for 1 hour at room temperature. Samples were then ultracentrifuged (100000 x g, 20
minutes, 4°C) with the supernatant containing soluble membranes captured for further study.
20ul samples of the supernatant and pellet fractions were also collected and stored at -20°C

with 5ul 5 x laemmli sample buffer (LSB) for SDS-PAGE analysis.

2.5 Protein-Lipid Nanodisc Purification

0.4ml of HisPur resin [ThermoFisher] was pre-equilibrised with purification buffer before
centrifugation (500 x g, 10 minutes, 4°C). Solubilised membrane samples were then added to
the washed resin and mixed overnight at 4°C using a rotary mixer. The following day, loaded
resin samples were loaded onto a gravity column and washed five times with 10 x bed volume
(BV) of purification buffer containing 20mM imidazole. This was followed by another two
washes with 10 x BV of purification buffer containing 40mM imidazole. Elution fractions were
then taken using 0.5 x BV of purification buffer containing 200mM imidazole solution. 20ul
samples of flow-through (Ft), wash one (W1), wash seven (W7) and each elution fraction (E1,

E2, ...) were taken for SDS-PAGE analysis and stored with 5ul 5 x LSB at 4°C.

2.6 Detergent Micelle Production

DDM was also tested as a conventional detergent solubilisation agent. This was carried out
using a protocol as previously mentioned (Steinfels, et al., 2004) Briefly, 1ml of 60mg/mi
membrane stocks were mixed with detergent solubilisation buffer (100mM potassium
phosphate, 100mM NaCl, 15% glycerol, 10mM imidazole, 1% DDM, 5mM B-Mercaptoethanol
and 1mM phenylmethylsulfonyl fluoride (PMSF)) for one hour at 4°C. Sample was then
ultracentrifuged (220000 x g, 1 hour, 4°C) with supernatant containing soluble membrane
captured for further study. 20ul samples of the supernatant and pellet fractions were also

collected and stored at -20°C with 5ul 5 x LSB for SDS-PAGE analysis.
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2.7 Detergent Micelle Purification

0.4ml of HisPur resin [ThermoFisher] was washed with equilibration buffer (100mM potassium
phosphate, 100mM NaCl, 15% glycerol and 5mM [-Mercaptoethanol) and centrifuged (500 x
g, 10 minutes, 4°C). Solubilised membrane samples were then added to the washed resin and
mixed overnight at 4°C. Sample was loaded into a gravity column and washed five times with
20 x BV of 20mM imidazole solution, followed by another two washes with 10 x BV of 40mM
imidazole solution. 10 elutions were then captured using 0.5 x BV 200mM imidazole solution.
Samples of Ft, W1, W7 and each elution fraction were taken for SDS-PAGE analysis and stored

with 5pl 5 x LSB at 4°C.

2.8 Western Blot

Supernatant (Sol) and pellet (Pt) samples collected during solubilisation were analysed by
Western Blot to determine polymer efficiency. To do this, 10ul supernatant and pellet samples
with 2.5ul 5 x LSB were loaded on SDS-PAGE with pre-stained molecular weight ladder
[FisherScientific] and ran at 100v for 1 hour. Protein samples were then transferred to
polyvinylidene fluoride (PVDF) membranes using Trans-Blot® [Bio-Rad] system, running at
100v for 1 hour. Membranes were then probed with 1:4000 mouse a-his primary antibody
[R&D Systems] and 1:10000 a-mouse-HRP secondary antibody [Cell Signalling] for BmrA, or
1:100 rat a-MRP4 primary antibody and 1:3000 a-rat-HRP secondary antibody for MRP4.
Membranes were then visualised using West Pico Plus [ThermoFisher] chemiluminescent
substrate and C-Digit scanner [LI-COR] imaging system and analysed by densitometry. Bands
associated with BmrA in Sol and Pt lanes are quantified and compared to calculate

solubilisation efficiency with unpaired t-test and one-way ANOVA statistical tests applied.

2.9 Mass Spectrometry

Mass spectrometry of SDS-PAGE bands for identification purposes was carried out with thanks
to Ophelie Langlois (Aston University). To begin, samples were prepared by in-gel trypsin
digestion of Coomassie stained proteins cut from SDS-PAGE gel elution lanes. Gel bands were

excised in a sterile manner, cut into smaller pieces and placed into a 1.5ml Eppendorf tube.
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This was washed with 500ul 100mM ammonium bicarbonate for 1 hour on a shaker before a
second wash with 500ul of acetonitrile/ammonium bicarbonate for a further 1 hour. To
reduce the sample, 150ul of 100mM ammonium bicarbonate and 10ul of 45mM dithiothreitol
(DTT) was added and incubated at 60°C for 30 minutes. Sample was then cooled to room
temperature before 10ul 100mM iodoacetamide was added and incubated for 30 minutes
under darkness. Solvent was then discarded, and sample washed again with 500ul
acetonitrile/ammonium bicarbonate for 1 hour. Sample was then dried in a vacuum centrifuge
for 10 minutes 30°C before rehydration with 10ul of 100ug trypsin at a time. 25mM
ammonium bicarbonate was then added to cover gel pieces before incubation overnight at
37°C. The following day, sample was centrifuged to pellet gel pieces with 20ul formic acid then
added before incubation at 37°C for 20 minutes. 40ul acetonitrile was then added before
further incubation at 37°C for 20 minutes. Samples were then dried down in a vacuum
centrifuge for 1 hour and analysed by mass spectrometry using an ESI-QUAD-TOF system.
Mascot search against peptide samples were established, with protein matches and sequence

coverage highlighted.

2.10 Lipid-Only Nanodisc Production and Purification

DMPC lipid stocks stored at -20°C were weighed out and rehydrated with 1:1 chloroform:
methanol before drying under nitrogen. DMPC was then further dried using a vacuum pump
for 1 hour before reconstituting at a concentration of 4% in purification buffer. Equal volumes
of 4% DMPC and 5% (SMA2000 and DIBMA) or 1% (AASTY) was then mixed before loading into
Akta Pure superdex 200 increase 10/300 column for size exclusion chromatography (SEC).
Peaks associated to lipid-only nanodisc populations identified on SEC trace with associated

0.5ml fractions pooled and stored at 4°C.

2.11 Protein-Lipid Sensitivity Assay

Pooled purified BmrA nanodiscs produced with SMA2000, DIBMA and AASTY co-polymers
were mixed with varying concentrations of MgCl, (0-10mM) ensuring good mixing. Following
brief incubation at room temperature, solutions were ultracentrifuged (100000 x g, 20
minutes, 4°C) with the supernatant harvested, and pellet resuspended in equal volume

purification buffer supplemented with 10% SDS. 20ul sol and pt samples were then taken and
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mixed with 5ul 5 x LSB and stored at -20°C for SDS-PAGE analysis. Densitometric analysis was
then carried out to determine the percentage of soluble BmrA remaining at each magnesium
concentration to establish co-polymer sensitivity. Sol and Pt BmrA bands were quantified and

compared with non-linear inhibitor vs response curves applied.

2.12 Lipid-Only Sensitivity Assay

SEC purified lipid-only nanodiscs produced with SMA2000, DIBMA and AASTY co-polymers
were mixed with varying concentrations of magnesium (0-50mM) in a 96 well plate up to a
total volume 100ul per well ensuring good mixing. Following brief incubation at room
temperature, light scattering was read at 390nm using a plate reader [Multiskan GO] with data
normalised to 0OmM magnesium controls. Data plotted with non-linear agonist vs response

curves fitted.

2.13 Sf9 Light Scattering Assay

A scattering clearance assay was utilised to study the solubilisation kinetics of co-polymers for
insect membranes prepared by Dr David Hardy. To do this, 100ul of purification buffer was
pipetted into a black quartz cuvette with scattering measured at 390nm to set reference.
Buffer was then removed and discarded. Following this, 50ul samples of Sf9 membranes at
60mg/ml were added to the cuvette with 50ul 5% SMA2000, DIBMA, Glyco-DIBMA and AASTY
co-polymer rapidly mixed with scattering profile over 5 minutes recorded by video.
Experiments were repeated in triplicate for each co-polymer with buffer control also tested

to account for dilution factor. Data plotted with two-phase decay lines plotted.

2.14 Tryptophan Quenching Assay

The binding activity of BmrA was determined using a tryptophan quenching assay, based on
the shift of the intrinsic fluorescence of BmrA in response to addition of known substrate
Hoechst 33342. To prepare samples for analysis, pooled purified BmrA produced using
SMA2000, DIBMA, 6-50 and 11-50 were buffer exchanged using 500ul filter concentrators

with a 30kDa cut-off [Amicon Ultra]. Samples were added to filter and centrifuged (20000 x g,

0O.P.Hawkins, PhD Thesis, Aston University, 2024 46



10 minutes) with flow-through discarded and supernatant topped up with 400ul purification
buffer before spinning again. This was repeated a further two times to remove imidazole with
protein diluted to original volume. Following this, 100ul buffer exchanged BmrA is pipetted
into a black quartz cuvette with fluorescence measured five times by spectrophotometer
[Perkin ElImer LS55] with an excitation wavelength of 280nm and emission wavelength spectra
between 310 — 400nm, 15nm slit widths, 1500nm/min and medium gain. Hoechst 3342 was
then successively added to the cuvette at final concentrations of 0.99, 1.97, 4.83, 9.54, 14.22,
18.85, 27.94 and 49.68 uM with fluorescence measured at each concentration five times. The
same experiment was also carried out using N-acetyltryptophanamide (NATA) in place of

BmrA to normalise data against inner filter and dilution effects.

To analysis, fluorescence values at 335nm for each attempt was averaged with percentage
quenching calculated by 100-((S3ssnm/C3ssnm)*100), with S representing fluorescence of
selected data points and C representing fluorescence of 0OmM Hoechst 33342 control. Data
was NATA normalised by subtraction and plotted with non-linear regression one site binding
curves fit and Kd and maximal quenching calculated. One-way ANOVA statistical tests applied

where appropriate.

2.15 ATPase Assay

The ATPase activity of purified BmrA in nanodiscs produced with SMA2000, DIBMA, 6-50 and
11-50 and micelles produced with DDM was measured using a modified colorimetric 96-well
plate assay as previously described (Chifflet, et al., 1988), which is based on the detection of
inorganic phosphate released during ATP hydrolysis. To do this, a range of phosphate
standards (0,1,2,3,4,5,6,8,10,12,16 and 20 nmoles) were added to wells up to a volume of
50pl. 30l samples of BmrA nanodiscs and micelles were then added to separate wells with
ATP (0,0.2,0.4,0.8,1.5 and 2 mM) and dH,0 up to a volume of 40ul. A row with no protein is
also plated as a control. The plate was the incubated for 20 minutes at 37°C before 40ul 12%
SDS was added. 100ul of equal volume 1% ammonium molybdate and 6% ascorbic acid was
then applied with plate incubated for 5 minutes at room temperature. Following this, 100ul
of equal volume 2% sodium citrate, 2% metaarsenite and 2% acetic acid was applied to each

well before final incubation at 37°C for 15 minutes. Absorbance was then measured at 750nm
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using a microplate reader [Multiskan GO] with activity presented as nanomoles of P; liberated

per minute per milligram of pure protein with Michaelis-Menten curves fitted.

2.16 Mass Photometry

Mass photometry of protein-lipid and lipid-only nanodiscs to define mass, binding activity and
homogeneity was carried out with thanks to Dr Philip Kitchen (Aston University) using Refyn
Two MP equipment. To set up, equipment was switched on to allow for thermal equilibration
at a minimum of 1 hour before readings were taken and coverslips were well washed with
repeated dipping into dH.0 and ethanol to remove any dust particles. A 6-well reusable gasket
was then applied to the coverslip and loaded into position following application of immersion
oil on microscope objective. Acquire MP software was opened and calibration undertaken
with 20ul of purification buffer added to a gasket to focus the microscope lens before being
removed and disposed. To produce a mass calibration curve, 47.5ul of purification buffer was
mixed with 2.5ul of NativeMark [Thermofisher LCO725] with 2ul of this mixture added to 18ul
of purification buffer. This was then pipetted into the gasket with data rapidly collected. To
measure nanodisc mass, 18ul of purification buffer was loaded into a fresh gasket with 2l
nanodiscs rapidly added while ensuring good mixing before data was collected. This was

repeated with fresh gaskets for each sample.

Mass photometry data is then processed using installed analysis software with DiscoverMP
programme opened. Protein standard distribution peaks and gaussian functions were fitted
with nanodisc samples analysed by correlation to the calibrant set. Figures were produced

using Discover MP with mass (kDa) and counts of identified peaks highlighted.

2.17 Lipid Extraction

Lipids co-solubilised in protein-lipid nanodiscs and crude membrane samples from bacterial
and insect cells (prepared by Dr David Hardy) were extracted for analysis by thin layer
chromatography (TLC). Nanodiscs were produced as described previously, with the
supernatant mixed with 300ul of methyl-tert-butyl ether (MTBE) and methanol in a 10:3 ratio.

This is incubated at room temperature on a shaker plate for 1 hour, after which 50ul dH,0
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was added. The sample was then centrifuged (1000 x g, 10 minutes, 4°C) with solvent layer

retained and dried down to a powder form using nitrogen before storing at -20°C.

2.18 Thin Layer Chromatography

Lipid extracts were analysed by TLC using a chloroform:methanol:dH,0 (65:25:4) solvent
system with silica gel 60 F254 plates. To set up for TLC, solvent is added to a TLC tank to an
appropriate level with sample line on TLC plate marked above the solvent level. Lipid extracts
were rehydrated using chloroform: methanol (1:1) and successively dotted onto the sample
line alongside 25ug lipid controls (phosphotidylserine (PS), phosphotidylcholine (PC), PG, CL
and PE). Plate was then transferred to the TLC tank and left for ~1 hour or until the solvent
line reaches the top of the TLC plate. It was then rapidly removed from the tank with solvent
running line marked at the top of the plate, before staining with molybdenum blue which

binds compounds containing phosphate esters such as phospholipids.

To quantify and compare the lipid composition of protein-lipid nanodiscs, densitometric
analysis of TLC plates was carried out. Bands associated with PE and PG for bacterial
membranes and PE and PC for insect membranes were isolated and quantified with lipid ratio

calculated. One-way ANOVA statistical tests applied.

2.19 Laurdan Assay

To measure membrane fluidity, a laurdan assay was employed. To begin, 5ul 1mM laurdan in
dimethylsulfoxide (DMSO) was mixed with 500ul 0.1% DMPC liposomes at room temperature
in a 1.5ml centrifuge tube. Sample was then transferred to a cuvette with fluorescence
measured in triplicate using a spectrophotometer [Perkin ElImer LS55] with an excitation
wavelength of 350nm and emission wavelength spectra of 380 — 600nm, 15nm slit widths,
750nm/min and medium gain. The sample was then transferred back into a 1.5ml centrifuge
tube and incubated for five minutes at 4°C using a heat block. The chilled sample was then
transferred back to cuvette with triplicate measurements taken before being returned to
incubation. This was repeated up to temperatures of 60°C with fluorescence measured at 4°C,
20°C, 25°C, 30°C, 35°C, 40°C, 50°C and 60°C. This protocol was repeated when testing lipid-

only nanodiscs produced using SMA2000, DIBMA, 6-50 and 11-50.
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The average fluorescence reading between triplicates at 435nm and 490nm were utilised in
analyses, with GP value calculated by : ((435nm-490nm)/(435nm+490nm)). Data plotted as

mean % SD with non-linear inhibitor vs response curves fitted.

2.20 Reconstitution from Nanodiscs to Proteoliposomes

To reconstitute BmrA from co-polymer nanodiscs to proteoliposomes, pooled purified BmrA
nanodiscs produced with 2.5% SMA2000 were mixed with 4% E. coli lipids — produced as
previously described using E. coli total lipid extract [Avanti] — at a ratio of 1:100 protein to
lipid. This mixture was incubated at 37°C for 5 minutes before 10mM MgCl, or an equal
volume of purification buffer was added and briefly sonicated. Mixtures were then returned
to incubation at 37°C for either 30 or 5 minutes with gentle mixing. Samples were then
centrifuged (20000 x g, 10 minutes) with 20ul supernatant (S) sample taken. For samples
without magnesium, the pellet (Pt) was resuspended with purification buffer to a
concentration of 10mg/ml with 20ul taken for SDS-PAGE analysis. For samples with
magnesium, the pellet was resuspended up to a volume of 500ul with 20ul sample taken for
SDS-PAGE analysis before another two rounds of centrifugation (20000 x g, 10 minutes). S and
Pt samples were then loaded onto SDS-PAGE and analysed by densitometry with bands
associated with BmrA quantified, allowing for the calculation of reconstitution efficiency with

unpaired t-test statistical tests utilised.

2.21 Reconstitution from Nanodiscs to Micelles

To reconstitute BmrA from co-polymer nanodiscs to detergent micelles, pooled purified BmrA
nanodiscs produced with 2.5% SMA2000 and DIBMA and 0.5% AASTY 6-50 and 11-50 were
mixed with different concentrations of DDM (10%, 1% and 0.1%) in the presence of 10mM
MgCl, in ultracentrifuge tubes up to a volume of 100ul. Controls were also established with
negative representing no detergent or magnesium, and positive representing no detergent
but containing magnesium. All tubes were well mixed and incubated briefly at room
temperature before centrifugation (100000 x g, 20 minutes, 4°C) with supernatant (Sol)

harvested. Pellets (Pt) were resuspended with 100ul purification with 20ul samples of Sol and
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Pt taken for SDS-PAGE analysis with densitometric analysis of bands associated with BmrA
quantified, allowing for the calculation of soluble BmrA (%) remaining at defined detergent

concentrations.

2.22 Densitometric and Statistical Analysis

All densitometric analysis was carried out using Image J software v1.51 with data plotting and

statistical analysis performed by GraphPad Prism Software v10.2.0 (335).

2.22.1 BmrA Purity

To calculate percentage protein purity, SDS-PAGE purification gels were analysed with the
elution lane showing the highest BmrA presence selected. Peaks associated with BmrA were
isolated and quantified alongside all other identifiable peaks, with BmrA density and total

density calculated and unpaired t test and one-way ANOVA statistical tests conducted.

2.22.2 BmrA Yield

To calculate BmrA yield, bovine serum albumin (BSA) standards (0.25, 0.5, 0.75, 1, 1.25 and
1.5ug/ml) along with pooled purified BmrA were run on SDS-PAGE. The band associated with
BSA at each concentration was quantified and plotted to produce a standard curve. The line
equation of the curve was then utilised to calculate the concentration of protein following the
isolation and quantification of bands associated with BmrA. Following conversion to pg/ml,
the yield is normalised against batch effects and compared to SMA2000, presented as mean

+ SD with unpaired t test and one-way ANOVA statistical tests applied.
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3. Results Chapter One : Polymer Trials

Section One : Solubilisation of an ABC transporter from Bacterial Cells

3.1.1 SMA2000 and DDM

SMA2000 was the first amphiphilic polymer utilised for direct solubilisation of MPs. It is
comprised of hydrophobic styrene groups and hydrophilic maleic acid groups in a 2:1 ratio
(Figure 3.1, Table 3.1). It has remained a popular choice for polymer solubilisation screening
and has become commonplace in both academic and industrial research groups. SMA2000
has previously been utilised for the solubilisation of BmrA (Gulamhussein, et al., 2019,
Hawkins, et al.,2021) and was selected for initial solubilisation trials of BmrA alongside DDM,

which is the most commonly used detergent for membrane protein solubilisation (Choy, et al.,

2021).
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Figure 3.1 : Representation of the chemical structure of SMA2000 and DDM. ‘m’ represents the number of
repeating apolar styrene moiety, while ‘n’ represents the number of repeating polar maleic acid moiety. DDM is
a non-ionic detergent consisting of a hydrophobic 12 carbon acyl group tail and a hydrophilic maltose head.

Created using ChemDraw v21.0.0.
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Table 3.1 : Co-polymer information. Chemical and structural characteristics of SMA2000 as per manufacturer.

Ratio, styrene to maleic acid; Mw, weight average molecular weight; Mn, number average molecular weight.

Name Manufacturer Apolar Polar Chemical Ratio | Mw Mn

Subunit Subunit | Modifications (S:M) | (kDa) | (kDa)

SMA2000 | Cray Valley Styrene Maleic N/A 2:1 7.5 3

acid

3.1.2 BmrA Solubilisation Efficiency

The efficiency of SMA2000 and DDM to extract BmrA which was recombinantly overexpressed
in E. coli was first tested in small scale solubilisation trials. Supernatant and pellet samples
were investigated by western blot (Figure 3.2 A and B) and analysed by densitometry of

western blots (Figure 3.2 C).
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Figure 3.2 : SMA2000 and DDM are both able to solubilise BmrA. BmrA and E. coli membranes (60mg/ml) were
mixed with equal volume of 5% (w/v) SMA2000 (A) or 1% DDM (B) for 1 hour at room temperature. Samples
were then centrifuged (100,000 x g, 20 min, 4°C) with supernatant (Sol) and pellet (Pt) samples collected. 10pl
samples were analysed by western blot, probed with 1:4000 mouse a-his Ab and 1:10000 a-mouse-HRP Ab.
Membrane visualised using West Pico Plus and LI-COR imaging system with BmrA bands highlighted.
Solubilisation efficiency calculated by densitometry using ImageJ (C) with data shown as mean + SD, n 23. Data

analysed by unpaired t-test with no significance found.

Both SMA2000 and DDM can successfully solubilise bacterial BmrA from E. coli cells as shown
in figure 3.2 A and B, with highlighted bands representing BmrA seen in both Sol and Pt
samples across repeats. The efficiency of SMA2000 and DDM is comparable as shown in figure

3.2 C with SMA2000 solubilising 66+3.9% compared to DDM solubilising 59+18.4%.

3.1.3 BmrA Purity

After confirming both SMA2000 and DDM were capable of solubilising BmrA, the next step
was to purify the extracted protein. BmrA was expressed with a C-terminal his tag and was

purified using Ni-affinity chromatography with purification samples run on SDS-PAGE. To
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guantify the level of BmrA purity, the elution lane with the highest BmrA presence on SDS-

PAGE gels (Figure 3.3 A and B) was analysed by densitometry (Figure 3.3 C).
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Figure 3.3 : SMA2000 provides a higher level of BmrA purity compared to DDM. A) Purification SDS-PAGE gel of
SMA2000 solubilised BmrA* E. coli membranes (60mg/ml). 20ul samples of solubilised (Sol), pellet (Pt), washes
one and seven (W1 and W7) and elutions one to five (E1-5) loaded and stained with Instantblue. B) Purification
SDS-PAGE gel of DDM solubilised BmrA* E. coli membranes (60mg/ml). 10ul samples of solubilised (Sol), pellet
(Pt), washes one and seven (W1 and W7) and elutions one to ten (E1-10) loaded and stained with Instantblue. C)
BmrA purity calculated by densitometry and presented as mean + SD, n 211. Data analysed by unpaired T-test

with ***p <0.001.

BmrA was successfully purified by Ni-affinity chromatography following solubilisation into
SMA2000 nanodiscs and DDM micelles, as shown by the highlighted bands in elution fractions
E1 to E5 in figure 3.3 A and elution fractions E1 to E10 in figure 3.3 B. The purity of BmrA was
also maintained to a good level, but SMA2000 presents with a significantly higher purity level

with a mean of 83+12.6% when compared to DDM with a mean of 66+9.7% in figure 3.3 C.
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3.1.4 LSB Dimer Check

The presence of a higher molecular weight band in the elution fractions on SDS-PAGE and
western blots was consistently observed. As BmrA is known to function as a homodimer at a
size of ~130kDa, this upper band may represent dimeric BmrA and prompted further
investigation. LSB can deteriorate over time and exhibit a reduced ability to break down
complex forming disulphide bonds. To quickly probe this, LSB was freshly prepared and mixed

with purification samples and ran on SDS-PAGE (Figure 3.4).

Old LSB New LSB
A ::;v; Sol Ft W1 W7 E1 E2 E3 E4 E5 B ?Dv; Sol Ft Wi w7 E1 E2 E3 E4 E5
T ¢
—
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Figure 3.4 : The use of freshly prepared LSB reduces the presence of the higher molecular weight band.

Purification SDS-PAGE gel of SMA2000 solubilised BmrA* E. coli membranes (60mg/ml). 20ul samples of
solubilised (Sol), pellet (Pt), washes one and seven (W1 and W7) and elutions one to five (E1-5) loaded with old

LSB (A) or freshly prepared LSB (B).

The use of freshly prepared LSB in Figure 3.4 appears to reduce the presence of the higher
molecular weight band at ~130kDa, while increasing the presence of the BmrA band at

~65kDa. This provides evidence to suggest that the upper band represents a BmrA dimer.

3.1.5 BmrA Mass Spectrometry

To further confirm identity, mass spectrometry was utilised — with upper and lower bands

from a purification SDS-PAGE of SMA2000 solubilised BmrA excised and analysed (Figure 3.5).
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Matched peptides shown in bold red.

1 MPTKEQKSES KLKPFFALVR RINFSYGKLR FRLALSVWIT LWSLLIFLLT
51 HQLVDEFSMS NL3GTQIGLI ALVFFVOAGL SRAYATYRINY NEJKIISGLR
101 ELLWHELIKL FWSYFDTHAS GETVSRVTND TMWVWVEELITT HISGFITGII
151 SVIGSLTILF IMWWHLTLLV LVVVELAALI LVFIGREMFS ISRETQDETA
201 RFTGLLNOTL FEIRIVEASN AEDVEYGRGH MGISSLFELG VREREWDSIV
251 GFLISLVLMR AIVAVIGYGGE MOVSIGELTRA GRIVAFILYL FOIIMEMGOT
301 TTFFIQLOKS IGRTERMIEI LAEEEEDTVT GROIENAHLF IOLDRVSEGY
351 EFDOLILEEY SAVIEAGRVT ATVGPSGGGK TTLFKLLERF YSPTAGTIRL
401 GDEFVDTYSL ESWREHIGYV SUESPLMSGT IRENICYGLE RDVTDAEIEK
451 AAEMAYALNF IFELFNQFDT EVGERGIMLS GGORQRIATIA RALLENPSIL
501 MLDEATSSLD SQSEKSVOQA LEVIMEGRTT IVIAHRLSTY VDADQLLEVE
551 KGEITGRGTH HEILMASHGLY EDFAEQOLEM NADLENEAG
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[ 31 BMRA_BACSU 3261
»2 RF2_CAMLR 29
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Protein sequence coverage: 50%
Matched peptides shown in bold red.

1 MPTEEQKSKS KLEPFFALVR RTINPSYGHLAR FALALSVVIT IWSLLIFLLT
51 KQLVDGFSMS NLSGTQIGLI ALVFFVQAGL SAYATYAINY NGEOKIISGLR
101 ELLWEKLIKL FWSYFDTNAS GETWSREVTND TMWVVEELITT HISGFITGIT
151 SVIGSLTILF IMNWKLTLLV LVVWFLAALI LVPIGREMFS ISRETQDETA
201 FFTGLLNOIL PEIRLVERSN AEDVEYGRGK MGISSLEKLG VREREVOSLV
251 GPLISLVLMA ALVAVIGYGG MQVSSGELTA GRLVAFILYL FQIIMEMGQI
301 TTFFIQLOKS IGRTERMIEI LAEEEEDTVT GEDIENAHLP IOLDRVSEGY
351 FFDOLILEEY SAWIEAGEVT AIVGPSGGGK TTLFELLERF YSPTAGTIRL
401 GDEPVDTYSL ESWREHIGYV SOESPLMSGT IRENICYGLE ROWTDAEIEK
451 AAFMAYAINF IRELPNOFDT EVGERGIMLS GGORQRIATZ RALLRWPSIL
501 MLDEATSSLD SOSEKSWVOOA LEVIMEGRTT TVIAHRLSTY VDADOLLFVE
551 KREITGRGTH HELMASHGLY RDFAEQQLEM NADLENERG

Figure 3.5 : Mascot results for mass spectrometry analysis of upper and lower bands in SDS-PAGE. A)
Purification SDS-PAGE gel of SMA2000 solubilised BmrA* E. coli membranes. Upper and lower bands which were
cut out and analysed highlighted. B) The top three protein matches and total score for lower band. C) Protein
sequence coverage for lower band. D) The top three protein matches and total score for upper band. E) Protein

sequence coverage for upper band. Data provided courtesy of Dr Ophelie Langlois, Aston University.

Utilising older LSB stocks to induce higher presence of the upper band in Figure 3.5 A resulted
in clean bands for analysis by mass spectrometry. Results shown in Figure 3.5 B and D confirms
the identification of both the lower (monomer) and upper (dimer) bands as BmrA, with the
sequence coverage highlighted in Figure 3.5 C and E. Both bands were therefore utilised in all

purity and yield analyses going forward.

3.1.6 BmrA Yield

The yield of purified BmrA was next investigated by running samples on SDS-PAGE alongside

BSA controls (Figure 3.6 A and B) and analysed by densitometry (Figure 3.6 C).
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Figure 3.6 : DDM solubilisation produces a significantly higher yield of BmrA when compared to SMA2000.
Quantification SDS-PAGE gel of SMA2000 (A) and DDM (B) solubilised BmrA. 20ul samples of a standard range of
BSA (0.125-1.25ug/ml) loaded alongside 10ul, 20ul and 30ul of pooled purified protein (PP10, PP20 and PP30).
C) BmrA relative yield was calculated by densitometry and presented as mean + SEM, n 28. Data analysed by

unpaired t-test with ***p <0.001.

Pooled purified BmrA in SMA2000 and DDM presents well in SDS-PAGE in figure 3.6 A and B.
However, DDM clearly shows a higher level of contaminating band, supporting previous
results. Regardless, the use of SMA2000 significantly reduces the yield of purified BmrA when
compared to DDM in figure 3.6C. While DDM gives a yield of 2+1ug/mg, SMA2000 produces
just 0.975+0.4pug/mg.

0O.P.Hawkins, PhD Thesis, Aston University, 2024 58



3.1.7 Sensitivity

One of the major drawbacks of SMA2000 suitability for ABC transporter functional study is the
sensitivity to divalent cations. This is because of the requirement of Mg?* as a co-factor for
ATP hydrolysis and ATPase activity. To quantify this sensitivity, purified protein-lipid and lipid-
only nanodiscs were tested using a centrifugation and SDS-PAGE based assay (Figure 3.7 A and
B) and a light scattering assay (Figure 3.7 C). While a negative axis represents the loss of
soluble BmrA in protein-lipid samples, a positive axis for lipid-only samples represents an

increase in scattering as soluble BmrA is lost.
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Figure 3.7 : SMA2000 solubilised protein-lipid and lipid-only discs exhibit a sensitivity to magnesium. A) SDS-
PAGE gel of SMA2000 solubilised and purified BmrA mixed with different concentrations of magnesium (0-
10mM) and centrifuged (100,000 x g, 20 min, 4°C) with supernatant (Sol) and pellet (Pt) samples taken and loaded
onto SDS-PAGE and stained with Instantblue. B) Graph showing loss of soluble BmrA as magnesium concentration
increases. Percentage of soluble BmrA (%) calculated by densitometry and presented as mean + SEM, n 23. C)
Graph showing an increase in scattering of lipid-only nanodiscs as magnesium concentration increases. Purified
lipid-only nanodiscs are mixed with different concentrations of magnesium (0-50mM) in a 96 well plate format

and scanned at 390nm. Data presented as mean * SEM, n 23 where error bars are shown.

As the concentration of magnesium increases from OmM to 10mM, there is a visible shift of
protein from the soluble (sol) to the insoluble (pt) fractions as seen in figure 3.7 A. This
relationship was quantified in figure 3.7 B, with SMA2000 displaying a dose-dependent

sensitivity with around half of total soluble BmrA precipitating at 5mM magnesium. This is
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supported in lipid-only scattering study in figure 3.7 C, with SMA2000 displaying a rapid

increase in scattering between OmM to 10mM magnesium and an ECso of 6mM.

3.1.8 SMA variants

To try an overcome some of the reported limitations of SMA2000, a range of modified SMA
polymers were developed (Figure 3.8) and made commercially available. SMA-EA was the first
variant synthesised from styrene anhydride via a nucleophilic ring opening reaction using
ethanolamine (Table 3.2). It was reported that SMA-EA exhibited an increased tolerance to
magnesium when compared to SMA2000 (Ravula, et al., 2017a) and therefore more variants
were produced. SMA-ED - a zwitterionic analogue of SMA2000 — was synthesised using
ethylenediamine before further modifying into the acid stable SMAd-A by dehydration
reactions creating a maleimide group (Table 3.2). SMA-QA was also synthesised using
aminoethyltrimethylammonium to form a polymer with a pH independent hydrophilic group
(Table 3.2). SMA-ED, SMA-d-A and SMA-QA were also reported to exhibit some degree of
magnesium tolerance (Ravula, et al.,2017b and Ravula, et al., 2018), and all four SMA variants

— SMA-EA, SMA-ED, SMAd-A and SMA-QA were therefore tested in the solubilisation of BmrA.
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Figure 3.8 : Representation of the chemical structure of SMA variants SMA-EA, SMA-ED, SMAd-A and SMA-QA.
‘m’ represents the number of repeating apolar styrene moiety while ‘n’ represents the number of repeating polar

maleic acid/maleimide moiety. Created using ChemDraw v21.0.0.
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Table 3.2 :

manufacturer. Ratio, styrene to maleic acid/maleimide; Mw, weight average molecular weight

Co-polymer information. Chemical and structural characteristics of SMA variants as per

Apolar |Polar Ratio Mw
Name |Manufacturer [Subunit [Subunit Chemical Modifications (S:M) |(kDa)
SMA-
EA Anatrace Styrene |Maleic acid [Ethanolamine 13:1(7.8
SMA-
ED Anatrace Styrene |Maleic acid |Ethylenediamine 1.3:11(7.8
SMAd-
A Anatrace Styrene |Maleimide |Dehydrated ethylenediamine 13:1(7.8
SMA-
QA Anatrace Styrene |Maleimide |Aminoethyltrimethylammonium |1:1 |9

3.1.9 BmrA Solubilisation Efficiency

The efficiency of SMA variants SMA-EA and SMA-ED to extract BmrA from E. coli was first

tested. Supernatant and pellet samples were investigated by western blot (Figure 3.9 A and

B) and analysed by densitometry of western blots (Figure 3.9 C).
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Figure 3.9 : SMA variants SMA-EA and SMA-ED are able to solubilise BmrA. BmrA and E. coli membranes
(60mg/ml) were mixed with equal volume of 5% (w/v) SMA-EA (A) and SMA-ED (B) for 1 hour at room
temperature. Samples were then centrifuged (100,000 x g, 20 min, 4°C) with supernatant (Sol) and pellet (Pt)
samples collected. 10ul samples of biological repeats were analysed by western blot, probed with 1:4000 mouse
a-his Ab and 1:10000 a-mouse-HRP Ab. Membrane visualised using West Pico Plus and LI-COR imaging system.
Solubilisation efficiency calculated by densitometry (C) with data shown as mean + SD, n 23. Data analysed by

one-way ANOVA with no significance found. SMA data reproduced from Figure 3.2.

SMA-EA and SMA-ED were both able to solubilise BmrA with bands corresponding to BmrA
highlighted on western blots in figure 3.9 A and B. Analysis of efficiency in figure 3.9 C shows
SMA-EA and SMA-ED are comparable to SMA2000 in the solubilisation of BmrA. SMA2000
maintains an efficiency of 66+3.9% while SMA-EA and SMA-ED exhibit efficiencies of 49+22%
and 4712.5% respectively. However, SMA-EA also appeared to exhibit a higher degree of
variability when compared to SMA2000 and SMA-ED.
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3.1.10 BmrA Purity

The ability to use the modified SMA polymers for BmrA purification was also investigated using

Ni-affinity chromatography (Figure 3.10 A - D) and analysed by densitometry (Figure 3.10 E).
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Figure 3.10 : SMA variants SMA-EA and SMA-ED exhibit a significantly lower level of purity when compared to
SMA2000. Purification SDS-PAGE gels of SMA-EA (A), SMA-ED (B), SMAd-A (C) and SMA-QA (D) solubilised BmrA*
E. coli membranes (60mg/ml). 20ul samples of solubilised (Sol), pellet (Pt), washes one and seven (W1 and W7)
and elutions one to five (E1-5) loaded and stained with Instantblue. E) BmrA purity calculated by densitometry
and presented as mean * SD, n 21. Data analysed by one-way ANOVA with ****p < 0.0001 and ** p < 0.01. SMA

data reproduced from Figure 3.3.
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SMA-EA and SMA-ED are both able to produce purified BmrA as shown in figure 3.10 A and B,
with bands corresponding to BmrA found in E1 to E5. However, they are not very intense and
present with multiple contaminating bands. In contrast, SMAd-A and SMA-QA do not seem to
produce any purified BmrA with no protein observed in any of the elution fractions as seen in
figure 3.10 C and D. Due to this, SMAd-A and SMA-QA were not further tested. Upon analysis
SMA variants SMA-EA and SMA-ED were found to provide significantly lower levels of BmrA
purity when compared to SMA2000 in figure 3.10 E. SMA2000 maintains a mean purity of
83+12.6%, while SMA-EA and SMA-ED produce only 35+2.4% and 35% purity respectively.

3.1.11 BmrA Yield

The yield of purified BmrA was then investigated by running samples on SDS-PAGE alongside

BSA controls (Figure 3.11 A and B) and analysed by densitometry (Figure 3.11 C).
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Figure 3.11 : SMA variants SMA-EA and SMA-ED produce a lower level of BmrA yield when compared to
SMA2000. Quantification SDS-PAGE gel of SMA-EA (A) and SMA-ED (B) solubilised and purified BmrA. 20ul
samples of a standard range of BSA (0.125-1.25ug/ml) loaded alongside 10ul, 20ul and 30ul of pooled purified
protein (PP10, PP20 and PP30). C) BmrA relative yield was calculated by densitometry and presented as mean +

SEM, n 21. SMA data reproduced from Figure 3.6.

There is a low presence of BmrA in SDS-PAGE when utilising SMA-EA and SMA-ED in figure
3.11 A and B. The relative yield was analysed in figure 3.11 C with SMA-EA and SMA-ED
presenting with yields of 0.015ug/mg and 0.007ug/mg. While they appear to produce a much
lower yield when compared to SMA2000, no statistical significance was found. SMA variants
were not taken forward for further testing attributing to the low efficiency and BmrA purity

and yield.
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3.1.12 DIBMA and Glyco-DIBMA

The next polymers to be tested were DIBMA and Glyco-DIBMA. This group were developed in
response to the magnesium sensitivity reported with SMA2000 (Gulamhussein, et al., 2020)
and the difficulty in spectroscopy study reported with SMA2000 and SMA variants due to

absorption around 260 nm (Oluwole, et al., 2017).

In place of the aromatic styrene, DIBMA contains an aliphatic diisobutylene group in a 1:1 ratio
with maleic acid (Figure 3.12). This reduces overall polymer hydrophobicity and results in a
polymer that does not absorb UV in the region of 260nm. DIBMA has been shown to exhibit a
lower sensitivity to magnesium and a larger disc size but can produce lower efficiencies when
compared to SMA2000 (Oluwole, et al., 2017). To investigate the reported magnesium

tolerance, DIBMA was selected for study.

Glyco-DIBMA is a functionalised variant of DIBMA (Figure 3.12) that is partially amidated with
the sugar residue meglumine (Table 3.3) created in response to lower solubilisation
efficiencies reported for DIBMA. This modification reduces polymer charge, increases
hydrophobicity and maintains solubilisation efficiency. Glyco-DIBMA has been shown to
successfully solubilise BmrA (Gulamhussein, et al., 2020) and produce discs of similar size to

SMA2000 (Danielczak, et al., 2022) and was therefore also selected for study.
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Figure 3.12 : Representation of the chemical structure of DIBMA and Glyco-DIBMA. ‘m’ represents the number

of repeating apolar diisobutylene moiety while ‘n’ represents number of repeating the polar maleic acid moiety.

Created using ChemDraw v21.0.0.

Table 3.3 : Co-polymer information. Table of chemical and structural characteristics of DIBMA and Glyco-DIBMA

as per manufacturer. Ratio, diisobutylene to maleic acid; Mw, weight average molecular weight; Mn, number

average molecular weight.

Polar Chemical Ratio Mw |Mn

Name Manufacturer [Apolar SubunitSubunit Modifications |(D:M) |(kDa)|(kDa)
DIBMA
Monosodium |Glycon
Salt Biochemicals |Diisobutylene [Maleic acid |N/A l1tol1 |12 |84

Partial

amidation with

Glycon N-methyl-D-

Glyco-DIBMA |Biochemicals |Diisobutylene |Maleic acid |glucamine 1to1|15.7 |-
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3.1.13 BmrA Solubilisation Efficiency

The efficiency of DIBMA and Glyco-DIBMA to solubilise BmrA from E. coli was investigated.
Supernatant and pellet samples were probed in western blots (Figure 3.13 A and B) and

analysed by densitometry of western blots (Figure 3.13 C).
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Figure 3.13 : DIBMA and Glyco-DIBMA exhibit a lower solubilisation efficiency when compared to SMA2000.
BmrA*E. coli membranes (60mg/ml) were mixed with equal volume of 5% (w/v) DIBMA (A) and Glyco-DIBMA (B)
for 1 hour at room temperature. Samples were then centrifuged (100,000 x g, 20 min, 4°C) with supernatant (Sol)
and pellet (Pt) samples collected. 10ul samples were analysed by western blot, probed with 1:4000 mouse a-his
and 1:10000 Ab a-mouse-HRP. Membrane visualised using West Pico Plus and LI-COR imaging system.
Solubilisation efficiency calculated by densitometry (C) with data shown as mean + SD, n 23. Data analysed by

one-way ANOVA with no significance found. SMA data reproduced from Figure 3.2.
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DIBMA and Glyco-DIBMA are both able to solubilise BmrA as shown in figure 3.13 A and B,
with bands corresponding to BmrA highlighted. Although the solubilisation efficiency appears
lower for DIBMA and Glyco-DIBMA (40+27% and 31+10% respectively) when compared to

SMA2000 (66+4%), this was not statistically significant.

3.1.14 BmrA Purity

The affinity purification of DIBMA and Glyco-DIBMA solubilised BmrA was then tested (Figure

3.14 A and B) and purity analysed by densitometry (Figure 3.14 C).
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Figure 3.14 : DIBMA and Glyco-DIBMA produce a significantly lower level of purity when compared to
SMA2000. Purification SDS-PAGE gel of DIBMA (A) and Glyco-DIBMA (B) solubilised BmrA* E. coli membranes
(60mg/ml). 20ul samples of solubilised (Sol), pellet (Pt), washes one and seven (W1 and W7) and elutions one to
five (E1-5) loaded and stained with Instantblue. C) BmrA purity calculated by densitometry and presented as
mean % SD, n >3. Data analysed by one-way ANOVA with ***p < 0.001 and ** p < 0.01. SMA data reproduced

from Figure 3.3.

DIBMA and Glyco-DIBMA are both able to produce purified BmrA as shown in figure 3.14 A
and B, with bands corresponding to BmrA found in E1 to E5. However, DIBMA appears to have
higher intensity BmrA bands when compared to Glyco-DIBMA. Both show contaminating
bands, but with distinctly different profiles. Analysis of BmrA purity in figure 3.14 C found that
both DIBMA and Glyco-DIBMA produce a significantly lower level of BmrA purity (69+15% and
51+4% respectively) when compared to SMA2000 (83+13%).
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3.1.15 BmrA Yield

The yield of purified BmrA was then investigated by running samples on SDS-PAGE alongside
BSA controls (Figure 3.15 A and B) and analysed by densitometry (Figure 3.15 C).
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Figure 3.15 : Glyco-DIBMA exhibits a lower level of protein yield when compared to SMA2000. Quantification
SDS-PAGE gel of DIBMA (A) and Glyco-DIBMA (B) solubilised BmrA. 20ul samples of a standard range of BSA
(0.125-1.25ug/ml) loaded alongside 10ul, 20ul and 30ul of pooled purified (PP10, PP20 and PP30) or 5ul and
10ul (PP5 and PP10). C) BmrA relative yield was calculated by densitometry and presented as mean + SEM, n >3.
Analysed with one-way ANOVA showing significance **p <0.01. SMA data reproduced from Figure 3.6.

Highlighted bands corresponding to BmrA can be seen in figure 3.15 A and B. The presence is
low with both polymers, however BmrA appears more intense in DIBMA when compared to
Glyco-DIBMA. A low yield is confirmed in figure 3.15 C where the average data shows Glyco-
DIBMA produces a significantly lower yield of BmrA with 0.06+0.02ug/mg when compared to
SMA2000 with 0.975%0.4ug/mg. However, DIBMA provides a comparable yield of BmrA with
0.8+0.7ug/mg.
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3.1.16 Sensitivity

One of the previously reported advantages of using DIBMA is a higher tolerance to magnesium
(Oluwole, et al., 2017). To confirm this tolerance, DIBMA solubilised protein-lipid and lipid-
only discs were tested in sensitivity assays using a centrifugation and SDS-PAGE based assay

(Figure 3.16 A and B) and a light scattering assay (Figure 3.16 C).
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Figure 3.16: DIBMA solubilised protein-lipid and lipid-only discs exhibit a lower sensitivity to magnesium when
compared to SMA2000. A) SDS-PAGE gel of DIBMA solubilised and purified BmrA mixed with different
concentrations of magnesium (0-10mM) and centrifuged (100,000 x g, 20 min, 4°C) with supernatant (Sol) and
pellet (Pt) samples taken and loaded onto SDS-PAGE and stained with Instantblue. B) Graph showing loss of
soluble BmrA as magnesium concentration increases. Percentage of soluble BmrA (%) calculated by densitometry
and presented as mean + SEM, n 23. C) A graph showing an increase in scattering of lipid-only nanodiscs as
magnesium concentration increases. Purified lipid-only nanodiscs are mixed with different concentrations of
magnesium (0-50mM) in a 96 well plate format and scanned at 390nm. Data presented as mean + SEM, n >3.

SMA data reproduced from Figure 3.7.
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As the concentration of magnesium increases from OmM to 10mM, there is a partial shift of
protein from the soluble (sol) to the insoluble (pt) fractions following centrifugation in SDS-
PAGE as seen in figure 3.16 A. However, the majority of BmrA remains in the soluble fraction.
This is evidenced in figure 3.16 B with DIBMA exhibiting a higher tolerance to magnesium with
limited BmrA loss up to 10mM magnesium when compared to SMA2000. This is further
supported in figure 3.16 C, with DIBMA lipid-only samples beginning to precipitate around
20mM magnesium with an ECso of 30mM, unlike SMA2000 with maximal scattering around
10mM magnesium and an EC50 of 6mM. The sensitivity of Glyco-DIBMA purified BmrA and

lipid-only samples was not tested due to low purity and yield.

3.1.17 AASTY

The final category of polymers explored in this project are the AASTYs. Produced using RAFT
rather than free-radical polymerisation, this set of 6 commercially available polymers consist
of acrylic acid and styrene in a 1:1 ratio (Figure 3.17 and Table 3.4). These polymers display a
highly alternating polymeric structure and have been shown to solubilise membrane proteins
in discs ~ 18 nm (Smith, et al., 2020). This is similar to SMA2000, however AASTY also exhibits

an increased tolerance to magnesium (Timcenko, et al., 2022).

AASTY

Figure 3.17 : Representation of the chemical structure of AASTY. ‘m’ represents the number of repeating apolar
styrene moiety while ‘n’ represents the number of repeating polar acrylic acid moiety. Created using ChemDraw

v21.0.0.
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Table 3.4 : Co-polymer information. Table of chemical and structural characteristics of AASTY polymers as per

manufacturer. Ratio, percentage of acrylic acid to styrene; Mw, weight average molecular weight.

Ratio
Name Manufacturer |Apolar Subunit [Polar Subunit ((AA%:5%) Mw (kDa)
AASTY 6-45 |Cube Biotech |Styrene Acrylic acid 45 : 55 5.5
AASTY 6-50 |Cube Biotech |[Styrene Acrylic acid 50:50 5.5
AASTY 6-55 |Cube Biotech |Styrene Acrylic acid 55:45 5.5
AASTY 11-45 |Cube Biotech |[Styrene Acrylic acid 45 :55 11
AASTY 11-50 |Cube Biotech |[Styrene Acrylic acid 50:50 11
AASTY 11-55 |Cube Biotech |Styrene Acrylic acid 55:45 11

3.1.18 Concentration Trial

The manufacturer of AASTY co-polymers recommends use at a final concentration of 0.5%

w/v, which is in contrast to the standard protocol of 2.5% w/v polymer. To confirm this lower

concentration was sufficient, a small-scale solubilisation trial was undertaken. Supernatant

(Sol) and Pellet (Pt) samples were investigated by western blot (Figure 3.18 A - F) and analysed

by densitometry (Figure 3.18 G and H).
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Figure 3.18 : Limited differences in solubilisation efficiency when utilising AASTY co-polymers at 0.5% and
2.5%. BmrA and E. coli membranes (60mg/ml) were mixed with 6-45 (A), 6-50 (B), 6-55 (C), 11-45 (D), 11-50 (E)
and 11-55 (F) at a final concentration of 0.5, 1 and 2.5% (w/v) for 1 hour at room temperature. Samples
centrifuged (100,000 x g, 20 min, 4°C) with supernatant (Sol) and pellet (Pt) samples collected. 10ul samples were
analysed by western blot, probed with 1:4000 mouse a-his Ab and 1:10000 a-mouse-HRP Ab. Membrane
visualised using West Pico Plus and LI-COR imaging system. Solubilisation efficiency calculated by densitometry

with data for 6kDa (G) and 11kDa (H) shown as mean, n = 1.

All AASTY polymers were capable solubilising BmrA at all tested concentrations with bands
corresponding to BmrA highlighted in figure 3.18 A - F. Analysis of efficiency in figure 3.18 G
and H found limited differences in the solubilisation efficiency of BmrA when using AASTY
polymers at 0.5% or 2.5% concentration. Due to this, AASTY polymers were utilised at 0.5%

for all further experimentation as suggested by the supplier unless otherwise stated.
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3.1.19 6kDa — BmrA Solubilisation Efficiency

The group of 6kDa AASTY co-polymers were investigated in more detail for their ability to
solubilise BmrA. Supernatant and pellet samples were probed in western blots (Figure 3.19 A

- C) and analysed by densitometry of western blots (Figure 3.19 D).
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Figure 3.19 : AASTY (6kDa) exhibit a similar solubilisation efficiency when compared to SMA2000. BmrA and E.
coli membranes (60mg/ml) were mixed with equal volume of 1% (w/v) 6-45 (A), 6-50 (B) and 6-55 (C) for 1 hour
atroom temperature. Samples were then centrifuged (100,000 x g, 20 min, 4°C) with supernatant (Sol) and pellet
(Pt) samples collected. 10ul samples were analysed by western blot, probed with 1:4000 mouse a-his Ab and
1:10000 a-mouse-HRP Ab. Membrane visualised using West Pico Plus and LI-COR imaging system. Solubilisation
efficiency calculated by densitometry (D) with data shown as mean + SD, n 23. Data analysed by one-way ANOVA

with no significance found. SMA data reproduced from Figure 3.2.

Similarly to previous western blot results, all three 6kDa AASTY co-polymers are able to
solubilise BmrA with bands corresponding to BmrA highlighted in western blots shown in
figure 3.19 A, B and C. Densitometric analysis shows that all 6kDa AASTY polymers exhibited a
similar solubilisation efficiency when compared to SMA2000 in Figure 3.19 D. 6-50 exhibits
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the highest mean efficiency at 71+17%, closely followed by SMA2000 at 66+4%, then 6-45 at
59+8% with the lowest efficiency being 6-55 with 55+18%.

3.1.20 6kDa — BmrA Purity

The purification of 6kDa AASTY co-polymer solubilised BmrA was then investigated using Ni-

affinity chromatography (Figure 3.20 A - C) and analysed by densitometry (Figure 3.20 D).
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Figure 3.20 : AASTY 6-45 produces significantly lower protein purity when compared to SMA2000. Purification
SDS-PAGE gel of 6-45 (A), 6-50 (B) and 6-55 (C) solubilised BmrA* E. coli membranes (60mg/ml). 20ul samples of
solubilised (Sol), pellet (Pt), washes one and seven (W1 and W7) and elutions one to five (E1-5) loaded and
stained with Instantblue. D) BmrA purity calculated by densitometry and presented as mean + SD, n 23. Data

analysed by one-way ANOVA with ***p < 0.001. SMA data reproduced from Figure 3.3.

All 6kDa AASTY co-polymers were able to produce purified BmrA as shown by highlighted
bands at the correct weight (~65kDa) in figure 3.20 A — C. There are limited contaminating
bands in E1 — E5 in all cases, but BmrA solubilised with 6-45 appears less intense and elutes

from the column earlier than 6-50 and 6-55. Analysis of the average purity achieved with each
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polymer shows that 6-45 produces a significantly lower level of BmrA purity (57423%) when
compared to SMA2000 (83+13%) in figure 3.20 D. However, 6-50 and 6-55 produce
comparable levels to SMA2000 with 661+20% and 81+3% purity respectively.

3.1.21 6kDa - BmrA Yield

The yield of BmrA following solubilisation and purification with 6kDa AASTY co-polymers was
determined by running samples on SDS-PAGE alongside BSA controls (Figure 3.21 A - C) and
analysed by densitometry (Figure 3.21 D).

mw
A kDa 0125 025 0.5 075 1 1.25 PP10 PP20 PP30

kDa 0.125 0.25 0.5 0.75 1 1.25 PP10 PP20 PP30

~116

~66.2

mw
kDa 0.125 025 05 075 1 1.25 PP10 PP20 PP30

=N
3,
]

~116

-
o
1

~66.2

Relative Yield
(ug of pure BmrA/ mg of membrane)

o
o
1

o
=)
1

SMA2000 6-45 6-50 6-55
Solubilisation Agent

Figure 3.21: 6kDa AASTY and SMA2000 co-polymers produce comparable levels of protein yield. Quantification
SDS-PAGE gel of 6-45 (A), 6-50 (B) and 6-55 (C) solubilised BmrA. 20ul samples of a standard range of BSA (0.125-
1.25ug/ml) loaded alongside 10ul , 20ul and 30ul of pooled purified protein (PP10, PP20 and PP30). D) BmrA
relative yield was calculated by densitometry and presented as mean + SEM, n >3. Analysed with one-way ANOVA

with no significance found. SMA data reproduced from Figure 3.6.

Pooled purified BmrA can be seen in quantification SDS-PAGE gels for all 6kDa AASTY co-
polymers in figure 3.21 A, B and C. Analysis of relative yield in figure 3.21 D shows that using
any of the 6kDa AASTY polymers produces a comparable yield of BmrA to SMA2000
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(0.975+0.4pg/mg). 6-45 has the highest mean with 0.7+0.5ug/mg, followed by 6-50 with
0.5+0.6pug/mg with the lowest yield being 6-55 with 0.4+0.35ug/mg.

3.1.22 6kDa - Sensitivity

To investigate the magnesium sensitivity of the 6kDa AASTY group, protein-lipid and lipid-only
discs were tested and analysed by centrifugation and SDS-PAGE based assay (Figure 3.22 A -
D) and a light scattering assay (Figure 3.22 E).
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Figure 3.22: 6-50 and 6-55 exhibit a tolerance to magnesium when compared to SMA2000. SDS-PAGE gel of 6-
45 (A), 6-50 (B) and 6-55 (C) solubilised and purified BmrA mixed with different concentrations of magnesium (0-
10mM) and centrifuged (100,000 x g, 20 min, 4°C) with supernatant (Sol) and pellet (Pt) samples taken and loaded
onto SDS-PAGE and stained with Instantblue. D) Graph showing loss of soluble BmrA as magnesium
concentration increases with the percentage of soluble BmrA (%) calculated by densitometry. E) Graph showing
the increase in scattering as magnesium concentration increases. Data presented as mean + SEM, n 23 with error

bars otherwise n = 1. SMA data reproduced from Figure 3.7.

As the concentration of magnesium increases from OmM to 10mM, there is a partial shift of
protein from the soluble (sol) to the insoluble (pt) fractions for all 6kDa AASTY polymers, as
seen in figure 3.22 A - C. However, 6-45 stands outs due to a lack of soluble BmrA at 10mM
magnesium when compared to 6-50 and 6-55. This is supported in figure 3.22 D, with 6-45
protein-lipid discs presenting with a sensitivity profile very similar to SMA2000. Both exhibit
total loss of soluble BmrA at 10mM magnesium, unlike 6-50 and 6-55 which appears to retain

some level of soluble BmrA at the same concentration. This relationship is similar in lipid-only
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discs in figure 3.22 E, with 6-45 exhibiting sensitivity most like SMA2000 with maximal
scattering achieved at ~15mM magnesium and an EC50 of 9.7mM. This is in comparison to 6-
50 and 6-55 which display a greater tolerance with maximal scattering observed between

40mM = 50mM magnesium and EC50 values of 23.4mM and 19.4mM respectively.

3.1.23 11kDa — BmrA Solubilisation Efficiency

The efficiency of the 11kDa group of AASTY co-polymers to solubilise BmrA was also
investigated. Supernatant and pellet samples were probed in western blots (Figure 3.23 A - C)

and analysed by densitometry of western blots (Figure 3.23 D).
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Figure 3.23 : AASTY (11kDa) exhibit a similar solubilisation efficiency when compared to SMA2000. BmrA and
E. coli membranes (60mg/ml) were mixed with equal volume of 1% (w/v) 11-45 (A), 11-50 (B) and 11-55 (C) for
1 hour at room temperature. Samples were then centrifuged (100,000 x g, 20 min, 4°C) with supernatant (Sol)
and pellet (Pt) samples collected. 10ul samples were analysed by western blot, probed with 1:4000 mouse a-his
Ab and 1:10000 a-mouse-HRP Ab. Membrane visualised using West Pico Plus and LI-COR imaging system.
Solubilisation efficiency calculated by densitometry (D) with data shown as mean * SD, n >3. Data analysed by

one-way ANOVA with no significance found. SMA data reproduced from Figure 3.2.

All three of the 11kDa AASTY co-polymers are able to solubilise BmrA as shown in figure 3.23
A - C with highlighted bands corresponding to BmrA present. Following analysis of
solubilisation efficiencies in figure 3.23 D, the 11kDa AASTY co-polymers are comparable to
SMA2000. While SMA2000 achieves the highest mean efficiency with 66+4%, this is closely
followed by 11-50 with 61+20% efficiency, before dropping to 51+12% with 11-45 and 48+3%
with 11-55.
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3.1.24 11kDa — BmrA Purity

The purification of 11kDa AASTY solubilised BmrA was then tested using Ni-affinity

chromatography (Figure 3.24 A - C) with purity analysed by densitometry (Figure 3.24 D).
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Figure 3.24: AASTY 11-50 produces significantly lower levels of purity when compared to SMA2000. Purification
SDS-PAGE gel of 11-45 (A), 11-50 (B) and 11-55 (C) solubilised BmrA* E. coli membranes (60mg/ml). 20ul samples
of solubilised (Sol), pellet (Pt), washes one and seven (W1 and W7) and elutions one to five (E1-5) loaded and
stained with Instantblue. D) BmrA purity calculated by densitometry and presented as mean + SD, n >3. Data

analysed by one-way ANOVA with **p < 0.01. SMA data reproduced from Figure 3.3.

All 11kDa AASTY co-polymers are able to produce purified BmrA as shown by BmrA bands in
elution fractions on SDS-PAGE gels in figure 3.24 A, B and C. However, 11-50 appears to show
a lower presence of BmrA and a higher number of contaminating bands when compared to
11-45 and 11-55. 11-45 solubilised BmrA also appears to elute later than 11-50 or 11-55
solubilised BmrA. Following analysis of average purity in figure 3.24 D, 11-50 was found to

produce significantly lower levels of BmrA purity with 64+21% when compared to SMA2000
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with 83+13%. However, 11-45 and 11-55 produce comparable purity levels with 84+2% and

8416 respectively.

3.1.25 11kDa - BmrA Yield

The yield of BmrA following solubilisation and purification with the 11kDa AASTY co-polymers
was also determined running samples on SDS-PAGE alongside BSA controls (Figure 3.25 A - C)

and analysed by densitometry (Figure 3.25 D).
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Figure 3.25: 11kDa AASTY and SMA2000 co-polymers produce comparable levels of protein yield.
Quantification SDS-PAGE gel of 11-45 (A), 11-50 (B) and 11-55 (C) solubilised BmrA. 20ul samples of a standard
range of BSA (0.125-1.25ug/ml) loaded alongside 10ul, 20ul and 30ul of pooled purified (PP10, PP20 and PP30).
D) BmrA relative yield was calculated by densitometry and presented as mean + SEM, n 23. Analysed with one-

way ANOVA with no significance found. SMA data reproduced from Figure 3.6.

Pooled purified BmrA can be seen in quantification SDS-PAGE gels for all 11kDa AASTY co-
polymers in figure 3.25 A - C. Following analysis of relative yield, all 11kDa AASTY polymers
produced comparable levels of protein yield in figure 3.25 D, with 11-50 exhibiting the highest
yield of 2+4ug/mg. This is followed by SMA2000 with 0.975%+0.4ug/mg and 11-45 with
0.78%0.6pg/mg. 11-55 produces the lowest yield of BmrA with 0.3+0.2ug/mg.
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3.1.26 11kDa - Sensitivity

The 11kDa AASTY group sensitivity to magnesium was also tested in sensitivity assays with

purified protein-lipid and lipid-only discs by centrifugation and SDS-PAGE based assay (Figure
3.26 A - D) and a light scattering assay (Figure 3.26 E).

s TEM tEM g smm gmm B T0WM ma DM UH Sk ame AmM BWd T0WM
.A.II:I-I:dﬁS-d.ltBﬂi. g3l r bl pi Bmlwﬁunhkhhaﬂﬁaﬂﬁhh

—816

~5E.3

cn‘m omM TmM mM 4mH EeM mH TEEH

WD Sal Pt Bl P Sel Pr Bl P Bol e S0l pp Sl R D’

== SMAZ000

- 1145
- 11-50
14-55

r

Solulsls Bmra ()

m

=

(2]
I

-+ SMA2000
= 11-45
—— 11-50
-+ 11-55

Absorbance (390nm)

o 10 20 30 40 50
Mg2* Concentration (mM)

Figure 3.26 : 11kDa AASTY co-polymers display an increased tolerance to magnesium when compared to
SMA2000. SDS-PAGE gel of 11-45 (A), 11-50 (B) and 11-55 (C) solubilised and purified BmrA mixed with different
concentrations of magnesium (0-10mM) and centrifuged (100,000 x g, 20 min, 4°C) with supernatant (Sol) and
pellet (Pt) samples taken and loaded onto SDS-PAGE with LSB. D) Graph showing loss of soluble BmrA as
magnesium concentration increases with the percentage of soluble BmrA (%) calculated by densitometry. E)
Graph showing the increase in scattering as magnesium concentration increases. Data presented as mean + SEM,

n 23 with error bars otherwise n = 1. SMA data reproduced from Figure 3.7.
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As the concentration of magnesium increases from OmM to 10mM, there is a partial shift of
protein from the soluble (sol) to the insoluble (pt) fractions following centrifugation in SDS-
PAGE as seen in figure 3.26 A - C. However, all 11kDa polymers appear to retain soluble BmrA
in the supernatant fraction at 10mM magnesium unlike SMA2000. This is evidenced in figure
3.26 D with densitometric analysis suggesting all three 11kDa AASTY exhibit some degree of
magnesium tolerance, with ~50% of BmrA remaining soluble up to 10mM magnesium in 11-
45 and 11-55 discs. 11-50 protein-lipid discs also appear to remain stable up to 10mM
magnesium. A similar relationship is seen in figure 3.26 E, with 11kDa AASTY lipid-only discs
exhibiting half maximal scattering around 15mM — 20mM magnesium. 11-45 had the highest
EC50 with 21.9mM, followed by 11-55 with 15.7mM and 11-50 with 15.2mM.

3.1.27 Comparison of Sensitivity

Data from both protein-lipid and lipid-only sensitivity assays were further analysed to

compare co-polymer sensitivity at a defined concentration (Figure 3.27).
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Figure 3.27 : SMA displays a significantly higher sensitivity to magnesium when compared to alternative co-
polymers. Graphs comparing the percentage of soluble BmrA remaining in protein-lipid nanodiscs (A) and the
level of scattering from lipid-only nanodiscs (B) at 10mM magnesium. A) Percentage of soluble BmrA (%)
calculated by densitometry, with error bars where shown presented as mean * SEM, n >3 otherwise n = 1. B)
Scattering at 390nm measured and plotted as mean + SEM n >3. Data analysed by one-way ANOVA with *p <
0.05 and ****p < 0.0001.

At 10mM magnesium, SMA2000 nanodiscs are significantly more sensitive when compared to
alternative co-polymers as shown in figure 3.27. In figure 3.27 A, 11-50 solubilised protein-
lipid nanodiscs were found to be significantly less sensitive to magnesium when compared to
SMA2000. However, for lipid-only nanodiscs in figure 3.27 B SMA2000 is significantly more

sensitive than all other tested co-polymers.
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Section Two : Solubilisation of an ABC transporter from Insect Cells

In order to probe the utility of the tested polymers for proteins in other expressions systems,
and the possible influence of different lipid environments, an alternative expression host was

utilised. In this section, Sf9 insect cells overexpressing the ABC transporter MRP4 were used.

3.2.1 Insect membrane solubilisation kinetics

To initially investigate overall ability to solubilise membranes a simple light scattering assay
was used. Sf9 membrane preparations, which are cloudy and scatter light due to their
insolubility in aqueous solution, were mixed with 2.5% final w/v of polymer, and light
scattering monitored over time. As SMALPs are formed the solution clarifies and the light
scattering decreases. This provided a quick assay to study solubilisation kinetics with the

various co-polymers.

3.2.2 DIBMA and Glyco-DIBMA

DIBMA and Glyco-DIBMA were tested in the scattering assay (Figure 3.28).
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Figure 3.28 : Glyco-DIBMA is less able to solubilise Sf9 membranes when compared to DIBMA and SMA2000.
Samples of Sf9 membranes (60mg/ml) were mixed with an equal volume of 5% w/v DIBMA and Glyco-DIBMA
with the scattering (600 nm) profile tracked over five minutes. Produced using GraphPad v. 10.0.3 (217) with

data presented mean + SEM, n 23 with two-phase decay line plotted.
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SMA2000, DIBMA and Glyco-DIBMA are all able to solubilise Sf9 membranes as shown by the
decrease in light scattering observed in figure 3.28. With SMA2000, a very fast decrease in
light scattering is seen - decreasing to 0.23 in just 10 seconds. DIBMA acts slightly slower but
generally similar to SMA2000, decreasing to 0.36 in 10 seconds. However, Glyco-DIBMA
exhibits a much slower solubilisation profile reaching only 0.87 in 10 seconds. Unlike SMA2000

and DIBMA, it also does not reach plateau within five minutes.

3.2.3 AASTY 6kDa

The 6kDa AASTY group were also tested in the light scattering assay (Figure 3.29).
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Figure 3.29 : All 6kDa AASTY co-polymers were able to solubilise Sf9 membranes. Samples of Sf9 membranes
(60mg/ml) were mixed with an equal volume of 5% w/v AASTY 6-45, 6-50 and 6-55 with the scattering (600 nm)
profile tracked over five minutes. Produced using GraphPad v. 10.0.3 (217) with data presented mean + SEM, n

>3 with two-phase decay line plotted.

All three 6kDa AASTY co-polymers were able to solubilise Sf9 membranes in figure 3.29, with
6-50 and 6-55 working at rates similar to that of SMA2000. Within 10 seconds, 6-50 reaches
0.19 while 6-55 reaches 0.2, both values lower than that of SMA2000 with 0.23. However, 6-
45 stands out as having slightly slower solubilisation kinetics compared to the rest of the set,

reaching only 0.46 at 10 seconds.
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3.2.4 AASTY 11kDa

The 11kDa AASTY group were also tested in the light scattering assay (Figure 3.30).
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Figure 3.30 : 11-55 exhibits an increase in scattering unlike 11-50 and 11-45. Samples of Sf9 membranes
(60mg/ml) were mixed with an equal volume of 5% w/v AASTY 11-45, 11-50 and 11-55 with the scattering (600
nm) profile tracked over five minutes. Produced using GraphPad v. 10.0.3 (217) with data presented mean + SEM,

n 23 with two-phase decay line plotted.

Results between the 11kDa AASTY group in figure 3.30 vary more than other co-polymers
previously explored in the same assay. 11-45 and 11-50 both reduce the scattering profile in
a similar manner to SMA2000 but with a slower decrease before plateauing to the same level
as SMA2000. 11-45 and 11-50 reached 0.6 and 0.53 in 10 seconds compared to SMA2000 that
reached 0.23 in the same time period. In contrast, 11-55 exhibits an initial increase in the

scattering profile with a very slow decrease to just below the buffer control after five minutes.

3.2.5 MRP4 Solubilisation efficiency

To complement the light scattering assays which measured overall membrane solubilisation,
the protein specific solubilisation of ABC transporter MRP4 was investigated with selected
polymers utilised (Figure 3.31). SMA2000 remains as a positive control with good purity and
yield in previous trials. DIBMA was selected due to its tolerance to magnesium, alongside a
different apolar subunit to SMA2000 with a reportedly larger nanodisc size. AASTY 6-50 and
11-50 were also selected as they display a tolerance to magnesium and contain a different

polar subunit to both SMA2000 and DIBMA.
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Figure 3.31 : DIBMA is significantly less efficient at solubilising MRP4 from Sf9 membranes when compared to
SMA2000. MRP4* Sf9 membranes (60mg/ml) were mixed with equal volume of 5% (w/v) SMA2000 and DIBMA,
or 1% 6-50 and 11-50 for 1 hour at room temperature. Samples were then centrifuged (100,000 x g, 20 min, 4°C)
with supernatant (Sol) and pellet (Pt) samples collected. A) 10ul samples were analysed by western blot, probed
with 1:100 rat a-MRP4 Ab and 1:3000 a-rat-HRP Ab. Membrane visualised using West Pico Plus and LI-COR
imaging system. B) Solubilisation efficiency calculated by densitometry (C) with data shown as mean + SD, n 3.

Data analysed by one-way ANOVA with *p < 0.05.

All four of the selected polymers were able to solubilise MRP4 from Sf9 membranes as shown
in figure 3.31 A with double bands associated with MRP4 found in the sol lanes for all
polymers. Upon analysis of polymer efficiency in figure 3.31 B, DIBMA was significantly less
efficient with only 33+20% of MRP4 solubilised when compared to SMA2000 with 68+2%. 6-
50 achieves slightly higher efficiency than SMA2000 with 69+2% while 11-50 maintains 65+9%
efficiency. This is similar to results shown for BmrA solubilisation efficiency in figures 3.2, 3.13,

3.19 and 3.23.
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Section Three : BmrA Functional Analysis

The ability to extract and purify a target protein is not the only important feature of co-
polymer solubilisation. It is arguably more important that the purified protein is correctly

folded and retains function and so functional studies were next undertaken.

3.3.1 Binding Assay

The four selected polymers were therefore taken forward for functional analysis of purified
BmrA. These studies began with a binding assay to confirm BmrA is folded correctly and able
to undergo conformational changes upon binding to a known substrate (Hoechst 33342) in a

tryptophan quenching assay (Figure 3.32).
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Figure 3.32 : BmrA nanodiscs produced with selected polymers are able to bind Hoechst 33342. A) Fluorescent

trace of tryptophan quenching assay with SMA2000 solubilised and purified BmrA showing the decrease in

fluorescence as Hoechst 33342 is successively added (OpM-50uM). Data shown as mean * SEM, n >5. B)

Tryptophan quenching of BmrA solubilised and purified with each of the selected polymers at 335 nm was

measured upon successive addition of Hoechst 33342. Quenching dilution and inner filter corrected using NATA

with data shown as mean + SD, n >3. Produced using GraphPad v.10.0.3 (217) with non-linear regression one site

binding curve fit.

Table 3.5 : Binding assay parameters for BmrA-Hoechst 33342. Tryptophan quenching of BmrA solubilised and

purified with each of the selected polymers was measured upon binding of Hoechst 33342. Data shown as mean

+ SEM, n =3.
Polymer
SMA2000
DIBMA
6-50

11-50

*p < 0.05 significantly different to SMA2000.
Kd (uM)
6.4+3.9
93126
44+1.5

33x1
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SMA2000 solubilised and purified BmrA displays a decrease in fluorescence upon successive
addition Hoechst 33342 as shown in figure 3.32 A. Fluorescence intensity dropped from
~85a.u. at OuM Hoechst to ~50a.u. at 49.68uM Hoechst in a dose-responsive manner. Upon
dilution and inner filter correction using NATA, tryptophan quenching of BmrA solubilised and
purified with each of the selected polymers was measured at 335 nm and displayed in figure
3.32 B. In each case, BmrA was able to bind Hoechst 33342 with quenching increasing as
Hoechst concentration increases. Parameters of the assay displayed in table 3.5 reveal that
SMA2000, DIBMA, 6-50 and 11-50 all display similar K4 values between 3.3+1uM and 9.3 +
2.6uM, but DIBMA presented with a significantly lower maximal quenching with 27 + 1% when
compared to SMA2000 with 41 + 1.5% and 11-50 with 45+0.9%. These values align with
previous data for BmrA in Morrison et al.,2016 and for other membrane proteins with

SMA2000 (Akram, et al., 2022).

3.3.2 ATPase Assay

A better measure of overall function of ABC transporters would be to measure transport
activity, but this isn’t possible with polymer lipid discs as it requires a confined space on one
side of the membrane. An alternative measure of overall activity that is frequently used is an
ATPase assay. This has proved challenging with SMA2000 due to its sensitivity to magnesium,
a required co-factor. However, DIBMA, 6-50 and 11-50 all display some degree of magnesium
tolerance. Therefore, an ATPase assay was next utilised, which involves a colorimetric assay

to measure phosphate produced during ATP turnover (Figure 3.33, Table 3.6).
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Figure 3.33 : DDM, 6-50 and 11-50 solubilised BmrA exhibit ATPase activity unlike SMA2000 and DIBMA
solubilised BmrA. Graph showing ATPase activity of BmrA solubilised using selected polymers at different ATP

concentrations. Produced using GraphPad v.10.0.3 (217), n = 1 with Michaelis-Menten non-linear curve fit.

Table 3.6 : Parameters of Michaelis-Menten curve fit for selected solubilisation agents. Km, concentration at

which half maximal velocity is achieved. Vmax, maximal reaction velocity when substrate saturated.

Solubilisation Agent Km (mM) Vmax (mol/s)
DDM 0.6 100
6-50 0.5 132
11-50 0.8 184

DDM, 6-50 and 11-50 solubilised BmrA exhibit ATPase activity in figure 3.33, with phosphate
production increasing as ATP concentration was increased. This is in contrast to SMA2000 and
DIBMA solubilised BmrA —which do not display ATPase activity. At 2mM ATP, 11-50 solubilised
BmrA displayed the highest phosphate turnover at 101 nmoles Pi/min/mg protein, followed
by DDM solubilised BmrA with 81 nmoles Pi/min/mg protein. 6-50 solubilised BmrA displayed
the lowest turnover at 76 nmoles Pi/min/mg protein. However, these values are considerably
lower than the umoles Pi/min/mg protein reported in existing literature (Ravaud, et al., 2006).
Parameters of curve fitting shown in Figure 3.33 are highlighted in table 3.6, with DDM, 6-50
and 11-50 solubilised BmrA displaying comparable Km and Vmax values. 6-50 solubilised BmrA
exhibits the lowest Km at 0.5mM suggesting a higher affinity, while 11-50 solubilised BmrA

displays the highest Vmax at 184 mol/s suggesting a higher efficiency.
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Summary

Many of the co-polymers tested in the solubilisation of BmrA exhibited a good degree of
efficiency, with the exception of SMA variants SMAd-A and SMA-QA. While SMA-EA and SMA-
ED were able to solubilise BmrA, they were unable to produce a good purity and yield and so
all four SMA variants were not further tested. This may suggest an incompatibility for SMA

variants in the study of ABC transporters such as BmrA.

Glyco-DIBMA was another co-polymer that produced low purity and yield of BmrA and so was
not tested for sensitivity. Comparative study of insect membrane solubilisation kinetics
exhibited similar results with Glyco-DIBMA displaying a lower efficiency when compared to
both DIBMA and SMA2000, and as such Glyco-DIBMA was not further tested. DIBMA on the
other hand, produced a viable yield of BmrA and was tested for sensitivity despite low purity
levels. Results show DIBMA displays a tolerance to magnesium when compared to SMA2000

but remains as one of least efficient co-polymers for the solubilisation of BmrA and MRP4.

The AASTY co-polymer group exhibited interesting results in this study and appears to produce
a good purity and yield of BmrA when compared to SMA2000 - even at lower solubilisation
concentrations of 0.5% instead of 2.5% used for all other polymers. This promoted the AASTY
group for further investigation including sensitivity trials where they displayed varying levels
of tolerance to magnesium. Interestingly, 11-55 also exhibited a distinct solubilisation kinetic
profile when compared to all other co-polymers tested — suggesting differences in the mode

of solubilisation across co-polymers.

Functional study of the selected polymers — SMA2000, DIBMA, 6-50 and 11-50 — showed that
in all cases, co-polymer solubilised BmrA was able to bind substrate suggesting binding site
accessibility and an ability to undergo conformational change when embedded in the
nanodisc. However, SMA2000 and DIBMA solubilised BmrA did not display ATPase activity

unlike 6-50 and 11-50 solubilised BmrA along with BmrA detergent micelles.

Overall, co-polymer solubilisation produces a comparable yield but significantly higher purity

of BmrA when compared to detergent solubilisation in most cases. Results from this study
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along with the ease and low cost of co-polymer implementation in the laboratory supports

the application of co-polymers in membrane protein study.

These solubilisation trials have successfully highlighted a selected group of polymers —
SMA2000, DIBMA, 6-50 and 11-50 — for further study. This is due to their chemical and
structural characteristics alongside promising results in this chapter including protein purity

and yield, sensitivity and functional activity as shown in table 3.7.

Table 3.7: Ranking co-polymers based on results from solubilisation trials and functional study. Qualitative
colour-code ranking of co-polymers. In columns displaying all three colours, Green represents the highest values;
Amber, average values; Red, lowest values. In columns display only green and red, Green represents positive

functionality while Red represents negative functionality. N/A is non-applicable.

Solubilisation

Co-polymer Purity | Yield Sensitivity | Binding | ATPase

Efficiency

SMA2000

SMA-EA

SMA-ED

DIBMA

Glyco-DIBMA

6-45

6-50

6-55

11-45

11-50

11-55

To further probe co-polymer compatibility for functional study of ABC transporters, we now
turn to the other major component of plasma membranes — phospholipids. Protein-lipid,
protein-protein and lipid-lipid interactions have been shown to play a role in the maintenance
of protein structure and therefore function. Utilising co-polymer solubilisation methods, we
benefit from retaining the native phospholipid environments and therefore interactions, and
so next series of methods including TLC, laurdan and mass photometry were used to probe

lipid and nanodisc characteristics.
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4. Results Chapter Two — Nanodisc Characterisation

4.1 Introduction

The development of co-polymer solubilisation and introduction of novel co-polymers has been
greatly beneficial for many areas of biological research. They have been shown to solubilise a
diverse range of membrane proteins and provide the opportunity to probe protein-lipid
interactions, as the native phospholipid environment is retained. However, co-polymer
nanodiscs can exhibit a high level of variance in regard to size, composition and binding
affinity, and have been theorised to hold ABC transporters too tightly for substrate transport

(Pollock, et al., 2018).

To probe these characteristics, SMA2000, DIBMA, AASTY 6-50 and AASTY 11-50 (Figure 4.1
and Table 4.1) were selected for further study based on their performance in solubilisation
trials, reported data in existing literature and their structural information. SMA2000 is the
industry standard and utilised in this study as it provides a high level of efficiency, purity and

yield in BmrA solubilisation trials.

While DIBMA exhibited a low efficiency and protein purity in BmrA solubilisation trials, it was
selected for further study due to its decreased magnesium sensitivity when compared to
SMA2000. It also displays an aliphatic diisobutylene in a 1:1 ratio and is reportedly ~20nm in
diameter which differs to the aromatic styrene in a 2:1 ratio and ~10 nm diameter of

SMA2000, presenting an interesting study of chemical and structural differences.

Two AASTY co-polymers (6-50 and 11-50) were also selected for further study based on
existing literature and performance in BmrA solubilisation trials. Both provide a high
solubilisation efficiency with good levels of protein purity and yield. They also appear to be
less sensitive to magnesium when compared to SMA2000 and support the solubilisation of
functional BmrA as studied in binding and ATPase assays. Structurally, 6-50 and 11-50 provide
an interesting study as they both contain 50% acrylic acid in place of maleic acid and display a
larger nanodisc size of ~18 nm when compared to SMA2000 but differ by molecular weight at

6kDa and 11kDa.
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4.2 Selected Co-polymer Structural Information

sMA2000 AASTY
1] n - { M
O 0 o=
OH OH

Figure 4.1 : Representation of the chemical structure of SMA2000, DIBMA and AASTY co-polymers. ‘m’
represents the apolar styrene or diisobutylene moiety while ‘n’ represents the polar maleic acid or acrylic acid

moiety. Created using ChemDraw v21.0.0.

Table 4.1 : Co-polymer information. Table of chemical and structural characteristics of co-polymers as per

manufacturer. Ratio, percentage of apolar to polar subunits; Mw, weight average molecular weight.

Name Manufacturer |Apolar Subunit [Polar Subunit |Ratio (A:P) |Mw (kDa)

SMA Cray Valley Styrene Maleic acid 2:1 7.5

DIBMA Glycon Diisobutylene  |Maleic acid 1:1 12
Biochemicals

6-50 Cube Biotech |Styrene Acrylic acid 1:1 5.5

11-50 Cube Biotech |Styrene Acrylic acid 1:1 11

The first nanodisc characteristic explored was size, distinguished in this study by mass
photometry. Utilising this technique, single particles in an aqueous solution are added to a
glass slide. As they absorb to the surface, the refractive index changes and is measured by a
laser microscope and related to mass calibration curves. This provides details such as sample
homogeneity, oligomeric state and single particle mass and has been proven in the membrane

protein study (Olerinyova, et al., 2021).
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4.3 Protein-Lipid Mass Photometry

To begin, BmrA nanodiscs solubilised with SMA2000, DIBMA, 6-50 or 11-50 and purified by Ni-

affinity chromatography were tested by mass photometry (Figure 4.2).
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Figure 4.2: SMA2000, DIBMA, 6-50 and 11-50 co-polymers produce protein-lipid nanodiscs of a similar mass.
Samples of purified BmrA solubilised with 2.5% (w/v) SMA2000 and DIBMA, and 0.5% (w/v) 6-50 and 11-50 were
analysed by mass photometry. Counts plotted against mass (kDa) on a stacked graph, with masses of identified

peaks labelled. n = 1 per condition.

As shown in figure 4.2, all of the selected polymers produced protein-lipid nanodiscs with
similar sample profiles when analysed by mass photometry. All contain an initial low mass
peak between 54 and 88 kDa — attributed to a contaminating presence such as excess polymer
or empty nanodiscs. The second peak between 231 and 280 kDa likely represents a population
of protein-lipid nanodiscs containing functional BmrA, which functions as a homodimer of
~130 kDa (Dalmas, et al., 2005) with ~100 kDa of mass contributed by lipids and co-polymer
belt as shown in mass photometry studies of empty SMALPs (Olerinyova, et al.,, 2021).

Alternatively, the low mass peak may represent a population of monomeric BmrA with
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subsequent peaks representing higher order oligomeric states of BmrA, or an association of

multiple nanodiscs.

Conversely to existing literature, SMA2000 protein-lipid nanodiscs appear to have the highest
mass of ~280kDa when compared to the other three co-polymers with an average mass of
~235kDa. The AASTY co-polymers 6-50 and 11-50 also appear to produce a third population
of higher mass particles at ~445kDa, suggesting AASTY co-polymers produce a more

heterogeneous nanodisc population when compared to SMA and DIBMA.

4.4 Lipid-Only SEC

To further probe nanodisc size, lipid-only discs solubilised with SMA2000, DIBMA, 6-50 and
11-50 were analysed by SEC (Figure 4.3). SEC is a purification technique that separates
molecules based on size by filtration through a matrix. Lipid-only nanodiscs are produced
using DMPC as a simplified membrane model and utilised in further study to highlight
differences in nanodisc mass based on co-polymer utilised for solubilisation, while reducing
the variance exhibited when conducting the same experiments with protein containing

nanodiscs.
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Figure 4.3: SMA2000, DIBMA, 6-50 and 11-50 solubilised lipid-only nanodiscs exhibit similar SEC traces. SEC
profiles of 500ul lipid-only nanodiscs solubilised with 2.5% (w/v) SMA2000 (A) and DIBMA (B), and 0.5% (w/v) 6-
50 (C) and 11-50 (D), eluted in 0.5ml fractions from superdex 200 increase 10/300 column. UV absorbance (mAU)

plotted against volume (ml). Peaks associated to SMALPs and free polymer highlighted.

All four co-polymers presented with strikingly similar SEC profiles in figure 4.3 with lipid only
nanodiscs eluting between 10 — 20ml — which is supported in existing literature (Hesketh, et
al., 2020). The first peak in all four cases represents a population of lipid-only nanodiscs and

the second peak being excess polymer.

DIBMA solubilised lipid-only nanodiscs appear to produce a lower concentration when
compared to SMA2000, 6-50 and 11-50, however this is deceptive because DIBMA does not
contain the styrene group, and thus the absorbance at 280nm is lower. DIBMA lipid-only
nanodiscs also elute at ~11ml, which is earlier when compared to SMA2000 and 6-50 lipid-
only nanodiscs which elute at ~13ml, and 11-50 lipid-only nanodiscs that elute slightly later at

~14ml.
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While SEC does not provide definitive and reproducible measurements of particle size and is
complicated by the fact that the nanodiscs are not spherical, the speed of elution gives a good
indication as larger particles are unable to enter pores with the column packing material and
as such are washed through the column quicker with the inverse for smaller particles. Results
in figure 4.3 suggest that DIBMA lipid-only nanodiscs are the largest followed by SMA2000 and

6-50 lipid-only nanodiscs, with the smallest particles being 11-50 lipid-only nanodiscs.

4.5 Lipid-Only Mass Photometry

Lipid-only nanodiscs produced using SMA2000, DIBMA, 6-50 and 11-50 and purified by SEC

were then analysed by mass photometry to probe particle size of an ‘empty’ nanodisc (Figure

4.4).
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Figure 4.4 : SMA2000, DIBMA, 6-50 and 11-50 co-polymers produce lipid-only nanodiscs of a similar mass.
Samples of SEC purified lipid-only nanodiscs solubilised with 2.5% (w/v) SMA2000 and DIBMA, and 0.5% (w/v) 6-
50 and 11-50 were analysed by mass photometry. Counts plotted against mass (kDa), with masses of identified

peaks labelled. n = 1 per condition.
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As shown in figure 4.4, lipid-only nanodiscs produced using SMA2000, DIBMA, 6-50 and 11-50
all display a distinct single peak between 75kDa and 105kDa. These values align with existing
literature (Olerinyova, et al., 2021) and further supports the populations found in SEC profiles

of protein-lipid samples in figure 4.2.

In contrast to results in figure 4.2, DIBMA lipid-only nanodiscs display the largest mass of
105kDa, which better supports existing literature in which DIBMA nanodiscs are generally
larger than SMA nanodiscs (Oluwole, et al.,2017). SMA2000 and 11-50 lipid-only nanodiscs
exhibit similar masses of 75kDa and 78kDa, with 6-50 lipid-only nanodiscs displaying a slightly

larger mass of 92kDa.

The curve distribution of each population is similar, but DIBMA and 6 -50 lipid-only nanodiscs

appear to display the widest distribution — suggesting a higher degree of heterogeneity.

4.6 Binding Activity

Mass photometry can also be utilised to investigate binding and unbinding based on particle
interaction with the glass slide, with positive values representing binding activity and negative
values representing unbinding activity. Lipid-only nanodiscs produced with SMA2000, DIBMA,
6-50 and 11-50 and purified by SEC were tested (Figure 4.5).
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Figure 4.5 : 11-50 displays a contrasting binding/unbinding profile when compared to SMA2000, DIBMA and
6-50. Samples of SEC purified lipid-only nanodiscs solubilised with 2.5% (w/v) SMA2000 and DIBMA, and 0.5%
(w/v) 6-50 and 11-50 were analysed by mass photometry. Counts plotted against mass (kDa), with negative
values representing unbinding events and positive representing binding events. n = 1 per condition. Data

reproduced from Figure 4.4 with extended negative axis.

Lipid-only nanodiscs produced using SMA2000, DIBMA, 6-50 and 11-50 were able to bind and
unbind to the glass slide in varying degrees as shown in figure 4.5. However, 11-50 lipid-only
nanodiscs stand out due to the increased level of unbinding activity, exhibiting an equal
distribution of binding to unbinding. This is in contrast to the other three co-polymers which

exhibit much lower levels of unbinding activity.

4.7 Sample Homogeneity

Co-polymer nanodiscs are known to be rather heterogenous and exhibit multiple populations
in regard to nanodisc size. To probe this, two separate samples of SMA2000 lipid-only

nanodiscs were tested by mass photometry (Figure 4.6). One sample represents a single SEC
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elution fraction taken from the centre of the peak attributed to lipid-only nanodiscs, while the
other sample contains pooled SEC elution fractions across the range of the peak attributed to

lipid-only nanodiscs.
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Figure 4.6 : Limited differences in the mass distribution of SMA2000 lipid-only nanodiscs when using pooled
or single SEC fractions. Samples of SEC purified lipid-only nanodiscs solubilised with 2.5% (w/v) SMA2000 were
analysed by mass photometry, with one sample containing the innermost peak fraction and the other sample
containing pooled peak fractions. Normalised counts plotted against mass (kDa), with masses of identified peaks

labelled. n = 1 per condition.

As shown in figure 4.6, there are limited differences in the mass reported for lipid-only
nanodiscs captured in single or pooled SEC elution fractions with 78kDa and 79kDa. While the
count number is slightly higher in single fraction lipid-only nanodiscs, this can be attributed to
sample dilution carried out during optimisation. However, the distribution of pooled lipid-only
nanodiscs appears to be slightly wider, suggesting that pooled samples present a less

homogenous population.
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4.8 Lipid Composition

Another variable reported for co-polymer nanodiscs is lipid composition. The ability to retain
native phospholipids is a major advantage of co-polymer solubilisation and previous studies
have found enhancements of different lipid classes co-purifying with specific proteins in
nanodiscs when compared to crude membranes (Teo, et al., 2019). However, it remains a little
controversial in the literature as to whether the polymers exhibit preferences for certain lipids

(Teo, et al., 2019, Ayub, et al., 2020 and Dominguez Pardio, et al., 2017).

To investigate lipid composition of co-polymers nanodiscs, MTBE lipid extraction was
performed on crude membrane and co-polymer solubilised membrane samples. Dried down
lipid extracts were rehydrated and analysed by TLC (Figure 4.7) —a technique to separate lipids
based on polarity. This provided information regarding lipid class preferences for tested co-

polymers in both bacterial and insect expression systems.
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Figure 4.7 : MTBE extraction and TLC of co-solubilised lipids found in co-polymer nanodiscs was successful,
with an enrichment of PE in co-solubilised when compared to crude membranes. TLC of MTBE extracted lipids
from E. coli (A) and Sf9 (B) co-polymer nanodiscs following solubilisation at 2.5% (w/v) with SMA2000 and DIBMA,
and 0.5% (w/v) 6-50 and 11-50, compared to the lipids extracted from the crude membrane preparation
(control). 50ug of pure lipid standards were loaded alongside. Densitometric analysis of distinct lipid bands seen
in TLC sample lanes representing PE, PG and PC was conducted with the ratio of PE:PG in E. coli membranes (C)
and PE:PCin Sf9 membranes (D) plotted on GraphPad v.10.0.3 (217) with mean * SD, n >3. Data analysed by one-

way ANOVA with no significance found.

MTBE lipid extraction and TLC was successfully conducted in this study as shown in figure 4.7
A and B, with a good separation of lipids using this solvent system. However significant
contaminating bands and lane smearing can be seen, especially in the case of DIBMA samples
in both figure 4.7 A and B. This made analysis of Rf values difficult and therefore not reported

in this analysis.
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There also appears to be interference close to the sample line in figure 4.7 A, with blebbing
seen towards the base of the TLC plate. This is more present in SMA2000 and DIBMA when
compared to 6-50 and 11-50 sample lanes, suggesting this relationship may be related to
polymer interference based on the increased concentration of co-polymer used for SMA2000
and DIBMA solubilisation when compared to the AASTYs. However, this relationship is not as

prevalent in figure 4.7 B with insect membranes.

PE and PG are the major phospholipid classes in bacterial membranes and were selected for
analysis of E. coli TLC. While DIBMA and 11-50 nanodiscs displayed a similar ratio of PE:PG to
crude membrane samples, SMA and 6-50 nanodiscs appear to be enriched in PE with ~3.5:1
PE:PG. Insect membranes are primarily composed of PE and PC with these classes selected for
comparison of Sf9 TLC. All nanodiscs displayed an enrichment in PE when compared to crude
membranes with PE:PC ratios of ~3:1 for SMA2000 and DIBMA, ~4:1 for 6-50 and ~4.5 for 11-
50.

4.9 Membrane Fluidity

Itis well reported that functional study of ABC transporters in SMALPs is difficult — with ATPase
assays unapplicable in most cases. It is hypothesised that this difficulty may be due to the
requirement of magnesium as a co-factor for ATPase activity, with the use of magnesium
resulting in the precipitation of SMALPs (Gulamhussein, et al., 2020). But this does not seem
the case for DIBMA, which displays a decreased sensitivity to magnesium but does not appear
to produce functionally active BmrA in ATPase assays as shown in previous results. Another
hypothesis is that the co-polymer outer ring of nanodiscs is too rigid to allow full
conformational change of membrane proteins (Pollock, et al., 2018). It has previously been
shown that certain polymer nanodiscs do not allow full function of the GPCR rhodopsin,
whereas others do, and it is suggested this is due to the lipid packing within the discs (Grime,

etal., 2021).
To investigate this issue, a laurdan assay was employed to probe phospholipid packing and

membrane fluidity of nanodiscs produced using SMA2000, DIBMA, 6-50 and 11-50 (Figure

4.8). Laurdan is a fluorescent dye that integrates into the hydrophobic core of bilayers, where
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changes in temperature and membrane polarity causes spectral shifts with fluorescence

measured.
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Figure 4.8 : All lipid-only nanodiscs display reduced membrane fluidity when compared to DMPC liposomes.
Samples of DMPC liposomes and DMPC lipid-only nanodiscs solubilised with SMA2000, DIBMA, 6-50 and 11-50
were mixed with 5ul 1mM laurdan at room temperature. Samples were then incubated at temperatures between
5°C and 60°C for 5 minutes with fluorescence measured in triplicate per temperature condition, with n >1.

Produced using GraphPad v.10.0.3 (217) with non-linear regression inhibitor vs response curve fit.

Membrane fluidity is greatly affected in co-polymer lipid-only nanodiscs when compared to
DMPC liposomes in figure 4.8 — as supported in existing literature (Pardo, et al., 2017). DMPC
liposomes display decreased lipid packing as the temperature increased, represented by the
decrease in GP values from ~0.35 at 5°C to ~0.05 at 60°C. This is markedly different to all four
of the co-polymer lipid-only nanodiscs with high levels of lipid packing across the same
temperature range, as represented by the limited decrease in GP values from ~0.4 at 5°C to
~0.15 at 60°C with little evidence of laurdan spectral shifts observed. While DMPC liposomes
display a clear sigmoidal shaped curve with a sharp gel-to-fluid transition temperature of

~37°C, this is not witnessed in co-polymer lipid-only samples.

Summary

Co-polymer nanodisc characteristics differ depending on the co-polymer utilised for
solubilisation. While SMA2000, 6-50 and 11-50 produce lipid-only nanodiscs of similar sizes
with an average mass of ~80kDa, DIBMA lipid-only nanodiscs are larger with a mass of 105kDa

— which is supported in existing literature as well as SEC data. However, the opposite
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relationship is witnessed in protein-lipid nanodiscs, with SMA2000 appearing to produce the
largest nanodisc with a mass of 280kDa when compared to DIBMA, 6-50 and 11-50 with an

average mass of 235kDa.

Analysis of the lipid composition of co-polymer nanodiscs produced with Sf9 and E. coli
membranes by TLC found an enrichment of PE when compared to crude membrane samples.
However, this relationship is not as present in bacterial membrane samples and needs further

defining due to issues with contamination and polymer interference in TLC.

Utilisation of co-polymer solubilisation results in a decrease membrane fluidity as shown by
laurdan assays when compared to DMPC liposomes. This is regardless of co-polymer type,
with SMA2000, DIBMA, 6-50 and 11-50 nanodiscs all displaying limited evidence of laurdan
spectra shift and gel-to-fluid transition based on temperature. This evidence further supports
the theory that nanodiscs are held to tightly to allow for full conformational change to support

substrate transport (Pollock, et al., 2019).

Co-polymers are a good alternative to detergents for the solubilisation of diverse range of
membrane proteins. Their utilisation is easy to implement with low costs, results in increased
protein purity and stability with limited necessity for further sample processing for techniques
such as cryo-EM. However, co-polymer solubilisation is still somewhat limited for the
functional study of ABC transporters such as BmrA due to the reduced nanodisc membrane
fluidity. This is hypothesised to be the reason for why ABC transporters are often non-

functional in co-polymer nanodiscs.

In order to take advantage of the benefits from both systems, the ability to swap in and out
of nanodiscs, micelles and proteoliposomes would be beneficial. This has been shown in
recent studies (Rehan, et al., 2017, Hesketh, et al., 2020) but is probed further in the following

chapter.
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5. Results Chapter Three — BmrA Reconstitution

5.1 Introduction

All of the explored methods of membrane protein solubilisation including detergents,
amphipols, MSPs and co-polymers present with their own advantages and disadvantages.
Their utilisation typically involves optimisation on a case-to-case basis depending on the target
membrane protein along with many other factors such as pH, time and temperature. In order
to reduce the time spent optimising and produce highly stable proteins applicable for

downstream analysis, the ability to reconstitute utilising different systems has been explored.

While detergents are highly efficient and provide a good protein yield, they are known to
interfere with protein-lipid interactions and may result in decreased protein stability (Sych,
Levental and Sezgin, 2022). On the other hand, co-polymers display high efficiencies and good
protein purity, producing nanodiscs that retain native protein-lipid interactions resulting in
highly stable membrane proteins. However, they display a sensitivity to divalent cations and
functional study of ABC transporters can be difficult as shown in previous results and existing
literature (Gulamhussein, et al., 2020, Pollock, et al., 2022). The use of proteoliposomes is
common in membrane protein research as it provides the opportunity to modify lipid

composition to probe lipid-dependent protein structure and function (Sejwal, et al., 2017).
In order to take advantage of the benefits from different systems, investigations into the

reconstitution of BmrA from co-polymer nanodiscs (SMA, DIBMA, 6-50 and 11-50) into DMPC

proteoliposomes and DDM micelles have been conducted (Figure 5.1).
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Figure 5.1 : Schematic representation highlighting the pathways of solubilisation and the ability to swap
between systems. 1 : Membrane samples are mixed with either detergents or co-polymers for initial stages of
solubilisation depending on desired applications. 2 : For structural study, detergent micelles are commonly
utilised, but they do not co-solubilise lipids that are not tightly associated with the protein. 3 : For applications
requiring lipids, the use of co-polymers is common as they retain the native phospholipid environment and
protein-lipid interactions. But functional study is limited for ABC transporters. 4 : Proteoliposomes are useful in
functional study of ABC transporters and provide an opportunity to modulate lipid composition to measure

effects. Membrane proteins are able to be transferred between 2, 3 and 4 utilising different methods.

5.2 Reconstitution from SMALPs to proteoliposomes

5.2.1 Effect of Magnesium on Reconstitution Efficiency

The reconstitution of membrane proteins from detergent micelles into proteoliposomes is
well studied and commonly involves the dilution of a sample to below CMC value in order to
disassociate micelles (Goddard, et al., 2015). When mixed with lipids, membrane proteins
gravitate towards the protective hydrophobic core of the lipid bilayer resulting in the

production of proteoliposomes.
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However, reconstitution from co-polymer nanodiscs to proteoliposomes is less defined due to
its novelty (Hesketh, et al., 2020) and explored in this research. While co-polymer nanodisc
stability is a major advantage for many applications, it presents an issue when attempting
reconstitution. Unlike micelles, co-polymer nanodiscs are less likely to disassociate when co-
polymer concentration is reduced and as such requires a different approach. To do this,
nanodisc sensitivity to divalent cations is utilised with the addition of magnesium along with

gentle heat used to stimulate nanodisc disassociation and reconstitution (Figure 5.2).

Figure 5.2 : Schematic representation of the pathway of BmrA reconstitution from SMALPs to
proteoliposomes. 1 : SMALPs containing BmrA are prepared and purified. 2 : Reconstitution of BmrA from
SMALPs to proteoliposomes can be carried out utilising nanodisc sensitivity to divalent cations, with magnesium
added to encourage SMALP dissociation. 3 : Reconstitution of BmrA from SMALPs to proteoliposomes may also
be carried out without magnesium, applying only gentle heat in order to encourage SMALP disassociation. 4 :
Using these methods, BmrA can be transferred from native lipid containing SMALPs to proteoliposomes of

defined lipid compositions.

To test both methods of reconstitution from SMA solubilised nanodiscs into DMPC
proteoliposomes, purified BmrA nanodiscs were subjected to gentle heat in the absence or

presence of magnesium with DMPC liposomes produced by extrusion (Figure 5.3).
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Figure 5.3 : The use of Mg?* significantly increases the reconstitution efficiency of BmrA from SMALPs to
proteoliposomes. A) Purified BmrA SMALPs were mixed with DMPC liposomes at a ratio of 1:100 protein: lipid
in the presence (+Mg?*) or absence (-Mg?*) of 10mM magnesium and incubated at 37°c for 30 minutes. Samples
were then successively centrifuged (100,000 x g, 20 min, 4°C) with supernatant (S1, S2, S3) and pellet (Pt) samples
collected, loaded on SDS-PAGE and stained with Instantblue. B) Reconstitution efficiency calculated by
densitometry using ImageJ and presented as mean £ SD, n > 3. Data analysed by unpaired T-test with *p < 0.05.

Produced using GraphPad v. 10.0.3 (217).

As shown in figure 5.3 A, there are clear differences in the reconstitution of BmrA when using
magnesium or not. Samples prepared using magnesium show a distinct BmrA band in the
pellet lane, representing the successful disassociation of nanodiscs. However, further study
such as sucrose gradient density centrifugation would be required to confirm the transfer of
BmrA into proteoliposomes. While some BmrA banding can be seen in supernatant lanes,
these are relatively low level with reconstitution appearing to be highly efficient. However,
the inverse is witnessed for samples prepared without the use of magnesium. For these
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samples, the majority of BmrA is found in the supernatant lane suggesting the bulk of BmrA
remains soluble in SMALPs. However, BmrA can still be detected in the pellet lane, suggesting

at least some BmrA was successfully reconstituted.

Following densitometric analysis of proteoliposome SDS-PAGE gels, the reconstitution
efficiency was calculated and shown in figure 5.3 B. While both methods successfully resulted
in the reconstitution of BmrA into proteoliposomes, the utilisation of magnesium significantly

increased the reconstitution efficiency from 15% to 63%.

5.2.2 Effect of Incubation on Reconstitution Efficiency

The length of incubation at 37°c was also tested in this project in an attempt to optimise BmrA
reconstitution, with longer incubations expected to encourage higher efficiencies due to

increased membrane fluidity. Samples with and without magnesium were exposed to 37°c

heat for 5 or 30 minutes, with the reconstitution efficiency analysed (Figure 5.4).
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Figure 5.4 : A shorter length of incubation appears to increase the reconstitution efficiency of BmrA from
SMALPs to proteoliposomes. A) Purified BmrA SMALPs were mixed with DMPC liposomes at a ratio of 1:100 in
the presence (+Mg?*) or absence (-Mg?*) of 10mM magnesium and incubated at 37°c for either 5 or 30 minutes.
Samples were then successively centrifuged (100,000 x g, 20 min, 4°C) with supernatant (S1, S2, S3) and pellet
(Pt) samples collected, loaded on SDS-PAGE and stained with Instantblue. B) Reconstitution efficiency calculated

by densitometry with n = 1. Produced using GraphPad v. 10.0.3 (217).

As shown in figure 5.4 A, the left (5 minutes) and right (30 minutes) sides of the SDS-PAGE gel
show near identical banding profiles. Similar to previous results, when magnesium is utilised
distinct BmrA bands are seen in the pellet lanes representing successful reconstitution. Some
banding can also be seen in the supernatant lanes, but this is limited. On the other hand, when
magnesium is not utilised the majority of BmrA is found in the supernatant lane suggesting a
higher proportion of BmrA remains in SMALPs. However, less distinct BmrA bands can also be

seen in the pellet lane.
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Following densitometric analysis shown in figure 5.4 B, there appears to be an increase in
reconstitution efficiency from 33% to 58% when decreasing the length of incubation from 30
to 5 minutes when using magnesium. While more repeats would be necessary to confirm this
relationship, 5-minute incubations are recommended for BmrA reconstitution from SMALPs

to proteoliposomes.

5.3 Co-polymers to DDM

In order to further probe the ability to swap between systems, the transfer of BmrA from co-
polymer nanodiscs solubilised with SMA2000, DIBMA, 6-50 and 11-50 to DDM micelles was
tested (Figure 5.5).

0O.P.Hawkins, PhD Thesis, Aston University, 2024 119



SMA2000 DIBMA

M - 10% 1% 0.1% M - + 10% 1% 0.1%
A kDa) Sol Pt Sol Pt Sol Pt Sol Pt Sol Pt B (kDa) Sol Pt Sol Pt Sol Pt Sol Pt Sol Pt

~116 ~116
~66.2 ~66.2
a5 ~45
a5 ~35
25 ~25
~20
~20
- + 10% 1% 0.1% - + 10% 1% 0.1%
Mw Mw
C o St Ptosol Pt oSol Pt Sol Pt Sol Pt D «os) S0t Pt Sol Pt sol Pt sol Pt Sol Pt

~116 ~1e

~66.2 ~66.2

~35

~25

~20

E 100-
S 804
< [
S 60 M 10%
[11] 1%
()
5 407 0.1%
=
)
N 20-

0_

SMA2000 DIBMA 6-50 11-50
Co-polymer

Figure 5.5 : BmrA can successfully be transferred from co-polymer nanodiscs to DDM micelles. Purified BmrA
co-polymer nanodiscs solubilised with SMA2000 (A), DIBMA (B), 6-50 (C) and 11-50 (D) are mixed with differing
concentrations (10%, 1% and 0.1%) of DDM in the absence (-) or presence (+) of 10mM magnesium. Samples
were then centrifuged (100,000 x g, 20 min, 4°C) with supernatant (Sol) and pellet (Pt) samples collected, loaded
on SDS-PAGE and stained with Instantblue. E) The percentage of soluble BmrA (%) calculated by densitometry

using ImagelJ and plotted using GraphPad v. 10.0.3 (217) with n = 1.

All of the co-polymers tested behaved similarly in reconstitution trials from co-polymer
nanodiscs to DDM micelles with similar banding profiles in figures 5.5 A, B, Cand D. In negative
controls (-) where buffer is added to nanodisc samples, the majority of BmrA is found in the
supernatant lane representing soluble BmrA nanodiscs. However, when 10mM magnesium is
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added to nanodisc samples in positive controls (+) the majority of BmrA is found in the pellet
lane, representing the dissociation of nanodiscs and the resulting loss of BmrA solubility. As
the concentration of DDM added to solution decreases from 10% to 0.1%, BmrA is witnessed
at higher concentrations in the pellet lanes in all cases, but more noticeably in figure 5.5 A and

C samples produced with SMA2000 and 6-50.

The relationship between DDM concentration and the percentage of BmrA retained in soluble
fractions was analysed by densitometry and shown in figure 5.5 E. The addition of magnesium
sharply reduces the percentage of soluble BmrA from 96% to 3%, providing evidence for the
disassociation of co-polymer nanodiscs at 10mM magnesium. However, soluble BmrA can be
retained by the introduction of DDM with 90% BmrA preserved from SMA nanodiscs, 92%
from DIBMA and 6-50 nanodiscs and 93% from 11-50 nanodiscs when 10% DDM is added. This
is reduced at lower concentrations of DDM -especially for SMA2000 - with only 16% saved
from SMA nanodiscs, 83% from DIBMA nanodiscs, 65% from 6-50 nanodiscs and 91% from 11-
50 nanodiscs when 0.1% DDM is added.

Summary

The ability to reconstitute membrane proteins in and out of membrane mimetic systems is
useful for a wide range of applications. In this chapter, BmrA has been successfully

reconstituted from co-polymer nanodiscs to proteoliposomes and DDM micelles.

The reconstitution of BmrA from co-polymer nanodiscs to DMPC proteoliposomes is useful
for probing protein functionality and the effect of differing lipid composition on protein
structure and function. This reconstitution pathway appears to be significantly more efficient
when 10mM magnesium is utilised along with gentle heat when compared to samples
subjected to heat only. The efficiency of reconstitution may also improve when incubating

samples for 5 minutes when compared to 30 minutes.

BmrA can also be reconstituted into detergent micelles from co-polymer nanodiscs. Negative
and positive controls in these experiments provided further evidence of co-polymer
sensitivity, with disassociation of co-polymer nanodiscs at 10mM magnesium causing an

almost total loss of soluble BmrA. However, the addition of DDM at concentrations between
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10% and 0.1% stimulates the production of detergent micelles, with BmrA remaining soluble
even in the presence of 10mM magnesium. However, as the concentration of DDM
decreases the efficiency of reconstitution also decreases with less soluble BmrA retained at

0.1% when compared to 10%.

0O.P.Hawkins, PhD Thesis, Aston University, 2024 122



6. Discussion

6.1 Comparison of DDM and SMA2000 Solubilisation Methods

Detergent and co-polymer solubilisation methods provide different advantages and
disadvantages for the study of membrane proteins, with their utilisation generally depending
on downstream applications. In order to define the differences between these methods and
provide a basis of comparison for novel co-polymers, industry standards SMA2000 and DDM

were selected for study.

DDM is one of the most commonly utilised detergents for membrane protein solubilisation
(Stetsenko, et al., 2017) and has been shown to solubilise a wide range of membrane proteins
including ABC transporters with efficiencies generally reported to be above 50% (Infed, et al.,
2011). In this study, DDM solubilised BmrA at a mean efficiency of 59+18.4% which aligns with

existing literature.

Detergent solubilisation is generally considered to be more efficient when compared to co-
polymer solubilisation (Morrison, et al., 2021) but this relationship is not witnessed in this
study with SMA2000 presenting a mean efficiency of 66+3.9%. While this difference is not
statistically significant, SMA2000 appears to produce a slightly higher efficiency with a lower
degree of variability when compared to DDM. The increased variability witnessed in DDM
trials is likely linked to the requirement of a tightly controlled ratio of detergent to lipids during
solubilisation. Detergent micelles also display decreased thermostability so while co-polymer
solubilisation is carried out at room temperature, all solubilisations using DDM are conducted

at 4°c.

DDM has also been reported to produce a lower protein purity but higher yield when
compared to SMA2000 in multiple studies (Gulati, et al., 2014, Morrison, et al., 2016). This
relationship was confirmed in this project, with DDM providing double the yield of BmrA but

at a significantly reduced purity of 66+9.7% when compared to SMA2000.
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Both solubilisation agents have presented with their own drawbacks in this study, but co-
polymer solubilisation is generally preferred with nanodiscs providing a unique opportunity to
study membrane proteins in their native phospholipid environment. However, SMA2000 has
been shown in this study to display a sensitivity to divalent cations with functional applications
limited. Due to the ease by which novel co-polymers are manufactured, a wealth of
alternatives such as SMA variants, DIBMA and Glyco-DIBMA and AASTY co-polymers are now
commercially available and tested in this project to identify suitability for BmrA functional

study.

6.2 Comparison of SMA2000 and SMA Variants

SMA variants SMA-EA, SMA-ED, SMAd-A and SMA-QA were among the least successful co-
polymers tested in this study, exhibiting lower solubilisation efficiencies and BmrA purity and
yield. These co-polymers were introduced to the market with reports of lower nanodisc
sensitivity and enhanced stability when compared to SMA2000 (Ravula, et al., 2017a and
Ravula, et al., 2018). They also exhibit a broad range of nanodisc diameter controlled by
modulating the polymer to lipid concentration with (Ravula, et al., 2017b), making them key

targets for study to expand understanding of nanodisc formation.

While SMA-EA and SMA-ED were able to solubilise BmrA at a mean efficiency of 49+22% and
47+2.5% which is comparable to SMA2000, they produce significantly lower purity levels of
35+2.4% and 35% and very low yields of BmrA — making them inapplicable for sensitivity
studies. While confirmation of the reported sensitivities would have been useful, SMA-EA has
been shown to still display pH and cation sensitivity (Scheidelaar, et al., 2016) and SMA-ED
displays lower stability under neutral conditions (Ravula, et al., 2017a). The further modified
polymers SMAd-A and SMA-QA performed even worse with no solubilised BmrA detected
following purification. They were therefore not included in efficiency, purity and yield analyses
and unable to be utilised for sensitivity studies. Similarly to SMA-ED, SMAd-A has been
reported to be unsuitable for solubilisation at neutral pH (Ravula, et al., 2017a). While SMA-
QA appears to produce monodisperse nanodiscs at 7.5 pH (Ravula, et al.,, 2018), the dark
smearing witnessed in soluble and flow-through lanes on purification SDS-PAGE gels may

suggest compatibility issues for both SMA-QA and SMAd-A.
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6.3 Comparison of SMA2000, DIBMA and Glyco-DIBMA

DIBMA and Glyco-DIBMA are another group of co-polymers tested in this project due to the
reported tolerance to magnesium (Oluwole, et al., 2017), larger nanodisc size (Gulamhussein,
et al., 2020), and chemical and structural differences when compared to SMA2000. Previous
reports have hypothesised that co-polymers hold membranes too tightly to allow for full
conformational change of embedded membrane proteins during transport (Pollock, et al.,
2018) with this study showing the difficulty in functionally studying BmrA in SMALPs. A
nanodisc with lower sensitivity and a larger diameter may perform better in ATPase and
membrane fluidity assays. Here, the efficiency of DIBMA and Glyco-DIBMA and the resulting
BmrA purity and yield is compared to SMA2000.

While the solubilisation efficiency of DIBMA at 40+27% is not significantly different to
SMA2000, there appears to be a higher degree of variability. Similar results have been shown
previously (Gulamhussein, et al., 2020), with DIBMA nanodiscs displaying increased particle
size heterogeneity in other studies (Voskoboynikova, et al., 2021). DIBMA also provided a
comparable level of protein yield to SMA2000 in this work and in other studies (Gulamhussein,
et al., 2020). While the yield of BmrA was comparable, DIBMA produces significantly lower
BmrA purity at 69+15%. This may be connected to the increased nanodisc diameter, with a
higher chance of co-solubilising proteins being present in larger nanodiscs when compared to
smaller ones. While BmrA purity was low for DIBMA, the yield was acceptable and therefore

was selected for further study.

On the other hand, Glyco-DIBMA did not meet selection criteria as it displayed low
solubilisation efficiency, purity and yield. This co-polymer was developed in response to the
low solubilisation efficiencies reported for DIBMA, with partial amidation reducing polymer
charge and increasing hydrophobicity. It has been shown to solubilise E. coli membranes in
previous studies and exhibit an increased tolerance to magnesium (Danielczak, et al., 2022)
but is yet to be tested for ABC transporters. While Glyco-DIBMA was able to solubilise BmrA
in this study, it exhibited a lower solubilisation efficiency of 31+10% and significantly lower
BmrA purity of 51+4% when compared to SMA2000. The vyield of purified BmrA was also
significantly lower with difficulties experienced during quantification. Due to this, Glyco-

DIBMA was not taken forward for further testing.
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6.4 Comparison of SMA2000 and AASTY

AASTY polymers are a group of six co-polymers that have been most recently introduced
(Smith, et al., 2020). Produced by RAFT, AASTY polymers reportedly produce nanodiscs that
are more homogeneous and display a lower sensitivity to divalent cations when compared to
SMA and DIBMA nanodiscs (Smith, et al., 2020, Timcenko, et al., 2022). AASTY is a highly
repeating co-polymer that contains acrylic acid in place of maleic acid found in SMA2000. This
chemical difference is hypothesised to be the reason for a reduced sensitivity with the loss of
an exposed carboxyl group leading to reduced electrostatic interactions with divalent cations.
The six AASTY polymers tested in this project differed by molecular weight, being either 6kDa
or 11kDa, and the ratio of styrene: acrylic acid being either 45%, 50% or 55%.

Unlike the standard 2.5% final concentration utilised for all other polymers tested in this study,
AASTY co-polymers were utilised at a final concentration of 0.5%. This was initially
recommended by the manufacturer but to confirm this a small-scale concentration trial was
conducted for the solubilisation of BmrA. While none of the AASTY polymers showed
significant differences in solubilisation efficiency at 0.5% and 2.5%, the maintenance of good
efficiency at lower polymer concentrations is useful. 2.5% polymer while widely used, is rather
excessive in order to ensure maximal solubilisation but the presence of excess polymer can
interfere with SDS-PAGE and spectroscopic study (Gulamhussein, et al., 2020). All AASTY
polymers were therefore utilised at 0.5% concentration unless otherwise stated. While
different polymer concentrations were only tested in this study for the AASTY polymers, due
to the manufacturer’s recommendations, it would be a good idea in the future to also test
lower concentrations of other polymers, as this may help to counteract some of the

limitations.

All AASTY polymers provided a solubilisation efficiency comparable to SMA2000, but 6-50 and
11-50 exhibited the highest efficiency at 71+17% and 61+20% respectively. This may suggest
that an equal distribution of polar and apolar subunits benefits the integration and
solubilisation of membranes in this case. Studies with SMA of different ratios found SMA1000
with a ratio of 1:1 to exhibit a lower efficiency when compared to SMA2000 at a ratio of 2:1

(Morrison, et al., 2016), however within SMA the maleic acid group has two carboxyl groups,
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whereas with AASTY the acrylic acid group contains a single carboxyl group. Therefore, the

hydrophobic: hydrophilic balance of 1:1 AASTY is similar to that of 2:1 SMA.

While 11-50 excelled in efficiency, it provided a significantly lower level of BmrA purity at
64+21% when compared to SMA2000. 6-45 solubilised nanodiscs were also significantly less
pure at 57+23%, but all other AASTY provided comparable BmrA purity. The diameter of
AASTY nanodiscs has been reported to be rather heterogenous depending upon the
application and this is confirmed in SEC and mass photometry analysis discussed later. Perhaps
11-50 and 6-45 produce larger nanodiscs which results in the increased presence of co-

solubilising proteins.

The yield of BmrA produced with all AASTY co-polymers was comparable to SMA2000 but
some interesting patterns emerge. For the 6kDa AASTY group, the yield of BmrA deceased as
the percentage of acrylic acid increased. This is in opposition to the study of SMA at different
ratios as previously discussed (Morrison, et al., 2016). However, the 11kDa AASTYs did not
share this relationship with 11-50 exhibiting the highest yield compared to 11-45 and 11-55
with a mean yield higher than SMA2000. Higher molecular weight polymers are known to
exhibit reduced solubility (Wolf, 1985) and perform worse than lower molecular weight
polymers (Swainsbury, et al., 2017), but in this study AASTY 6-45, 6-50 and 6-55 do not appear
to be more efficient than 11-45, 11-50 and 11-55.

While all AASTY polymers displayed good levels of efficiency, purity and yield, 6-50 and 11-50
were selected for further study. 6-50 was determined to be the superior 6kDa AASTY polymer
producing consistently good levels of efficiency, BmrA purity and yield. While 11-50 nanodiscs
were significantly less pure, they were produced at the highest yield and at a high efficiency.
AASTY co-polymers also provide an interesting study for nanodisc characteristics based on
molecular weight and have been shown to solubilise membrane proteins in different

conformational states suggesting they can be utilised to produce functional protein.

6.5 Insect Membrane Study

Co-polymers can display widely different solubilisation efficiencies depending on multiple

factors including the membrane protein of study and expression model. While some polymers
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such as partially esterified SMA1440 are more efficient at solubilising thylakoid membranes
than SMA2000 (Brady, et al., 2019), they are less efficient at solubilising bacterial membranes
(Hawkins, et al., 2021). Differences in membrane composition and structure can result in
different solubilisation efficiencies. To investigate this, the solubilisation efficiency of MRP4

expressed in Sf9 cell was tested using selected polymers SMA2000, DIBMA, 6-50 and 11-50.

DIBMA presented with a significantly lower efficiency of 33+20% when compared to SMA2000
with 68+2% in the solubilisation of MRP4. This is unlike the efficiency displayed for BmrA,
suggesting that DIBMA is less capable of solubilising insect membranes when compared to
bacterial. On the other hand, 6-50 and 11-50 display efficiencies of ~70% with MRP4
solubilised which is comparable to SMA2000. These values are also comparable to data in
BmrA study, suggesting SMA2000 and AASTY 6-50 and 11-50 are equally able to solubilise

bacterial and insect membranes.

Unfortunately, the efficiency of DDM to solubilise MRP4 in insect membrane models in this
study was not investigated but other groups have reported an efficiency of over 70% for Sf9
expressed PCFT (Date, et al., 2017), suggesting DDM is able to solubilise insect membranes to
a similar degree as bacterial. In the future, this would be beneficial to determine if detergents

solubilise different expression models to the same efficiency.

The solubilisation of Sf9 membranes was also tested in a scattering assay, utilising the
proclivity for Sf9 lipids to optically clear upon solubilisation unlike bacterial membranes. With
SMA2000, DIBMA, Glyco-DIBMA and all six AASTY polymers tested, 6-50 and 6-55 appeared
to solubilise Sf9 membranes the quickest while all of the 11kDa AASTY polymers exhibited
slower solubilisation kinetics. This may provide evidence to support the theory that lower
molecular weight polymers are more efficient than larger weight polymers (Swainsbury, et al.,

2017) but appears to oppose previously discussed efficiency data.

The majority of the tested co-polymers exhibit sharp decreases in the scattering profile (600
nm) within the first 10 seconds of addition to 60mg/ml Sf9 membranes before plateauing at a
constant rate. This suggests that solubilisation occurs in a two-phase process whereby initial
integration of co-polymers into the membrane triggers rapid reorganisation before

homeostasis is maintained with distinct nanodisc particles formed.
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The initial stage of nanodisc formation is difficult to elucidate due to the rapid solubilisation
ability displayed by most co-polymers, but hypotheses have been introduced that suggest ‘lacy
membranes’ are formed which are highly porous and scatter more light. Evidence of these
structures have been shown in previous EM and computational studies (Ball, et al., 2021, Xue,
et al., 2018). The atypical kinetic profile witnessed for 11-55 in this study further supports this
theory as unlike all other co-polymers, when 11-55 is added to Sf9 membranes the level of
scattering increases. This may be the result of polymer recruitment to vesicles with bigger

particles scattering more but may also support the theory of ‘lacy membranes’.

While scattering appears to reduce over time to below the buffer control, there is significantly
more scattering when compared to the other 11kDa polymer at 5 minutes. While the reason
for this is undefined, 11-55 appears to show exhibit much slower solubilisation kinetics and
may require more time to adequately solubilise membranes. All solubilisations are conducted
over a one-hour period, so while 11-55 is comparable to all others in regard to efficiency,
purity and yield in BmrA and MRP4 trials — it would be interesting to see if reducing the
solubilisation period would reduce the efficiency exhibited by 11-55. This assay also provided
further evidence to support the selection of 6-50 and 11-50 for additional study, as they

display the quickest solubilisation kinetics within their separate groups.

6.6 Nanodisc Sensitivity

The next area of study was nanodisc sensitivity to divalent cations in order to identify co-
polymers more suitable for functional study of BmrA. This was carried out using two different
assays with a scattering based assay for lipid-only nanodiscs and an SDS-PAGE and centrifuge-
based assay for protein-lipid nanodiscs. This not only provides more information regarding co-
polymer sensitivity to build upon existing literature but also allows for the investigation of
how sensitivity is modulated. If differences are consistently shown between protein-lipid and
lipid-only nanodiscs, perhaps the solubilised membrane protein plays a role in interactions

between divalent cations and the disassociation of nanodiscs.

In protein-lipid nanodiscs, SMA2000 displayed a sensitivity consistent with existing literature
with an almost total loss of soluble BmrA at 10mM magnesium. However, DIBMA solubilised

BmrA appears to retain the majority of soluble BmrA at the same concentration. This has been
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seen in previous studies (Gulamhussein, et al., 2020) with a lower sensitivity confirmed in this
study. The AASTY polymers provided more variable results but most also exhibit a decreased
sensitivity when compared to SMA2000. 6-45 appears to be the only polymer exhibiting a
sensitivity level close to SMA2000, with both nanodiscs disassociating at 10mM. Interestingly,
6-50 and 11-50 display the lowest sensitivity with the majority of BmrA remaining soluble up
to 10mM.

Lipid-only nanodiscs were also tested to reduce the complexity of the nanodisc model and
determine if sensitivity is reduced or increased with the absence of protein. These assays were
tested at much higher concentrations (<50mM) of magnesium due to the tolerances displayed
in previous assays. DIBMA nanodiscs appear to begin disassociating around 20mM with total
loss of soluble BmrA at 50mM, which is are significantly higher concentrations than witnessed
with SMA2000. Similar to protein-lipid studies, 6-45 stands out in the set as it displays a
sensitivity level closest to that of SMA2000 with total loss of soluble BmrA at 20mM
magnesium. However, 6-50 and 6-55 remain stable up to ~40mM. The 11kDa group are slightly
more variable, with 11-45 exhibiting the lowest sensitivity with around half of the total soluble

BmrA lost at ~20mM. This value is ~15mM for 11-50 and 11-55.

The reason for co-polymer sensitivity is still somewhat undefined with conflicting reports.
While data in this project supports that sensitivity is protein independent, it is unclear why
some co-polymers display decreased sensitivity. While DIBMA displays decreased sensitivity
even with the presence of two carboxyl groups in the maleic acid moiety, the more
hydrophobic polymer SMA3000 is more sensitive to divalent cations. While AASTY polymers
contain only one carboxyl group and exhibit reduced polarity, they display a tolerance to
magnesium. Perhaps the reduced charge means magnesium is unable to chelate and stimulate
nanodisc disassociation or maybe the orientation of co-polymer and Mg?* interactions are

more important in the disassociation of nanodiscs.

6.7 Protein Functionality

With DIBMA, 6-50 and 11-50 all displaying an increased tolerance to magnesium, they were
selected alongside SMA2000 for functional study of BmrA. The first indication of BmrA

function is the ability to bind known substrates and undergo conformational change in
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response, studied in a tryptophan quenching assay which utilises the intrinsic fluorescence of
BmrA. As BmrA binds Hoechst 33342, conformational change is triggered which shifts the
positioning of tryptophan residues found in intracellular and extracellular spaces, modulating

the fluorescent spectra which can be measured using a spectrophotometer.

Purified BmrA solubilised with SMA2000, DIBMA, 6-50 and 11-50 all display some degree of
binding with quenching increasing in a dose-responsive manner. This confirmed that BmrA
was purified in a correctly folded and functional state in co-polymer nanodiscs. However,
parameters deduced from one site binding curves such as Kg and Vmax suggest that BmrA
displays different binding affinities and maximal quenching rates depending on the co-
polymer utilised for solubilisation. While no statistical significance was found between the
binding affinities, DIBMA displayed the highest Kq indicating a lower level of binding efficiency
for DIBMA solubilised BmrA. However, Kg measurements can be skewed by protein
concentration, and this has been shown to be rather variable between biological repeats.
DIBMA also displayed significantly lower maximal quenching at 27% when compared to
SMA2000 and 11-50, suggesting a lower binding capacity. This may suggest that BmrA is less
accessible or less able to undergo conformational change when solubilised in DIBMALPs. 6-50
and 11-50 presented with Kgand Vmax values close to that of SMA2000 but appear to exhibit a
lower level of variance for binding affinity. However, 6-50 also showed an increased level of

variance in regard to maximal quenching.

To further probe BmrA functionality, a colorimetric ATPase assay based on the detection of
inorganic phosphate released during ATP hydrolysis was utilised. It is well established that
while detergent micelles are applicable for functional study of BmrA (Oepen, et al., 2021)
SMALPs do not display ATPase activity (Pollock, et al., 2022). This is confirmed in this study,

albeit at lower concentrations than reported for DDM micelles in existing literature.

While DIBMA nanodiscs displayed a lower sensitivity to magnesium and produces BmrA
capable of binding, it does not exhibit ATPase activity. Interestingly however, 6-50 and 11-50
solubilised BmrA did display ATPase activity, with Vmax values even higher than DDM. This
suggests AASTY solubilised BmrA has a higher ATP turnover rate and therefore protein

functionality in nanodiscs when compared to micelles.
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These results complicate hypotheses regarding how protein functionality is restricted in
nanodiscs as while AASTY and DIBMA both display lower sensitivities, DIBMA solubilised BmrA
function cannot be proved. This may suggest that nanodisc sensitivity is not the only limiting
factor for ATPase assays. Perhaps the loss of a carboxyl group in acrylic acid-based polymers
reduces the level of hydrogen interactions, therefore increasing membrane fluidity and the
ability of BmrA to undergo full conformational change. This hypothesis indicates lateral
pressure is more important for a lack of ABC transporter function in ATPase assays, stimulating

an investigation into nanodisc fluidity.

6.8 Nanodisc Fluidity

In an attempt to ascertain if AASTY solubilised BmrA exhibits ATPase activity due to increased
membrane fluidity, a laurdan assay was utilised. Laurdan is a lipophilic fluorescent dye that
integrates into the hydrophobic core of membrane bilayers, where its emission spectra
alternates based on exposure to polarity changes caused by an influx of water into highly

curved membranes at higher temperatures.

All co-polymer nanodiscs displayed a higher degree of lipid packing and lower membrane
fluidity when compared to DMPC liposomes in this research, similar to results reported in
existing literature (Real Hernandez and Levental, 2023, Pardo, et al., 2017). While DMPC
liposomes display a sharp fluid-to-gel transition at ~37°C, a distinct shift is not witnessed for
nanodiscs. Smaller nanodiscs have also been reported to exhibit higher degrees of membrane
fluidity (Angelisova, et al., 2019) but this relationship is not witnessed here with limited
differences between SMA2000 and DIBMA.

There are also limited changes in laurdan GP values across the tested temperature range, with
fluidity restricted in nanodiscs even at 60°C suggesting a loss of lipid co-operativity. While co-
polymer solubilisation retains native phospholipids, they also appear to heavily perturb
membrane fluidity bringing into question how representative these protein-lipid interactions
truly are. However, these experiments were conducted using pure DMPC for both liposomes
and lipid-only nanodiscs, which is a zwitterionic lipid known to be highly ordered with highly

packed head groups due to reduced electrostatic interactions. It would be interesting to see
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if the same relationship would be witnessed with protein-lipid nanodiscs and lipid-only

nanodiscs of different lipid compositions.

6.9 Nanodisc Lipid Composition

One of the major benefits of co-polymer solubilisation is the ability to retain the native
phospholipid environment surrounding solubilised membrane proteins. This stabilises protein
structure and function and provides an interesting opportunity to study protein-lipid
interactions and lipid composition. In an attempt to identify the lipid composition of nanodiscs

produced with SMA, DIBMA, 6-50 and 11-50, MTBE lipid extraction and TLC was carried out.

While experiments were successful with phospholipids stained using molybdenum blue,
densitometric analyses was difficult due to lane smearing and the presence of multiple
contaminating bands. The smearing may be attributed to the intrinsic charge of co-polymers
which interferes with lipid migration. While lipid extraction aims to isolate lipids, perhaps
MTBE extraction resulted in the pull-through of co-polymers in samples, which when loaded
onto TLC can results in ‘blebs’ forming close to the sample loading line. This hypothesis is
further confirmed by the more pronounced ‘blebbing’ and smearing seen in SMA and DIBMA
lanes when compared to 6-50 and 11-50 lanes — as the AASTY polymers were utilised at lower
concentrations. Itis clear that MTBE lipid extraction protocols require optimisation for further

study.

While the total lipid composition was difficult to identify, the major lipid classes of bacterial
and insect membranes PE, PG and PC were isolated and quantified to investigate differences
between crude membrane lipids and co-solubilised lipids. While there does not appear to be
lipid class preferences depending on the co-polymer produced, all nanodiscs tested appear to

be slightly enriched in the zwitterionic phospholipid PE when compared to crude membranes.

This relationship has been previously reported using TLC (Pollock, et al., 2018) and mass
spectrometry (Teo, et al., 2019). PE is a chemically reactive and poorly hydrated phospholipid
that consists of a small headgroup and wide acyl chains. It is known to be a key structural
component of both insect and bacterial membranes and has been linked to cytokinesis in

mammalian cells (Emoto and Umeda, 2000), a process by which the cytoplasm and membrane
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are split for cell division. PE has also been linked to protein translocation and integration into
the plasma membrane (Den Uijl and Driessen, 2024). Considering this, perhaps PE plays a role
in membrane pore formation during nanodisc production and as such more likely to appear

within nanodiscs.

It is important to note that this experiment was conducted using pre-purified protein-lipid
nanodiscs. While they provide a good model for the native lipid composition of insect and
bacterial membranes, they are known to be rather heterogenous in regard to their size and
composition. For future work, purified protein-lipid nanodiscs should be studied to elucidate
if this enrichment is independent to the presence of membrane proteins This would help to
define if enrichment is an artifact of co-polymer solubilisation or is linked to associations

between membrane protein trafficking and the role of PE.

6.10 Mass photometry analysis of nanodisc size

As previously explored, nanodiscs can display highly heterogenous populations in regard to
nanodisc size and composition. Nanodiscs produced with different co-polymers have been
reported to display different diameters using techniques such as DLS. In this study, mass
photometry was used to characterise single particle mass as a more accurate measure of

single particle nanodisc size.

Purified protein-lipid nanodiscs were the first to be tested with interesting results found. First
is the presence of a peak ~70kDa which represents a relatively high proportion of the sample.
Previous studies using lipid-only SMALPs indicate that ‘empty’ nanodiscs are ~100kDa in mass
(Olerinyova, et al., 2021) suggesting that this population may represent empty nanodiscs.
Owing to the fact that these samples were purified before analysis however — this is unlikely.
Instead, this peak may represent excess polymer which is further evidenced by the more
balanced profile witnessed in 6-50 and 11-50 attempts where a lower polymer concentration

is used.

6-50 and 11-50 also displayed a third population of particles with a peak ~445kDa which was
not found for SMA or DIBMA. While they have been reported to produce a more defined

nanodisc size distribution compared to other co-polymers, perhaps they are able to solubilise
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BmrA in a higher oligomeric order into larger nanodiscs resulting in a more heterogenous
sample in this case. Recent studies have found that lower polymer concentrations result in

the production of larger nanodiscs (Maier, et al., 2023), lending credibility to this hypothesis.

The second peak between 231kDa and 280kDa was attributed to a population of protein-lipid
nanodiscs with ~130 kDa mass contributed by BmrA homodimers (Dalmas, et al., 2005) and
~100kDa mass contributed by polymer and lipids. Converse to existing literature, SMA appears
to produce the largest nanodiscs in this experiment with 6-50, 11-50 and DIBMA nanodiscs all
displaying similar masses. While more repeats would be necessary to confirm this, a high level

of background stimulated the requirement for less complex membrane models.

Lipid-only nanodiscs were then investigated using mass spectrometry, with background signal
successfully reduced when compared to protein-lipid study with each sample producing a
single peak. While slightly smaller than previous attempts due to the removal of protein from
nanodiscs, the average mass of this peak ~88kDa is similar to the weight reported for ‘empty’
nanodiscs. DIBMA nanodiscs also displayed the largest mass at 105kDa when compared to the
other three co-polymers, which better aligns with existing literature. This is further evidenced
in SEC traces with DIBMA nanodiscs displaying the largest nanodisc size, eluting at ~11ml
which is earlier than SMA, 6-50 and 11-50 nanodiscs. While SEC is not a definitive measure of
particle mass, the speed of elution gives a good indication of particle size based on the ability
to travel though pores in the column matrix.

SEC and mass photometry data also correlates well for AASTY 6-50 and 11-50, with nanodiscs
eluting between ~13-14ml and displaying masses of 92kDa and 75kDa. This is similar to
SMALPs which elute at 13ml with a mass of 78kDa. 6-50 also appears to exhibit a wider
distribution in both methods, suggesting a higher degree of heterogeneity providing more

evidence for hypotheses formed in previous experiments.

To further probe sample homogeneity and if differences displayed are artifacts of sample
preparation, samples of pooled or single SEC fractions from lipid-only SMALPs were analysed.
While pooled samples appear to have a slightly lower concentration of particles - which can
be attributed to the natural variance witnessed between biological repeats - the distribution
was not too dissimilar to single fraction lipid-only SMALPs. It would be interesting to probe

this using AASTY polymers to see if this relationship is any different.
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As well as characterising single particle mass, mass photometry can be utilised to probe
binding activity with negative and positive masses representing unbinding and binding events.
SMA, DIBMA and 6-50 behaved similarly, with higher levels of binding events when compared
to unbinding events. However, 11-50 stands out with an increase level of unbinding when
compared to the other three co-polymers. While high unbinding events sometimes represent
saturation of the glass slide used for analysis, this does not apply here as other samples that
were more highly concentrated did not produce the same level of unbinding. It could however
be an artifact of very large particles (>1MDa) or aggregates with ‘wobbling’ movement
interpreted as unbinding events by the inbuilt analysis software. This provides more evidence
to support hypotheses built regarding the heterogeneity of AASTY nanodiscs with particular

reference to the significant reduction in BmrA purity for 11-50 nanodiscs.

6.12 BmrA reconstitution

It is clear that the application of different co-polymers results in the production of nanodiscs
that can differ widely in size, composition and functionality, and while co-polymer
solubilisation is beneficial for many different reasons some technical difficulties can arise. In
order to retain the benefits of both co-polymer and detergent solubilisation, proteins can be
switched in and out of different systems.

In order to reduce the difficulty experienced for functional study of ABC transporters in
nanodiscs, attempts were made to reconstitute BmrA from SMALPs into proteoliposomes.
While reconstitution from micelles is well defined, the transfer from SMALPs is less well
known. Methods adapted from SMA and DIBMA reconstitution studies (Morrison, et al., 2016,
Dilworth, et al, 2021) highlighted the requirement for magnesium to encourage
reconstitution. In this project, reconstitution was attempted in the presence and absence of
magnesium, with the utilisation of magnesium found to significantly increase the
reconstitution efficiency of BmrA. While magnesium sensitivity is largely considered a

disadvantage of nanodiscs, in this case it can be utilised to promote nanodisc disassociation.

The time of incubation was also tested as a factor for reconstitution efficiency, with shorter 5-
minute incubation periods appearing to award slightly higher reconstitution efficiencies when
compared to 30-minute incubations. Perhaps extended exposure to heat and/or magnesium

results in protein aggregation and exclusion from proteoliposomes.
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The transfer of membrane proteins from nanodiscs to micelles was also tested in this project.
This may sound counterproductive, as co-polymer nanodiscs benefit from retaining native
phospholipids with transfer to micelles resulting in the loss of these interactions. However,
micelles are notoriously unstable with protein structure and function degrading even at 4°C
while nanodiscs are much more thermostable with the ability to store samples in a functional
state for longer periods of time. Reconstitution of BmrA from SMA, DIBMA, 6-50 and 11-50
nanodiscs was successfully conducted but displayed different efficiencies at different DDM
concentrations. While reconstitution from SMA required higher concentrations of DDM (10%),
the other polymers maintained higher efficiencies at lower concentrations of DDM (1% and
0.1%). On the other hand, 11-50 appears to be the least effected by DDM concentration, with
above 90% efficiency at all three concentrations - suggesting BmrA is easily integrated into

micelles following AASTY nanodisc disassociation.

Although DIBMA, 6-50 and 11-50 were found to be tolerant to magnesium at 10mM
concentrations in protein-lipid and lipid-only sensitivity assays, the positive controls in this
experiment showed disassociation of nanodiscs in the presence of 10mM magnesium. While
the exact reason for this is undefined, external factors such as exposure to high temperatures
during reconstitution may promote increased nanodisc sensitivity. It would be interesting to

further probe this disparity by testing different magnesium concentrations in this assay.

BmrA was successfully solubilised, purified and reconstituted in this project using a wide range
of solubilisation agents, with the resulting nanodiscs characterised based on size, composition
and sensitivity. While results were mixed among co-polymer groups, AASTY 6-50 and 11-50
emerged as the optimal polymers for the functional study of BmrA with the first successful
study of ABC transporter ATPase activity in AASTY nanodiscs. However, in the future it would
be good to use reconstituted samples to try to measure transport via a vesicular uptake assay
(Waeterschoot, et al., 2024), rather than relying on ligand binding or ATPase activity as a proxy

for transport function.
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