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Abstract

ATP binding cassette G2 (ABCG2) is a multidrug transporter involved in cancer cell
resistance to chemotherapeutics. Uncovering ABCG2 structural and binding information
and screening for potential inhibitors is crucial for increasing chemotherapy
effectiveness and improving cancer prognoses. The present study examines the
potential for bioluminescence resonance energy transfer (BRET) to report on ABCG2:
substrate interactions, transporter conformation, and substrate specificity. Three
NanoLuc-tagged mutant ABCG2 isoforms designed to alter substrate affinity and
specificity were generated and expressed in HEK293T cells and membrane
suspensions. NanoBRET assays were carried out in cells and membranes with a
concentration range of fluorescent substrates mitoxantrone and rhodamine 123,
sometimes in the presence of ABCG2 inhibitor Ko143 and a range of additives.
NanoBRET successfully reported on binding of rhodamine 123 by ABCG2 through
positive dose-response, however nonspecific BRET effects and/or low affinity
substrates prevented the transporter from saturating. This bystander BRET effect
appeared to mask differences between ABCG2 constructs, and the effect of Ko143.
Therefore, further research with higher affinity ligands or substrates alongside more

comparable control cell lines in parallel is required to fully evaluate BRET with ABCG2.
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1.0 Introduction

1.1 Cell Membrane

Cell membranes form the barrier between the contents of the cell and the outside world. The current
understanding of membrane structure is derived from that of the fluid mosaic model proposed almost half
a century ago (Singer & Nicolson, 1972). This model suggests that the cell membrane consists of a
bilayer of phospholipids to which proteins are bound, encapsulating a hydrophobic matrix. Many important
biochemical processes occur at the cell membrane, mainly through a large selection of membrane-bound
cellular enzymes. The fluid mosaic concept itself is based upon these two defining characteristics of the
cell membrane. Firstly, the organisation of the phospholipids into a ‘mosaic-like’ structure depends upon
the amphipathic nature of the lipids themselves, which results in spontaneous alignment of their
hydrophilic heads and hydrophobic tails. Secondly, cell membranes exhibit a fluid-like property due to the
constant rotational and translational movement of individual lipids and proteins within the membrane

itself. Whilst cell membranes exhibit general symmetry in their structural appearance, the lipid
components of the cell membranes themselves are inherently asymmetric due to a lack of trans-bilayer
relocalisation (Goiii, 2014). Whilst movement between the two lipid layers forming the bilayer is
theoretically possible, the high energy cost associated with performing a ‘flip-flop’ means this cannot
occur spontaneously. However, flippases and floppases are P4-ATPases and ABC transporters which
use adenosine triphosphate (ATP) to facilitate trans-bilayer diffusion to the cytosolic and exoplasmic
faces respectively, helping to establish membrane asymmetry (Hankins et al., 2015). These factors mean
many bilayers exhibit asymmetry in the lipids that form them; for instance, red blood cell inner membranes
are composed almost entirely of phosphatidylserine lipids. The key characteristics of the fluid mosaic

model of cell membranes can be seen in figure 1.1.
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Figure 1.1. Fluid mosaic model of cell membranes. Phospholipid bilayer mosaic containing
various proteins enclosing a hydrophobic matrix. Image received from Lombard, 2014.



1.2 Membrane transport

There are several different ways in which a chemical species may be transported across a membrane,
and these mechanisms are generally categorised into two groups: active and passive transport. Whilst
gases like oxygen may pass through a membrane by simple diffusion, larger or charged molecules must
instead be transported across the membrane by a transport protein. These proteins can transport
passively down a concentration gradient as is the case with many channels and carriers. However, if
transporting against a concentration gradient then energy must be supplied, which is known as active
transport. Therefore, many membrane transport proteins also exhibit ATPase activity in order to provide
energy for these processes (Hediger et al., 2013). These ATP-linked transporters are designated primary
active transporters as the ATPase activity is directly coupled to the transport process. On the other hand,
secondary active transport does not use direct ATP coupling as an energy source, instead relying on the
electrochemical potential of the membrane established by primary active transport (Wilkens, 2015). This
mechanism is otherwise known as co-transport and can be further divided into symport under which both
species are transported in the same direction, and antiport under which the two species are transported in

opposite directions.

There are many different families of transporters which play countless different roles in mediating the
movement of species across cell membranes. One example is that of the solute carrier (SLC) family of
transporters which facilitate solute movement downhill with electrochemical gradient and against
electrochemical gradient via secondary active transport coupling. This SLC family contains over 66 sub-
families consisting of over 400 members responsible for transporting a hugely diverse range of inorganic
ions as well as charged and uncharged organic molecules via both symport and antiport (Lin et al., 2015).
The multidrug and toxic compound extrusion (MATE) transporters are a prominent family of membrane
exporters responsible for the excretion of xenobiotic and metabolic organic cations in eukaryotes, bacteria
and archaea. These transporters function exclusively as secondary active transport antiporters coupling
sodium or proton uptake with drug efflux (Omote et al., 2006). However, the present study instead
focusses on another family of membrane transporters responsible for ATP-coupled primary active
transport. ATP binding cassette (ABC) transporters is the nomenclature given to a superfamily of primary
active membrane transport proteins which use the binding and hydrolysis of ATP as an energy source to
facilitate transport.

1.3 ABC Transporters

ATP binding cassettes use energy derived from the binding and hydrolysis of ATP in order to transport
substrates across the plasma membrane. The ABC transporter field emerged from studies on bacterial
nutrient uptake in the 1970s. In the 1980s the first genes coding for ABC transporters were cloned from
Escherichia coli and Salmonella typhimurium bacteria. Alongside this, the gene encoding mammalian

permeability glycoprotein (P-gp) was cloned in 1985 as a suspected contributor to multidrug resistance
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(MDR,; see section 1.6) in mutant Chinese hamster ovary cells (Juliano & Ling, 1976). Advances in cDNA

sequencing technology resulted in the discovery of highly conserved regions within nucleotide-binding

domains (NBDs) present in all ATP-binding transporters; now known as the Walker A and Walker B motifs

(Walker et al., 1982). These conserved NBDs soon became the defining characteristic of a whole group

of membrane transporters termed ABC transporters in 1990 (Hyde et al., 1990). ABC transporters were

soon found to be expressed across many different cell types in which they exhibited a wide range of

functionally diverse biochemical processes (Theodoulou & Kerr, 2015). There have been as many as 49

different types of ABC transporter identified in humans, classified into seven families: A, B, C, D, E, F and

G. The broad functions of these subfamilies are explained further in table 1.1.

ABC
transporter Background Transporter examples
subfamily
Al1-Al13 e.g.
Cholesterol transport, and e  ABCAL - a key regulator of cellular phospholipid and cholesterol
A resistance to anti-cancer and homeostasis (Schmitz & Langmann, 2001).
anti-viral agents. e  ABCAZ2 - overexpressed in mitoxantrone-resistant small cell lung cancer
cell lines (Boonstra et al., 2004).
B1-Bl1l e.g.
) e ABCBLI (P-gp/MDR1) - the first discovered efflux transporter (Kathawala et
B Peptide transport (TAP1/TAP2, al., 2015).
ABCB10) and MDR.
e  ABCB4 - upregulated in soft tissue carcinomas (Januchowski et al.,
2013).
Cl-Cl2 e.g.
c Chloride channel (CFTR), insulin e ABCC1 (MRP1) — upregulated in primary ovarian cancer cells
secretion (SUR) and MDR e ABCC10 + ABCC11 - increased expression significantly associated with
overall survival of colorectal cancer patients (Krizkova et al., 2016).
Expressed exclusively in the D1-D4 e.g.
D peroxisome; fatty acid e  ABCD1- implicated in x-linked adrenoleukodystrophy (ALD);
metabolism (Dean et al., 2001) neurodegeneration due to accumulation of fatty acids (Kemp et al., 2001).
E1l
E Do not contain TMDs e ABCELl involved in ribosome recycling in mRNA translation (Zhu et al.,
2020).
F1-F3
F Do not contain TMDs . Family thought to be involved in inflammatory processes; ABCF genes
upregulated by TNF- a (Vasiliou et al., 2009).
G1, G2, G4, G5, G8 e.g.
G Sterol transport and MDR e  ABCGI1 macrophage cholesterol homeostasis

. ABCG?2 involved in MDR

Table 1.1. Human ABC transporter subfamilies. The seven currently identified subfamilies of ABC transporters: ABCA. ABCB, ABCD, ABCE,
ABCF and ABCG, with key examples.
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1.4 ABC Transporter Structure

Eukaryotic ABC transporters are usually characterised by an architecture of four domains, generally
consisting of two NBDs and two transmembrane domains (TMDs) containing 6 transmembrane (TM) a-
helices each (Robey et al, 2018). Some ABC families feature transporters with extra domains, which are
often identified first in sequencing and confirmed later when the full structures become available. Despite
this, the ABCE and ABCF families of proteins do not possess TMDs, instead consisting only of NBDs
which means they have no clear function with regards to membrane transport and therefore will not be
discussed further (Ford & Beis, 2019). The single-particle cryo-EM structure of ABCAL elucidated the
presence of large extracellular domains between a-helix 1 and 2 in each TMD, which holds true for many
members of the ABCA family (Qian et al., 2017). The ABCB subfamily is the only to contain both full and
‘half ABC transporters. Half ABC transporters only have one NBD and TMD as opposed to two of each.
One ‘monomer’ of half transporter may then form homo-dimers, hetero-dimers or oligomers to form the
dimerised NBDs required to bind ATP.

Members of the ABCC subfamily are often referred to as multidrug resistant proteins (MRPs), which can
be further divided into short and long MRPs. Short MRPs exhibit the typical ABC transporter structure
consisting of two TMDs and two NBDs. Long MRPs however feature an extra TMD at the N-terminus
comprising an additional five transmembrane a-helices. Sequences present in this extra TMD, coined
MSDO, are crucial for both plasma membrane trafficking and transport function in these long MRPs (Chen
& Tiwari, 2011). A unique ABCC transporter is that in which mutations are responsible for the
development of cystic fibrosis, cystic fibrosis transmembrane conductance regulator (CFTR). Unusually,
CFTR acts as an ATP-gated anion channel with ions leaking from the open conformation as opposed to a
traditional ATP transporter. Also unlike other ABC transporters, NBD1 in CFTR is connected to TMD?2 via
a regulatory ‘R domain’ which becomes phosphorylated to allow the channel to open upon the binding of
ATP (Sheppard & Welsh, 1999). Homology modelling on the ABCD family has suggested their overall
structure to be similar to that of traditional ABCB and ABCC transporters. The complete structures and
functions of ABCD transporters are yet to be identified, however these transporters have been proposed
to be involved in the transport of fatty acid substrates in the peroxisomal compartment. Sequence
analysis of the ABCG family of transporters had previously identified a uniquely inverted arrangement
with the NBD preceding the TMD, which was also seen in the full structure of the ABCG5/G8 transporter
complex (Lee et al., 2016). This inverted arrangement also exists in the sequences and structures of all
other identified ABCG transporters, such as in the cryo-EM structure of the ABCG2 transporter shown
here in figure 1.2a (Dawson & Locher, 2006). In fact, this structure somewhat resembles that of some
bacterial ABC transporters in size and shape, namely MalFGK2, ModBC and MetNI. Similarly to certain

members of the ABCB family, all members of the ABCG subfamily are half transporters.

For membrane associated ABC transporters, the dimerised NBDs are linked to the two transmembrane

domains consisting of six a-helices each, which span the membrane to form the bilayer translocation
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pathway. The motifs responsible for linking the TMDs and NBDs are coupling helices which channel the
conformational change mechanism responsible for membrane transport upon ATP binding and
hydrolysis. For example in ABCGZ2, the channelling of this conformational change is key to the movement
of substrate between the two binding sites cavity one and cavity two. Cavity one is the first binding site for
substrate before substrate transfers to cavity two upon conformational change and subsequent removal
of the leucine plug previously blocking the pathway. Critical to the three-dimensional structure and
function of all ABC transporters are the Walker A and Walker B motifs, which are highly conserved across
all ABC families as well as across other eukaryotic and prokaryotic ATP and GTP binding proteins
(Walker et al., 1982). In ABC transporters, the Walker A motif is found in close to the N-terminus of the
NBD. The glycine-rich Walker A motif itself (also known as the P-loop) is preceded by a 3-strand and
followed by an a-helix. Located within the Walker A motif is the crucial lysine residue responsible for
binding the gamma-phosphate, and the backbone nitrogen atoms of other residues responsible for
binding the alpha and beta-phosphates of the nucleotide, which in the case of ABC transporters is
believed to be ATP (Hanson & Whiteheart, 2005). The combination of this P-loop with the ABC signature
motif (LSGGQ) present in the opposite NBD results in two molecules of ATP being bound between the
NBD interface, as seen in figure 1.2b. The Walker B motif is found within the NBD downstream of Walker
A. This particular motif contains an aspartic acid residue responsible for promoting nucleotide hydrolysis
via an Mg?* ion (Chiraniya et al., 2013). Also contained in the Walker B motif is a catalytic glutamate
residue (E211 in ABCG2) which, in combination with water molecules, is vital for ATP hydrolysis and
therefore transporter function. The mutation of E211 to Q211 in ABCG2 prevents ATP hydrolysis thereby
locking the transporter in an ATP bound conformational state. This mutation allowed for the resolution of

the transporter cryo-EM structure in this ATP-bound state which is shown in figure 1.2b.
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Outside cell

Membrane

Inside cell

E,S

Figure 1.2. ABCG2 structure with A) substrate bound and B) ATP bound. Panel A shows the transporter switching between
closed and open dimer conformations resulting in the extrusion of substrate and binding of and hydrolysis of ATP. Panel B shows
two molecules of nucleotide sandwiched at the NBD: NBD interface with the key residues of the Walker A and B motifs in the
E211Q ABCG2 mutant in which the transporter is locked in an ATP-bound conformation. Image taken from Jackson et al, 2018.

1.5 ABC Transporter Mechanism

The full mechanistic relationship between ABC transporter ATP coupling, ATP hydrolysis, substrate
binding and subsequent related conformational change in the TMDs has been the subject of debate for
decades. Many different theories and models have been proposed, but it is important to note that it is
unlikely that all ABC transporters will operate via an identical mechanism. The three most favoured
mechanisms are the alternating access, ATP switch and constant contact models for the ABC transporter
catalytic cycle. Whilst these models all agree on the basic steps involved like NBD dimerization, the order
and details of these steps vary. The ATP switch and constant contact models in particular are very close
variations on the same mechanism under which transport is driven by NBD conformational switching,
whilst the alternating access model couples this with TMD conformational switching. Additionally, the
changing NBD occupancy by ATP and ADP is mirrored by changes in affinity for substrates as shown by
pharmacological analysis of ABCG2 and P-gp (Martin et al., 1999, Clark et al., 2006).
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The ATP switch model (seen here in figure 1.3A) theorised by Higgins and Linton in 2004 and the
constant contact model (seen here in figure 1.3B) theorised by Jones and George in 2009 both suggest
that the driving force of the transporter mechanism is the changing of the NBD dimer between two states
dependent on the binding and hydrolysis of ATP and subsequent release of nucleotide (Higgins & Linton,
2004; P. M. Jones & George, 2009). These models diverge in the fact that the constant contact model
suggests only one ATP binding site opens fully at any one time, allowing previous nucleotide release and
a new ATP molecule to bind before closing again. Whilst this site is now closed, the alternate ATP binding
site is primed to open for ATP hydrolysis and nucleotide release. This cycle continues in alternating
fashion resulting in constant contact between the two NBDs in the dimer, hence the name. Alternatively,
the ATP switch model instead suggests the NBDs exist in either a closed dimer in which both ATP
molecules are sandwiched together or an open dimer following sequential ATP hydrolysis and nucleotide
release in which there is no contact between the NBDs (20-30 A apart). For substrate export, this switch

from the closed to open state drives the forward translocation of substrate through the transporter whilst

the reverse switch of open to closed states acts to reset the transporter for another cycle.

A
iy—-—gy-—£p

Figure 1.3. A) ATP switch model in which whole NBD dimers ‘switch’ between distinct open or closed conformations and B)
constant contact model in which each ATP binding site of the NBD dimer opens sequentially resulting in constant NBD-NBD
contact. NBDs are shown as blue bands and TMDs have been removed for simplicity. ATP is shown as red spheres and ADP as
green. Image taken from George & Jones, 2012.
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The alternating access model theorised by Dawson and Locher in 2006 suggests that both the NBDs and
TMDs undergo conformational changes coupled to substrate and ATP binding and hydrolysis (Dawson &
Locher, 2006). In this model, the ground state of the ABC transporter is known as the ‘apo’ state in which
the TMDs are inward-facing. In this state ATP affinity is low with the NBDs in an open dimer configuration.
This allows intracellular substrates to bind to the TMDs, inducing a conformational change in the NBDs.
The effect of this conformational change acts to bring the NBDs closer together, thereby increasing
binding affinity for ATP. Two ATP molecules bind co-operatively to the NBD dimer, changing its
configuration to a closed state. This causes a conformational change in the TMDs which has the effect of
opening a substrate binding cavity to the extracellular space from which the substrate is extruded as TMD
substrate affinity lessens. Finally, the hydrolysis of the bound ATP molecules and subsequent release of
Pi and ADP acts to restore the transporter back to its apo state. The proposed details of the alternating
access model in the context of ABCG2 can be see here in figure 1.4. Panel 1 shows the binding of
substrate topotecan, changing the conformational shape of the NBDs thereby allowing two molecules of
ATP to bind. ABCG2 is now in a closed state as seen in panel 2, before the NBDs channel conformational
change of the transporter into the outward-open state, removing the leucine plug between cavity one and
two in panel 3. Substrate then passes from cavity one to cavity two and is extruded before the NBD dimer
collapses in Panel 4, restoring the leucine plug. Finally, panel 5 shows the hydrolysis of ATP and

subsequent release of ADP and Pi, restoring ABCG2 to its ground apo state for another cycle.

Topolecan A h ®
2 ATP (@) [
E.S. Topotecan

Futile ATPase low

e

Apo-inward

2 ADP

2 Pi
bl Futile ATPase
- @ e o higher
A AR
Vi I : )I':C :
" : 2¥: i
ATP 2 ' V= '
- L r'l : e . g :
.. g i NED o NBIE_) !
i [ - |
Closed / collapsed E_ QOutward-open '

Figure 1.4. ABCG2 alternating access model. NBDs and TMDs both undergo conformational changes driven by binding of
substrate topotecan, binding and hydrolysis of two ATP molecules and subsequent release of ADP and Pi (Lochers et al.
2021). Substrate is shown in purple, ATP is shown in red and leucine plug is shown in green.
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1.6 ABC Transporters and Multidrug Resistance

Multidrug resistance in cancer cells is the phenomenon under which these cells have intrinsic, or
otherwise acquire, resistance to multiple distinct chemotherapeutic agents. Primary multidrug resistance
occurs in a relatively small proportion of malignant tumour cells or cancer stem cells which are ‘naturally’
resistant to chemotherapy drugs even from the beginning of treatment. Alternatively, secondary or
acquired MDR is when surviving cancer cells develop resistance to multiple anticancer drugs even if they
are not functionally or structurally related (Choi, 2005). This acquired resistance is particularly concerning

for cancer prognosis, as it renders many forms of chemotherapy treatment ineffective.

Multiple studies have shown ABC transporters from most subfamilies to be involved in the efflux of many
of these chemotherapeutic agents in many different cancers. As seen in table 1.1, some of the most
infamous ABC transporters were initially named for the crucial role they play in MDR in tumours in which
they are overexpressed (Choi & Yu, 2014). For example, the MDR1 (ABCB1) transporter is
overexpressed in ovarian cancer cells and confers resistance to chemotherapeutics like paclitaxel and
olaparid. These ovarian cancer cells were also found to be cross-resistant to several other anticancer
drugs including doxorubicin and rucaparid (Vaidyanathan et al., 2016). It is also important to note that this
MDR exhibited by ABCB1 can be reversed following treatment with ABC inhibitors such as verapamil or
elacridar. The paper also confirmed the active efflux of all of these anticancer drugs both in the MDR
ovarian cancer cells themselves as well as in ABCB1-expressing bacterial membranes. Therefore,
research into the structure and pharmacological mechanisms behind the ABC transporters responsible for

MDR is particularly clinically relevant in order to increase the effectiveness of chemotherapy treatment.

It has also become clear that tissues from a single tumour may express multiple different ABC
transporters. In fact, studies examining expression of all 49 human ABC transporters in 281 samples of
acute myeloid leukaemia (AML) have shown a demonstrable correlation between increased ABC
transporter expression and decreased rates of survival (Marzac et al., 2011). More alarmingly, aside from
the obvious candidates for MDR in AML like ABCB1, ABCC1 and ABCG2, other ABC transporters
including ABCB6, ABCC13 and ABCG1 were also associated with poor prognosis. This is a concerning
discovery which indicates that MDR might be more complex than previously considered, involving many
more ABC transporters than just the well-established triumvirate of ABCB1, C1 and G2. This emphasises

the potential crucial role ABC transporters have in facilitating MDR.

1.7 ABCG2 Transporter Background

In 1976, Juliano and Ling identified a 170 kDa glycoprotein which was associated with cancer cell
resistance to chemotherapeutic agents (Juliano & Ling, 1976). Later, this transporter would come to be
known as p-gp or MDR1; the first membrane protein to be implicated in MDR. Over 20 years later in 1998,
Doyle et al. would clone another ABC transporter involved in drug efflux from the MCF7 breast cancer cell

line, which they named breast cancer resistance protein (BCRP; Doyle et al., 1998). Soon after, Allikmets
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et al would also clone a transporter from placental tissue differing in just one amino acid substitution at
position 482, later identified as the wild type, which they would coin ABCP (Allikmets et al., 1998). A third
group also cloned the same transporter as Doyle et al, but from a mitoxantrone-resistant colon cancer cell
line S1-M1-80, which they named MXR (Miyake et al., 1999). When the full sequences of these proteins
were identified, all three were found to be nearly identical 655 amino acid proteins with two differing in
single amino acid substitutions. Critically, all of these cell lines showed MDR without expression of the
previously identified MDR genes. The transporter was then renamed ABCG2 due to conserved homology
with other ABCG family transporter sequences. Over the next decade many in vivo studies were carried
out using ABCG2 knockout mice which showed the vital connection between ABCG2 and cellular efflux

mechanisms associated with xenobiotic defence (Jonker et al., 2002).

1.8 ABCG2 Transporter Physiology

It is undoubtedly the case that the human ABCG2 transporter is vital in fulfilling multiple physiological
roles in various different tissues throughout the body, demonstrated by high levels of expression in the
brain, gastrointestinal (Gl) tract, liver, and placenta. The most important of these roles is in the defence of
cells and tissues from the damaging accumulation of cytotoxic substances, be that naturally occurring or
xenobiotic in nature. The significance of ABCG2 is perhaps highlighted most effectively by its expression
in the blood-brain-barrier where the transporter is vital in preventing toxic molecules from reaching the
brain (Eisenblatter et al., 2003). Interestingly, this mechanism of drug efflux exhibited by ABCG2 is also
critical to the nutritional composition of breast milk, namely with studies finding ABCG2 transporters
expressed in the mammary gland to be responsible for concentrating riboflavin into milk during lactation.
Indeed, it would seem this is conserved across most mammals including mice in which ABCG2 knockouts
showed a 60-fold reduction in riboflavin milk secretion (van Herwaarden et al., 2007). This may suggest
that the powerful mechanism of drug transport facilitated by ABCG2 could have been harnessed by

evolution for use in transporting other crucial nutrients, vitamins or drugs into beneficial locations.

One of the main functions of ABCG2 in the gut and kidney is as an oxypurinol and urate transporter.
However, the most common single nucleotide polymorphism (SNP) of the transporter, Q141K, consists of
a glutamine to lysine substitution which prevents effective protein processing and trafficking via
destabilisation of the NBD (Woodward et al., 2013). This results in decreased ABCG2 membrane
expression and subsequent reduction of renal urate excretion by over 50%. Consequently, urate may
begin to accumulate within the renal system forming monosodium urate (MSU) crystals which may be
further deposited into articular structures surrounding synovial joints. The deposition of these MSU
crystals can then induce an inflammatory immune response in synovial tissue leading to arthritis, or more
specifically, gout. To exacerbate the problem, the Q141K polymorphism is also associated with a poor
therapeutic response to the primary pharmaceutical treatment for gout, allopurinol, a xanthine oxidase
inhibitor (Wrigley et al., 2020).
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1.9 ABCG2 Transporter Topology and Oligomerisation

As previously stated, the G family of ABC transporters is unique in that they are membrane-bound
reverse half transporters. They consist of just a singular NBD and TMD in an inverted arrangement of
NBD preceding TMD unlike other ABC families which instead have two of each domain (excluding the
peroxisomal ABCD1 which also dimerises) in the standard arrangement. Therefore, in order to function
correctly, ABCG2 must dimerise or even form higher-order oligomers (Wong et al., 2016). Without two
functional NBDs, ATPase activity and therefore substrate transport cannot take place. In fact, it may be
the case that ATP binding and hydrolysis is key to inducing this homodimer coupling in ABCG2
monomers. That said, this concept is not unusual as there are several other examples of similar transport
proteins which too dimerise, including TAP1 and TAP2 involved in the MHCCI pathway, and of course
other ABCG transporters like ABCG8 and ABCGS5 (Li et al., 1997). Interestingly, ABCG5 and ABCGS8 can
form a functional heterodimeric transporter, ABCG5/G8 (Yu et al., 2014). As for higher order oligomers,
research has shown ABCG2 to not only form tetramers, but has in fact shown the potential of a
predominantly tetrameric transient complex stoichiometry for ABCG2. However, the mechanisms by
which these tetrameric ACBG2 complexes may form, and the effect this has on the activity of the

transporter are yet to be uncovered.

1.10 ABCG2 Transporter Substrates

As a multidrug transporter, ABCG2 has many transportable substrates. These substrates include several
classes of anticancer drugs such as anthracyclines, topoisomerase inhibitors and camptothecin
analogues. Alongside this, other drugs like pheophorbide A (PhA), antimetabolites and glucuronide
conjugates are also transported by ABCGZ2, as well as more general xenobiotic compounds (Mo & Zhang,
2012). Some significant examples of ABCG2 substrates are summarised in table 1.2. One study also
implicated up-regulated ABCG2 transporters in the cerebrovascular deposition of amyloid beta peptide
plagues; the build-up of which may be a contributory factor to the onset of Alzheimer’s disease (Xiong et
al., 2009). There are also differences in substrate specificity between mutant isoforms of ABCG2, for
example wild type ABCG2 cannot transport the chemotherapeutic anthracycline doxorubicin but the
R482A mutant can, as it has a much higher affinity for this substrate. Crucially, this diverse range of

substrates share no underlying fundamental chemistry which could explain their transport by ABCG2.

ABCG2 Substrates
Drug class Substrate example
Anthracyclines Idarubicin (Abbott et al., 2002)
Topoisomerase inhibitors Mitoxantrone (Brangi et al., 1999)
Camptothecin analogues Topotecan (Yang et al., 2000)
Antimetabolites 5-fluorouacil (Mo & Zhang, 2012)
Sulfated conjugates Estrone-3-sulfate (E;S, Imai et al., 2003)
Antibiotics Erythromycin (Robey et al., 2009)
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Anti-inflammatories Diclofenac (Lagas et al., 2009)

Antivirals Abacavir (Pan et al., 2007)

Polyglutamates Methotrexate (Volk & Schneider, 2003)

Table 1.2. Drug class and examples of ABCG2 substrates.

1.11 ABCG2 Transporter Inhibitors

The mechanisms behind inhibition of the ABCG2 transporter are not yet fully understood but it is likely the
case that many inhibitors act competitively and bind to ABCG2 akin to substrates (Toyoda et al., 2019).
However, there is growing evidence that many inhibitory molecules bind to cavity 1 within the TMDs
where they remain instead of transferring to cavity two, thereby locking the ABCG2 in in an inward
conformation and preventing substrate transport. This is demonstrated by the large reduction in size of
cavity one between the turnover-1 (~1300 A) and turnover-2 (~830 A) states seen in figure 1.4 and more
closely in figure 1.5, which results in considerable steric clashes with bound inhibitory Ko143 derivatives
MB136 and MZ29 (Qin et al., 2021). Some research suggests that inhibitors may form more numerous
contacts with the amino acid residues present in cavity 1 itself, which would explain why many inhibitors
show a greatly increased binding affinity for G2 compared to substrates (Inhibitor Ko143 exhibits a 3000-
fold increase in binding affinity compared to substrate E1S, Jackson et al., 2018). With this being the
case, it is probable that an inhibitor would not be able to move to cavity 2 as a substrate would, meaning
cavity 1 cannot be closed and subsequent conformational change into an outward-facing cannot take
place. Therefore, these conventional inhibitors act competitively through the physical blocking of cavity 1,
and subsequent locking of ABCG2 into this inward-facing state preventing the transport cycle from
advancing.

E,S turnover Topotecan turnover-2 structure

Topotecan MB136

Figure 1.5. ABCG2 Turnover-2 structures demonstrate steric clashes with inhibitors. The four panels show substrates E;S
and topotecan and inhibitors MZ29 and MB136 bound within cavity one of the ABCG2 transporter. The substrates fit within the
cavity whereas the inhibitors introduce steric clashes with the binding site. These steric clashes inhibit ABCG2 by preventing the
transport cycle from advancing and locking the transporter in an inward-facing state. Bound inhibitors MZ29 and MB136 cannot
translocate from cavity one to cavity two, whereas E1S and topotecan undergo usual transport. Image taken from Qin et al., 2021.
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Interestingly, cavity 1 has a strong conformational rigidity regardless of the specific ligand bound and can
distinguish between inhibitors and substrates when ATP is bound despite the shape of the cavity being
conserved. This is demonstrated through the binding of cholesterol (as an analogue of substrate E1S)
under which ATPase activity was fully active versus the binding of inhibitor MZ29 in which ATPase activity
was abolished (Jackson et al., 2018). It is also the case that two inhibitory molecules can be bound within
the cavity at the same time, but whether this extends to substrates to allow for the transport of two
molecules simultaneously is unknown. As with much of ABCGZ2, the unknown details behind these
mechanisms have slowed the pharmaceutical development of ABCG2 inhibitors, none of which have
been deemed safe and effective enough to gain approval for clinical use. Developing an effective ABCG2
inhibitor could be crucial as part of a combination drug therapy to increase the efficacy of anticancer
treatment through inhibition of ABCG2-mediated chemotherapeutic efflux (see section 1.12). One of the

most widely studied ABCGZ2 inhibitors is a derivative of an Aspergillus fumigatus mycotoxin (FTC), called
Ko143. Ko143 has been found to be a very potent inhibitor of the transporter, however the molecule is yet
to make it past in vivo pre-clinical testing (Mairinger et al., 2018). Some of the drugs that have been

identified as inhibitors of ABCG2 are summarised in table 1.3.

ABCG2 Inhibitors
Drug class Substrate example
Immunosuppressants Cyclosporin A (Gupta et al., 2006)
Tyrosine kinase inhibitors Imatinib (Houghton et al., 2004)

Calcium channel antagonists Nicardipine (Shukla et al., 2005)

Antifungals Fumitremorgin C (FTC, Rabindran et al., 1998)

Protease inhibitors Ritonavir (Gupta et al., 2004)
Synthetics Ko143 (FTC derivative, Allen et al., 2002)

Table 1.3. Drug class and examples of ABCG2 inhibitors.

1.12 ABCG2 Transporter and Multidrug Resistance

The long list of potent anti-cancer drugs identified as substrates for ABCG2 illustrates the important role
of this transporter in facilitating multidrug efflux. As with many other ABC transporters, the primary method
of acquired MDR seems to be a result of overexpression as opposed to specific mutations to ABCG2.
That being said, it was the mutations to the ABCG2 transporter responsible for the MDR phenotype
observed in the original breast cancer cell lines, as opposed to just the presence of ABCG?2 itself.
Genomic analyses of ABC transporter mRNA expression have identified a fundamental link between
cancers traditionally resistant to chemotherapy like nephrocytic or hepatocytic and high levels of ABCG2
and ABCB1 expression. These cancers are frequently resistant to chemotherapeutics like doxorubicin
and vincristine which are natural substrates for both ABCG2 and ABCB1 (Robey et al., 2018). ABCG2 is
also expressed in haematopoietic stem cells, and studies have implicated the transporter in providing
chemotherapy resistance in AML. In fact, overexpression of ABCG2 at AML diagnosis is indicative of

particularly poor disease prognosis even after treatment with allogenic stem cell transplantation (Damiani
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et al., 2015). Therefore, the effect of ABC transporters and more specifically ABCG2 itself on the

development of MDR is clear to see.

1.13 Pharmacology of ABCG2

There have been many studies into the pharmacology of ABCG2 to try and better understand the specific
interactions between the transporter and its substrates. These studies have revealed key details like the
existence of at least two parallel substrate binding sites on ABCG2, which indicates the ability of ABCG2
to interact with multiple substrates simultaneously (Clark et al., 2006). Another example is the
identification of the roles played by ATP and substrate within the transport mechanism, more specifically
the fact that binding of ATP displaces that of substrate which is indicative of low ABCG2 affinity for
substrate when ATP is bound. This suggests that the dissociation of ATP is responsible for restoring the
transporter to its ground state to again allow substrate to bind (McDevitt et al., 2008). Many of these
previous studies have used radiolabelled ligands to precisely interrogate these interactions in cells and
membranes, which have high sensitivity but can be expensive or dangerous to work with. Therefore the
development of equally effective alternative assay techniques could be beneficial in enabling the
continued research into the better understanding of the pharmacology of ABCG2 and its substrates.

1.14 Bioluminescence Resonance Energy Transfer

Resonance energy transfer (RET) is an optical phenomenon under which energy is transferred from an
energetic donor to an acceptor molecule via dipole-dipole interactions. This transfer of energy is found in
nature where photosynthetic plants and bacteria harness this mechanism to transfer and focus energy
absorbed by photosynthetic pigments toward the centre of the light-harvesting complex (Olejko & Bald,
2017). The development of this concept in the late 1920s is credited to Theodore Fdrster who theorised
that this energy transfer depended upon two key aspects of the molecules involved, intermolecular
distance and spectral overlap (Jones & Bradshaw, 2019). We now know that the ideal range between the
donor and acceptor molecules for facilitating effective RET is under 10 nm, and if optical spectra do not
overlap then RET cannot take place between two molecules. However, if a suitable pair of molecules with
sufficiently overlapping spectra can be identified, then this donor and acceptor can be used to tag two

species of interest thereby reporting on the interactions of these two proteins.

Fluorescence resonance energy transfer (FRET) was the first developmental iteration of this natural RET
mechanism in which exogenous fluorescence excitation would be applied to the fluorescent donor
molecule in order to facilitate RET. Whilst this was a successful technique for studying protein
interactions, the external fluorescent excitation introduced background noise to the reading and made it
difficult to study intracellular interactions in live cells. Therefore, scientists again looked to nature to
identify and develop a new iteration of RET technology. Bioluminescence resonance energy transfer
instead uses a bioluminescent enzyme as the donor molecule. Fluorescent excitation is not required;

instead BRET uses the addition of a chemical substrate for this bioluminescent enzyme resulting in bright
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bioluminescence. This phenomenon is seen in various deep-sea marine species which use
bioluminescence both to find prey and avoid predators. The main advantages of BRET over FRET
include the removal of several detrimental effects like background noise, autofluorescence, light
scattering and photobleaching, alongside being much easier to use in the imaging of interactions in live
species. The current most common use of this technique is found in the study of G-protein coupled
receptors (GPCRs) in which BRET allows for the activity of receptor-coupled downstream signalling
complexes to be examined (Kobayashi et al., 2019). The mechanism by which BRET takes place is

shown in figure 1.6.

+ fluorescent ligand

—

+ furimazine

—
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NBD NBD

460nm
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Figure 1.6. Mechanism of BRET. Diagram showing the mechanism by which BRET occurs from bioluminescent transporter to fluorescent
acceptor. ABCG2 transporters are N-terminally tagged with NanoLuc luciferase which exhibits bioluminescence when exposed to its substrate
furimazine. If fluorescent drug comes within 10 nm of bioluminescent transporter, then resonance energy transfers from donor (transporter) to
acceptor (drug). The ratio of fluorescence to bioluminescence can be measured as a quantitative measurement of binding activity.

1.15 NanoLuc luciferase

The specific luciferase enzyme chosen for this research is NanoLuc (NLuc) for use in NanoBRET-based
assays. The NLuc enzyme is a novel 19.1 kDa luciferase derived from deep-sea shrimp. The enzyme
functions through converting a coelenterazine substrate analogue, furimazine (2-furanylmethyl-deoxy-
coelenterazine) into furimamide which exhibits a high intensity luminescence at 460 nm. An emission
spectrum for NLuc can be seen later in figure 3.9. A fluorescent drug bound to ABCG2 tagged at the N-
terminus with NLuc should exhibit BRET upon the addition of furimazine, resulting in a characteristic
fluorescence emission at the expected wavelength which can be measured. The ratio of fluorescence
exhibited by the drug divided by the bioluminescence exhibited by the NLuc enzyme is known as the
BRET ratio or signal. This provides a quantitative reading of binding ABCG2 by a fluorescent drug. The

two fluorescent drugs used in this study are mitoxantrone (MX) and rhodamine 123 (R123) with excitation
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peaks of 610 nm and 508 nm respectively. Furthermore, the increased brightness of this luciferase
allows for effective monitoring of cell surface localisation of tagged proteins when examining cells under a
bioluminescence microscope. This means that cell populations can be checked for the appropriate
trafficking of the ABCG2 transporter to the cell surface, as well as being used to verify successful
transfection of cells with NLuc, potentially lessening the need for verification via other time-consuming

techniques.

NLuc itself exhibits several preferred properties compared to other traditional luciferases like firefly
luciferase (FLuc) derived from the North American Firefly. These benefits include increased thermal and
pH stability, increased brightness and lower molecular weight when compared to FLuc which has a
weight of 61.5 kDa. Utilising a smaller donor molecule is important to reduce the potential for unwanted
steric effects when studying receptor: ligand interactions. These factors mean that NLuc is a more
efficient and effective luciferase to use in the live imaging of cells at concentrations more physiologically
relevant to the study. Furthermore, the stronger signal generated by NLuc enables the use of more red-
shifted fluorescent acceptors, which can reduce emission spectra overlap between donor and acceptor,

therefore improving signal-to-noise ratio (England et al., 2016).

1.16 Project objectives and hypothesis

Previous studies have investigated the effects of specific ABCG2 mutations on substrate binding and
ATPase activity. The E211Q mutation consisting of a glutamate (E) to glutamine (Q) substitution at
position 211 in the Walker B motif ablates the ATPase activity of the transporter, thereby preventing the
transport of substrate. Theoretically, this mutation should lock the transporter in a conformational state
with a greatly decreased affinity for substrate binding (McDevitt et al., 2009). Therefore, by using BRET to
report on the binding activity of the E211Q mutant, we hope to test whether this imaging technology can

effectively differentiate between ABCG2 isoforms with different degrees and activity of binding.

The R482A mutation consisting of an arginine (R) to alanine (A) substitution at position 482 in TM3 has
been implicated in altering ABCG2 substrate specificity. R482A isoforms are able to transport substrates
that WT ABCG2 cannot, including many chemotherapeutic drugs such as doxorubicin, mitoxantrone and
rhodamine 123 frequently used in breast cancer treatment (Pozza et al., 2006). Therefore, there is
potential for the use of BRET to elucidate crucial information regarding the location and mechanism of
drug binding activity both in WT and mutant ABCG2 transporters. As much of these mechanisms are
unknown, we hope to use BRET to provide quantitative measurements of binding activity which may be

used to uncover more information about the transporter.

Recently, the specific role of R482 in altering the substrate specificity of ABCG2 has been investigated
further. Past research suggested that mutations in R482 act on ATP hydrolysis and substrate transport,
as opposed to preventing substrate binding (Ejendal et al., 2006). The R482 residue itself does not

directly contact substrate as it is located in TM3, instead acting allosterically via contact with residue F439
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in TM2. F439 channels conformational change in the TMDs via interactions with substrates bound in
cavity one of the transporter (Taylor et al., 2017). In fact, the side chains of R482 interact with both side
and main chain atoms in the vicinity of the F439 residue forming and breaking hydrogen bonds as the
ABCG?2 transporter moves through its alternating access transport mechanism. This seems to explain
why interactions induced by the R482 residue are key to ABCG2 substrate specificity, and why single
point mutations of this residue can have such a large impact via its action on F439 and subsequently the
conformation of TMD2 as a whole (Lochers et al., 2021). Ko143 is a high affinity inhibitor of ABCG2 (see
section 1.11), which is believed to bind to the same site as substrates. Therefore, by including Ko143 in

these assays, any BRET signal should, in theory, be displaced as substrate could no longer bind.

By examining the potential of BRET to measure these key characteristics of the ABCG2 transporter like
binding activity, we reach the final goal and clinical relevance of the project. If by using BRET to report on
the activity of ABCG2 we achieve distinguishable BRET signals for the WT and mutant isoforms, this
demonstrates that BRET may be used as a screening tool for potential chemotherapy drugs. In fact, the
FDA guidelines state all new drugs of any kind have to be tested for ABCG2 activity, so the development
of an effective BRET assay could assist with drug discovery and development (Giacomini et al., 2010).
Hopefully, this technology can provide information about the interactions of drugs with WT and mutant
ABCG2, thereby providing a system in which novel drugs could be examined to predict their specific
transporter mechanics and activity. Furthermore, the information gathered from these interactions could
be used to improve the design of potential future chemotherapeutic drugs, either as inhibitors for the

ABCG2 transporter or more simply, just as drugs unable to be exported by ABCG2.

Therefore, the hypothesis of this project is three-fold. Firstly, BRET should be able to report on ABCG2:
substrate interactions with a positive correlation between substrate concentration and BRET ratio in cells
and membranes. Secondly, there should be a difference in BRET ratios between the four ABCG2
constructs (WT, R482A, E211Q and R482A/E211Q) indicative of altered substrate affinity and specificity.
Finally, the ABCG2 inhibitor Ko143 should act to displace any BRET ratio through competitive binding
with a much higher affinity for ABCG2. BRET should report on both transporter conformation and

substrate specificity.

2.0 Methods

2.1 Molecular Biology
2.1.1 Primers

Predesigned forward and reverse primers (Sigma-Aldrich) incorporating both the R482A and E211Q
mutations were used to generate mutant pc3.1 Zeo-NLuc-ABCG2 plasmids from WT plasmids (Kerr Lab,

University of Nottingham). These primers, shown in table 2.1, are designed to insert the two mutations
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into the WT ABCG2 cDNA present in the template vector. This plasmid also included the NLuc luciferase

as well as Zeocin resistance. A map of the complete plasmid can be seen in figure 2.1.

Mutant Forward primer Reverse primer
R482A 5’ ~GATTTATTACCCATGGCGATGTTACC-3" 5-GGTAACATCGCCATGGGTAATAAATC-3"
E211Q | 5'-ATCTTGTTCTTGGATCAACCTACAACAGGCTTAGACTCAAG-3’ | 5/ -CTTGAGTCTAAGCCTGTTGTAGGTTGATCCAAGAACAAGAT-3"

Table 2.1. Primers used for ABCG2 mutations. Pre-designed primers for both R482A and E211Q mutations were obtained from Sigma Aldrich. Primers are
given in the 5'-3’ direction and mutated sequences are underlined in bold.

CMV Promoter

Ampicillin resistance

pc3.1 Zeo-NLuc-ABCG2

ABCG2

Zeocin resistance

Figure 2.1. Map of the pc3.1 Zeo-NLuc-ABCG2 plasmid. Plasmid contains ABCG2 gene tagged with NanoLuc at the N-terminus
as well as a CMV promoter region for high level transcription and Zeocin and ampicillin resistance genes for selection in
mammalian and bacterial cells respectively. Plasmid length is ~8.1 kb. WT plasmid obtained from Kerr Lab, University of
Nottingham.

2.1.2 Site-directed mutagenesis

The mutant isoforms of pc3.1 Zeo-NLuc-ABCG2 were generated through a Quikchange site-directed
mutagenesis protocol in a Sensoquest Labcycler (Go6ttingen, Germany) polymerase chain reaction (PCR)
unit. A typical PCR reaction mix of 50 pL consisted of 1X reaction buffer diluted from the manufacturers
10X stock; 1 pM each of forward and reverse primer; 200 puM of each dNTP; 50 ng of template DNA, 2-3
units of Pfu polymerase and finally ddH20 to a final volume of 50 pL in thin-walled PCR tubes. The PCR
program consisted of an initial denaturation step at 95°C for 60 s followed by 16 cycles of amplification
consisting of denaturation at 95°C for 60 s, annealing at 55°C for 60 s and extension at 72°C for 12
minutes before a final extension period at 72°C for 10 minutes. After the program had finished the
samples were held at 10°C, sometimes overnight. Following PCR, the methylated parental DNA was
digested using Dpnl. A typical digest would consist of 5 units of Dpnl added to the PCR products before
incubation for 30-60 minutes at 37°C. After digestion, 5 uL of each PCR product was added to 15 pL
ddH20 and 4 pL 6X loading dye (40% w/v sucrose and 0.25% bromophenol blue) before electrophoresis.
The double mutant isoform (R482A/E211Q) was generated through this same method except the
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template DNA was replaced with the verified R482A mutant plasmid alongside the E211Q primers. This

introduced the E211Q mutation into a sample of the plasmid already containing the R482A mutation.

2.1.3 Agarose gel electrophoresis

Agarose gel electrophoreses were carried out using a 1% w/v agarose gel containing 1 pg/pL ethidium
bromide alongside a 1 kb DNA ladder (New England Biolabs; NEB). The buffer used was 1X TBE
consisting of 90 mM boric acid, 90 mM Tris and 2 mM EDTA at pH 8.0. This is the standard agarose gel
formulation and protocol used throughout the study unless stated otherwise.

2.1.4 Transformation

DH5-a competent E. coli cells were thawed on ice before 95 pL of DH5-a cells were added to chilled
Eppendorf tubes for each transformation. 5 pL of the Dpnl digest products were added to the respective
DH5-a cells before they were incubated on ice for 30 minutes. Following this, the cells were then heat-
shocked at 42°C for 30 seconds before being placed back on ice for 5 minutes. Subsequently, 950 pL of
Luria-Bertoni (LB, 10.0 g/L NaCl, 10.0 g/L tryptone, 5.0 g/L yeast extract) was added to each mixture to a
final volume of 1000 pL. These tubes were then incubated in a shaker incubator at 200 rpm for ~60
minutes. Finally, the whole mixture was then plated on LB-agar-ampicillin plates (15.0 g/L agar and 100
pug/mL ampicillin) overnight at 37°C. After incubation, individual colonies present on the plates were
transferred into a 30 mL Sterilin tube containing 100 pg/mL ampicillin and 5 mL LB. These tubes were
then incubated in an orbital shaker at 200 rpm overnight. The following day, 500 pL of the culture mixture
was added to 500 pL 30% wi/v glycerol to produce a glycerol stock of each culture to be stored at -80°C.
The remaining volumes of each culture were spun down at 4000 rpm (Eppendorf 5810 centrifuge) with

the supernatant being discarded and the bacterial pellet retained.

2.1.5 Plasmid purification

This plasmid DNA was then extracted from the bacterial pellets by use of the Nucleospin plasmid kit from
Macharey-Nagel through the alkaline lysis method. The final purified plasmid DNA was eluted in 30 pL of
manufacturer’s elution buffer and frozen at -20°C ready for further use. A Nanodrop 2000 (Thermo
Scientific, Labtech International) unit was used to measure the concentration of the plasmid DNA, as well
as to assess the purity via the A260/A280 ratio. Generally, DNA samples were considered sufficiently
pure with an A260/A280 ratio of between 1.7 and 2.0.

2.1.6 Pvull digest and DNA visualisation

A small quantity of purified plasmid DNA was digested with a restriction enzyme, Pvull, in order to
validate the digested length of the plasmid. A total reaction mix of 20 L containing 2 uL of NEBuffer 3.1
buffer, 1 uL of DNA, 1 uL of Pvull and 16 pL of ddH20 was incubated at 37°C for 60 minutes. Following

this, 6X loading dye was added to the products before they were electrophoresed on an agarose gel as
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discussed in section 2.1.3. The resulting bands were then visualised using a Syngene GENE bioimaging

systems transilluminator compared to the 1kb DNA ladder.

2.1.7 DNA sequencing

The pc3.1 Zeo-NLuc-ABCG2 mutants were initially sequenced for the presence of the desired mutation
using forward primers SeqF1 for the E211Q mutant, Seq482 for the R482A mutant and both SeqF1 and
Seq482 for the double mutant. In mutants validated to express the desired mutation, a full ABCG2
sequencing was carried out covering the whole gene using forward primers Seq482, SeqF2 and SeqF0
and reverse primer SeqR1. All primers were used at a concentration of 100 ng/uL, and sequencing was
carried out in-house at the University of Nottingham Deep Sequencing Lab. Upon return of sequence
data, chromatograms were analysed using Chromas software version 2.6.6 courtesy of Technelysium pvt
Ltd. The full complement of primers used can be seen in table 2.2.

Primer Sequence (5-3")

Seq482 1337- AACTCTTTGTGGTAGA- 1352
SegF0 147- GAGTGGCTTTCTACCTTGTC- 166
SegF1l 805-AATGCTTTAAGTGCTTG-826
SeqgF2 699- GCAGGGACGAACAATCATCT- 718
SegR1 339- ATAAATGGAGCACCACGA- 322

Table 2.2. Primers used for full ABCG2 gene sequencing. Primers designed to sequence the entirety of the ABCG2 cDNA when
used together. Sequences are given in the 5’-3’ direction and numbers indicate the annealing position in the ABCG2 cDNA.
Sequences were sequenced in the University of Nottingham Deep Sequencing Lab and analysed using BLAST (NCBI) and
Chromas software version 2.6.6.

2.2 ABCG2 expression in mammalian cells
2.2.1 HEK?293T cells

HEK?239 cells derived by transfection of human embryonic kidney cells with adenovirus 5 were originally
generated in 1973 by Alex van der Eb (Graham & van der Eb, 1973). The HEK293T cells (ATCC® CRL-
3216™) used in this study are a variant of the HEK293 cell line generated in Michele Calos’s lab
containing a plasmid encoding the SV40 large T antigen (Lebkowski et al., 1985). This SV40 large T
antigen allows for transfections of plasmids carrying the SV40 origin of replication, whilst also maintaining
a high copy number.

2.2.2 Cell culture

For routine cell line generation and maintenance, HEK293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, containing 4.5 g/L D-glucose, 0.11 g/L sodium pyruvate, 0.11 g/L sodium
bicarbonate and 0.58 g/L L-glutamine) to which 100 pg/mL penicillin-streptomycin and 10% v/v foetal calf

serum (FCS) had been added. The cells were grown until ~70-80% confluency was reached inside T-25
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or T-75 flasks incubated in a humidified incubator at 37°C with 5% CO2. When the appropriate level of
confluency was reached (~3/4 days), cell media was aspirated and cells were carefully washed with PBS.
This was then aspirated before cells were detached from the flask by incubation with trypsin for 3
minutes. Following this, complete media was added to deactivate the trypsin and these cell suspensions
were spun down at 200 g for 5 minutes. The supernatant was aspirated and cell pellets resuspended in
fresh complete media. A sample of cell suspension may then have been taken for cell counting and
seeding onto plates/dishes, or otherwise added to a new T25/T75 flask at a 1:10-1:12 dilution with fresh
complete media. Finally, where stable cell lines were being maintained, Zeocin (Invitrogen) was added at

40 pg/mL to maintain selection pressure.

2.2.3 Cell counting

10 pL of cell suspension was applied to a Neubauer improved cell counting chamber before being viewed
under magnification on a microscope. The average number of cells present in the four 4x4 corner regions

were multiplied by 104 to calculate the number of cells per mL of each suspension.

2.2.4 PEI transfection

Semi-confluent wild-type HEK293T cells were counted and plated at 250,000 cells in 2 mL media with
10% serum per well of a six-well plate. 24 hours later once the cells had adhered, the media with 10%
serum was replaced with media with 5% serum again to a volume of 2 mL per well. A 10 mM linear
polyethyleneimine (PEI, Polyscience Inc.) solution was prepared as a transfection reagent of which 9 pL
was added to 2 pg of each of the 4 samples of DNA to be transfected (R482A, E211Q, R472A/E211Q
and pcDNA-GFP-ABCG2 control). To each DNA/PEI sample, 100 yL of media with 5% serum was added
to aid in pipetting dropwise into the corresponding well. Alongside these samples were two control
groups: PEI alone (no DNA), and no PEI or DNA. The plate was then briefly tilted to ensure the
transfection mixture was evenly distributed within the wells. A stable HEK293T cell line expressing WT
pc3.1 Zeo-NLuc-ABCG2 had been previously generated by members of the Kerr Lab, University of
Nottingham.

24 hours later the media with 5% serum was replaced with media with 10% serum. A fluorescence
microscope was used to examine the GFP-ABCG2 control to give an early indication as to the success of
the transfection procedure. After waiting another 24 hours, the well media was removed and the cells
detached with trypsin and spun down at 1300 rpm for 5 minutes. The supernatant was removed and the
pellet was resuspended in 5 mL media with 10% serum in six T25 flasks. 6 hours later, 10 pL of 100
mg/mL zeocin was added to a final concentration of 200 pg/mL to begin the selection process. The 10%
media with serum and zeocin was replaced every 2-3 days, when necessary, until confluency was
reached, at which point the cells were transferred to T25 flasks, maintaining the same zeocin

concentration. After 10-15 days, when control (no plasmid) transfections showed evidence of complete
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cytotoxicity the zeocin concentration was reduced to 40 pg/mL for routine maintenance of the selected

cell lines.

2.2.5 Long-term storage of cells

Passages of cells were slowly frozen down to -80°C to a volume of 1 x 10— 2 x 108 cells in 1 mL freezing
media per vial, consisting of 90% FCS and 10% DMSO. This initial freezing step was done using a
ThermoFisher Mr. Frosty freezing container containing propanol to ensure the optimal rate of cooling of
~1°C per minute. Cells were then placed into liquid nitrogen for long-term storage at -160°C. To revive cell
lines, frozen suspensions were thawed and incubated in pre-warmed complete media for 24 hours before
the media was refreshed to remove DMSO. Complete media was then again refreshed 72 hours later
before cell populations were split and restored to media containing zeocin (40 pg/mL) around a week after

revival.

2.2.6 Membrane preparation

Cells at 90% confluency were harvested from six 150 mm diameter dishes per cell line and spun down
into pellets. These pellets were then resuspended in 10 mL membrane isolation buffer 1 (MIB1)
consisting of 10 mM Tris pH 7.4, 250 mM sucrose (8.6%) and 0.2 mM CacClz, also containing 1:100
dilution of protease inhibitor cocktail Il (Calbiochem). This cell suspension was then loaded into a pre-
cooled nitrogen cavitation device (Parr Instruments) which was then pressurised to ~750 millibar of
nitrogen. The nitrogen cavitation device was left on ice for 20 minutes and carefully shaken halfway
through. After this, the cell lysate was slowly collected by releasing the pressure valve, before being
placed back into the nitrogen cavitation device and undergoing the process once more. After this, a
sample of the lysate was taken and the rest was centrifuged at 1500 g for 15 minutes at 4°C to remove
heavy cell debris. A sample of the resulting lysate and pellet resuspended in the same volume of MIB1
were then taken. The lysate was loaded into pre-weighed polyallomer ultracentrifuge tubes and
centrifuged at 100,000 g for 45 minutes at 4°C. The supernatant was kept and the pellet weighed to
determine the wet mass of cell membranes present. The pellet was then resuspended in a buffer
consisting of 20 mM Tris pH 7.4, 250 mM sucrose and 1:100 dilution of protease inhibitor cocktail Ill. The
volume of buffer used was proportional to the calculated wet mass of the membranes at a ratio of 1 mL
per 100 mg. The resuspension was then sheared 15 times firstly through a broad 20-gauge needle
followed by another 15 times through a narrow 26-gauge needle before being frozen down at -80°C in

aliquots of 90 L each containing ~10 mg of cell membrane.
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2.3 ABCG2 protein expression

2.3.1 Bioluminescence imaging

35mm glass-bottomed dishes (Iwaki, 3000-035) were each coated with poly-D-lysine at a concentration of
50 pg/mL for around 90 minutes. Following this, the poly-D-lysine was aspirated and the dishes were
washed once in media with 10% serum. Cells of each of the WT and three mutant constructs were
counted and plated alongside the GFP-ABCG2 (to act as a control) at 75,000 cells per well in glass-
bottomed dishes to a volume of 2 mL. The dishes were then incubated at 37°C and 5% CO: for 48 hours
before the cells were ready to be examined at 30x magnification using an Olympus LV200
Bioluminescence Imaging System. Before imaging, the well media was aspirated and replaced with 1.5
mL warm Hank’s Buffered Salt Solution (HBSS) and the plates were kept at 37°C and 5% CO2. 2 pL
furimazine substrate was diluted in 500 uL NanoGlo buffer before being added to the dishes (final
concentration of 5 uM) containing HBSS whilst on the microscope to avoid mixing effects of adding the
substrate directly. Photos were taken before (bright field) and after (bioluminescence) the furimazine mix

was added.

2.3.2 Lowry protein assay

Cell pellets were frozen down before being resuspended in 250 L ice cold PBS with 10% glycerol and
protease inhibitor cocktail Ill diluted 1:200. Following this, the cell suspension was sonicated (Jencons
Scientific LTD- Sonics and materials INC, USA) at 60% power output twice for 10 seconds. Protein
concentrations were then determined via a Modified Lowry Protein Assay (BioRad) as per manufacturers
protocol. A standard curve was generated using bovine serum albumin (BSA, 0-10 ug protein), and both

the standard curve and protein samples were processed in duplicate.

2.3.3 SDS-PAGE electrophoresis

The SDS-PAGE electrophoresis was carried out using Laemmli’'s method (Laemmli et al., 1977). A
consistent quantity of 20-50 pg of each protein sample was made up to a standard well volume of 30-70
pL with PBS and 6X Laemmli buffer containing 2-mercaptoethanol. After this, the samples were incubated
at 37°C for 30 minutes before being loaded into a 1.5 mm 10% w/v polyacrylamide separating gel (40%
acrylamide, 10% SDS, 10% APS, 10 uL TEMED, 4.5 mL separating buffer, and 8.5 mL water) beneath a
4% stacking gel (30% acrylamide, 10% SDS, 10% APS, 7.5 uL TEMED, 3 mL stacking buffer and 7 mL
water). This gel was electrophoresed at 120 V in protein running buffer (192 mM glycine, 205 mM Tris
base and 35 mM SDS) until samples had reached the bottom of the gel (~2 hours). Samples were run in
duplicate, and after SDS-PAGE half of the gel was removed for protein visualisation via InstantBlue

(Expedeon) Coomassie staining.

31



2.3.4 Western blotting

The remaining half of the gel underwent wet protein transfer onto nitrocellulose membrane (Amersham)
via electroblotting in transfer buffer (192 mM glycine, 25 mM Tris base and 20% v/v methanol) at 200 mA
for ~2 hours. The membrane was then stained with Ponceau S to allow for visualisation and marking of
the protein lanes and ladder markers. After this, the membrane was washed with PBS-Tween (0.1% v/v)
to remove the stain before being blocked in a standard blocking buffer consisting of PBS-Tween
supplemented with 5% w/v skimmed milk powder for an hour at room temperature. Once this nonspecific
binding was blocked, the membrane was incubated in blocking buffer with PBS-Tween with primary
monoclonal mouse antibody (Merck Milipore, BXP-21, 1:2000 dilution in non-fat milk) for ~1 hour at room
temperature. Following this, the membrane was washed three times for 5 minutes each in PBS-Tween
before being incubated in blocking buffer with secondary antibody (Agilent Dako, rabbit anti-mouse-HRP
conjugate, 1:5000 dilution in non-fat milk) for around an hour. Finally the membrane was again washed 3
times for 5 minutes each in PBS-Tween before being incubated for 60 s in enhanced chemiluminescence
reagent, ECL (Thermo Scientific, Supersignal West Pico) and subsequently photographed using a Fuji
LAS-3000.

2.4 ABCG2 NanoBRET assays
2.4.1 Cell-based NanoBRET binding assays

Cells were seeded in poly-D-lysine treated clear-bottomed white 96 well plates (Greiner, 655-098) at
30,000 cells per well in media with 10% serum. After 24 hours the media was replaced with 37°C HBSS
containing a range of concentrations of mitoxantrone or rhodamine 123 in the absence or presence of
ABCG?2 inhibitor Ko143. Furimazine solution for all NanoBRET assays was prepared fresh beforehand
and consisted of 20 yL substrate per mL NanoGlo buffer (1:50 dilution). 10 pL of this furimazine solution
was added to every well (~1 mL per plate) for a final well volume of ~10 uM before the plate was
incubated in the dark for 5 minutes. Finally, the bioluminescence and BRET were measured at room
temperature using a PHERAstar FS plate reader (BMG Labtech). Filtered light emissions of each well at
685 nm for mitoxantrone and 528 nm for rhodamine 123 were measured and divided by NanoLuc
emission at 460 nm to calculate the BRET ratio. Three consecutive repeats of one second per well (~5
minutes in total) were taken for each plate and the data from the second of these was used for analysis.
BRET ratios were plotted against a logarithmic scale of drug concentration and data fitted as non-linear

regression in GraphPad Prism.

2.4.2 Membrane-based NanoBRET binding assays

Sheared cell membranes were diluted in a 50 mM Tris pH 7.4 buffer supplemented with 0.5% saponin,
0.2% BSA or neither and were plated at 0.5 pg, 2.5 pug or 20 pg membranes per well in clear-bottomed

white 96-well plates containing a concentration range of mitoxantrone or rhodamine 123 either with or
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without a range of Ko143 concentrations. The bioluminescence and fluorescence values were then
measured as at room temperature using the PHERAstar FS plate reader both before and after the
addition of furimazine as above. Before this, the non-BRET-specific fluorescence levels were also

measured using light excitation via the PHERAstar FS.

2.4.3 Mitoxantrone fluorescence read

To assess whether mitoxantrone had suitable spectral properties for use in BRET assays, an
excitation/emission scan was carried out. In this scan, a 96 well plate containing a concentration range of
mitoxantrone was excited from 517-574 nm and emission was read at 650 +/- 50 nm. This data was

plotted as a scatter graph.

2.4.4 Membrane concentration bioluminescence read

To establish a linear association between membrane concentration and bioluminescence, a concentration
range of each membrane suspension was plated on a 96-well plate before 10 uL furimazine was added to
each well. Following this, bioluminescence was measured and the mean was fitted as non-linear

regression against a logarithmic scale of drug concentration.

3.0 Results

3.1 Mutant plasmid generation, transformation, and purification

Wild type pc3.1 Zeo-NLuc-ABCG2 plasmids were available and ready for use, but the creation of three
mutant plasmids with altered substrate interaction would allow for the wider study of NanoBRET as a tool
to study ABCG2: substrate interactions. Firstly, the E2110Q mutation should lock the transporter in a state
with low affinity for substrate (McDevitt et al., 2009). Secondly, the R482A mutation should widen the
substrate specificity of ABCG2 (Ejendal et al., 2006). Finally, the R482A/E211Q double mutant should

combine these effects.

The three mutant pc3.1 Zeo-NLuc-ABCG2 plasmid constructs were generated using the pre-designed
mutagenic primers discussed in section 2.1.1. This vector features a CMV promotor region for high gene
expression levels, an ampicillin resistance gene for bacterial selection and a Zeocin resistance gene for
cell selection. Incorporated into the vector is the ABCG2 cDNA itself fused to bioluminescent luciferase
NLuc via the N-terminus. A schematic of this plasmid is shown previously in figure 2.1. Generation of the
double mutant used the verified R482A plasmid as the template DNA alongside the E211Q primers to
introduce the mutation. PCR was carried out as described in section 2.1.2, before vector template DNA
was digested with Dpnl and electrophoresed on an agarose gel to confirm total plasmid length, seen in
panel A of figure 3.1. Bands were present for all 3 PCR products at the expect weight of ~8.1 kb. After
this, the plasmids were then transformed into DH5-a competent E. coli and purified as per the method

discussed in section 2.1.4. Samples of these purified E. coli plasmids were digested with restriction
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enzyme Pvull to verify the size of the plasmid. These digests were then electrophoresed on an agarose
gel for visualisation as displayed in panel B of figure 3.1. All three constructs digested into fragments of
the expected sizes, confirming that the plasmid was of the intended length of ~8.1kb and the restriction

sites were in the correct place. After this, samples of the plasmids were sent for Sanger sequencing.

Figure 3.1. Generation of pc3.1 Zeo-NLuc-ABCG2 mutants. A) Dpnl digested PCR products. The three PCR products
underwent Dpnl digestion to remove template DNA. The products of this digest were then electrophoresed under the standard
protocol. All 3 constructs show bands between 4 and 10 kb alongside a 1 kb ladder. B) Pvull digested plasmids. Purified
mutant plasmids were digested with restriction enzyme Pvull and electrophoresed on agarose gel to verify the fragments were of
correct length. Fragments shown are of ~ 1.4, 1.7 and 5.0 kb for R482A/E211Q (750 ng/pL), E211Q (533 ng/puL) and R482A (474
ng/uL) alongside a 1kb DNA ladder. The presence of these three bands confirms the identity of the pc 3.1Zeo-NLuc-ABCG2
plasmid which is ~ 8100 bases in length. PCR products were generated with assistance from Deb Briggs.

3.2 Plasmid sequencing

The three mutant plasmids were then sequenced in-house at the University of Nottingham Deep
Sequencing Lab to verify the presence of the correct mutation. The sequencing results were analysed
using Chromas. The analysis for both R482A and E211Q mutant plasmids can be seen in figure 3.2
panels A and B using the Seq482 and SeqF1 primers respectively. The mutations of interest (AGG ->
GCG for R482A and GAG -> CAA for E211Q) are shown in the red boxes. The sequences of all three
mutants were examined alongside the WT sequence using BLAST to identify the desired mutation, and
all three constructs displayed their respective mutations. Therefore, they were sent for full cDNA
sequencing using the full complement of primers discussed in section 2.1.7. The full sequences showed

no inadvertent errors and so the plasmids were ready to be transfected into HEK293T cells.
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Figure 3.2. Chromatograms of the A) R482A mutation highlighted in the red box at position 76, AGG in WT ABCG2 becomes GCG in
R482A. and B) E211Q mutation is highlighted in the red box at position 357, GAG in WT ABCG2 becomes CAA in E211Q. Sequencing
data was obtained in-house at the University of Nottingham Deep Sequencing Lab using the SeqFO0 primer in combination with the E211Q
mutant plasmid. Chromatogram was analysed using Chromas software version 2.6.6.
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3.3 Plasmid transfection with bioluminescence imaging

The fully sequenced and verified plasmids were then transfected into HEK293T cells as per the method
described in section 2.2.4. Alongside this, a plasmid containing GFP was also transfected at the same
time to give an early indication of transfection success. These cells expressed fluorescence under a
fluorescence microscope and so indicated that the transfection process had been successful. After the
transfection and zeocin selection process had finished, cells were plated onto glass-bottom dishes to be
examined under a bioluminescence microscope. The improved brightness and image clarity provided by
the NanoLuc luciferase in combination with the Olympus LV200 bioluminescence imaging system allowed
for high resolution images of transfected HEK293T cells expressing ABCG2 protein. Despite being purely
gualitative in nature, the images seen in figure 3.3 clearly show a successful transfection and selection
process of HEK293T cells with pc3.1 Zeo-NLuc-ABCG2 plasmid vector. Panels A and B show the same
population of untransfected HEK293T cells under light microscopy and bioluminescence imaging
respectively. As expected, the addition of furimazine and filtering for bioluminescence produces no signal
in untransfected HEK293T cells. Panels C, D, E and F show populations of transfected cells exhibiting
bioluminescence upon addition of furimazine. Aside from confirming the success of transfection and
selection, these images also allow us to identify the trafficking of ABCG2 to the cell membrane. The data
seen in figure 3.8 later verifies this by showing high levels of bioluminescence consistent with the
expression of NLuc-ABCG2 in the membrane. Therefore, further techniques were not needed to verify

that the correct protein trafficking had taken place.
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HEK293T HEK293T + furimazine

WT + furimazine R482A + furimazine

R482A/E211Q + furimazine E211Q + furimazine

Figure 3.3. Bioluminescence of NLuc-ABCG2 constructs expressed in HEK293T cells. Untransfected HEK293T cells were plated
alongside transfected HEK293T cells expressing the four ABCG2 constructs at 75,000 cells per dish in glass-bottom dishes pre-treated with
poly-D-lysine. The dishes were then incubated under standard conditions for 48 hours before media was removed and replaced with warm
HBSS. The cells were then examined before and after the addition of 10 pyL furimazine examined at 30x magnification using an Olympus LV200
Bioluminescence Imaging System. Panels A and B show untransfected HEK293T cells under light microscope and bioluminescence imaging
after addition of furimazine respectively. Panels C, D, E and F show HEK293T cells expressing WT, R482A, E211Q and R482A/E211Q ABCG2
constructs respectively under bioluminescence imaging after addition of furimazine.
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3.4 Protein assays

Cell pellets expressing ABCG2 constructs were lysed, electrophoresed, and immunoblotted to confirm
presence of the ABCG2 protein. Protein was visible on both acrylamide gel and nitrocellulose membrane
following Coomassie and Ponceau S staining respectively. In figure 3.4, faint bands can be seen for all 3
experimental ABCG2 constructs between 98 and 148 kDa whereas ABCG2 (72.3 kDa) tagged with
NanoLuc (17.2 kDa) should be around 90 kDa. However, it is not unexpected for membrane protein
bands to be slightly higher than those of the protein standards due to interactions with SDS molecules
(Rath et al., 2009). There is also a very faint band in the F439A ABCG2 mutant positive control at around
the same kDa. Whilst these figures aren’t of great quality, the data seen in figure 3.3 had already shown
NLuc-ABCG2 being expressed and so the project progressed into the experimental stage.

R482A E211Q R4A82A/E211Q HEK293T F439A (+)

148 kDa

98 kDa

Figure 3.4. Immunoblot of ABCG2 construct lysates. 35 pg of whole cell lysates were electrophoresed in duplicate via SDS-PAGE
before being stained and/or Western blotted. Half of the nitrocellulose membrane was transiently stained with Ponceau S to visualise
protein bands and mark lanes before being washed with dH.O and sent on for immunoblotting against primary (BXP-21) and
secondary (rabbit anti-mouse HRP conjugate) antibodies. The remaining half of the gel was removed for Coomassie staining with
Expedeon Brilliant Blue.

3.5 Cell-based NanoBRET assays with MX

Despite concerns about potential interference caused by cell-based NanoBRET assays due to cellular
processes like drug transport or metabolism, the impact of the COVID-19 pandemic on equipment,
training and lab restrictions meant that these assays could be carried out immediately. Firstly, a
NanoBRET assay was carried out using the WT and E211Q ABCG2-expressing cells at a standard cell
density (30,000 cells per well) with a concentration range of MX from 10 nM - 10 uM either with or without
a single fixed concentration (1 pM) of the ABCG2 inhibitor Ko143 (see section 1.11). This assay was

performed to acquire and identify differences between MX dose-response curves for WT and E211Q, as
well as to assess whether Ko143 had any effect. As seen in figure 3.5, it was clear that a number of the
lower concentrations of MX were producing the same baseline level of BRET. Therefore, a follow-up
assay was devised using a refined range of MX concentrations from 80 nM - 5 uM, again with the WT and
E211Q constructs. This also allowed for the effect of Ko143 to be assessed using multiple concentrations

(10 nM - 1 uM), as seen in figure 3.6.
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Figure 3.5. BRET observed following MX addition to NLuc-ABCG2 cells. WT and E211Q ABCG2-expressing HEK293T cells were
plated in complete media at 30,000 cells per well in a clear-bottom 96-well plate pre-treated with 10 pg/mL poly-D-lysine (Sigma-Aldrich,
Missouri USA) and incubated for 24 hours. A concentration range of 30 nM - 10 uM MX either in the absence or presence of 1 pM Ko143
was added, as well as 10 pL furimazine (Promega, Wisconsin, USA) per well. Filtered bioluminescence and fluorescence values for each
well were read with a 610+ nm long-pass filter on a BMG LABTECH PHERAstar plate reader after 5 minutes incubation. BRET ratios were
calculated by dividing fluorescence emission by bioluminescence emission. Background fluorescence and bioluminescence was removed
via subtraction of corresponding 0.5% DMSO BRET ratios. Data plotted is non-linear regression of BRET ratio + SEM from three technical
repeats of one experiment.
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Figure 3.6. BRET observed following MX addition to NLuc-ABCG2 cells with range of inhibitor Ko143. A) WT and B) E211Q
ABCG2-expressing HEK293T cells were plated in complete media at 30,000 cells per well in a clear-bottom 96-well plate pre-treated
with 10 pg/mL poly-D-lysine and incubated for 24 hours. A refined concentration range of 80 nM - 5 uM MX containing 1 pM, 100
nM, 10 nM or no Ko143 was added, as well as 10 pL furimazine per well. Filtered bioluminescence and fluorescence emission
values for each well were read with a 610+ nm long-pass filter on a BMG LABTECH PHERAstar plate reader after 5 minutes
incubation. BRET ratios were calculated by dividing fluorescence emission by bioluminescence emission. Background fluorescence
and bioluminescence was removed via subtraction of corresponding 0.5% DMSO BRET ratios. Data plotted is non-linear regression
of BRET ratio + SEM from three technical repeats of one experiment.

Both WT and E211Q follow the same general trend as seen in figure 3.5, with a decrease in BRET ratio
as MX concentration increases. This trend goes directly against the hypothesis which stated that BRET
ratio should increase with drug concentration. Finally, there was no significant impact of any
concentration of Ko143 on BRET ratio. Taken together, these three factors made it clear that some
aspect of the experimental design wasn’t working as intended. The trends seen in figures 3.5 and 3.6
were inconsistent and didn’t match the hypothesis. However, as previously discussed, it was not
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unexpected that the use of whole cells for NanoBRET assays might introduce complications. Therefore
membrane suspensions of each construct were prepared for subsequent assays. It is also worth noting
that between the two assays there didn’t seem to be a significant difference in BRET ratio between the
WT and E211Q ABCG2 constructs. However, at this stage it was too early to comment given the assay

was still under optimisation.

3.6 Cell membrane NanoBRET assays with MX

Once the membranes were prepared a bioluminescence assay was carried out to verify the process had
been successful and that NLuc-ABCG2 was still intact. A concentration range from 12.5 ug - 100 pg of
each membrane construct was plated in a 96-well plate before 10 uL furimazine was added to each well
and bioluminescence read. As expected, and seen in figure 3.7, there was a positive linear correlation
between membrane quantity and bioluminescence. There were variations in bioluminescence between
constructs with the R482A single mutant exhibiting significantly lower counts than the other mutants,
indicative of lower NLuc-ABCG2 expression. Despite this, the data shown in the figure suggested the
membrane preparation had been a success and so an assay using membranes with MX was devised.
The assay was carried out using the previous concentration range of MX with 2.5 pg of membranes per
well. Despite the BRET ratio increasing two-fold when compared to cells, as seen in figure 3.8, indicative
of an increased transfer of energy, the data still seemed to be inconsistent and continued the general
trend of decreasing BRET ratio with increasing MX concentration. This seemed to suggest that the issue
with the assay may not have been the system itself (cellsi/membranes) but instead could have been the

specific steric or spectral properties of mitoxantrone as the fluorophore.
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Figure 3.7. Bioluminescence of ABCG2 constructs shows linear dependence on membrane quantity. Four quantities of
cell membranes (100, 50, 25 and 12.5 pg) of all four ABCG2 constructs (WT, E211Q, R482A and R482A/E211Q) and
untransfected HEK293T cells were plated on a clear-bottom 96 well plate. 10 pL furimazine was added to each well before
filtered bioluminescence emission for each well was read using a 460 nm (80 nm bandpass) filter on a BMG LABTECH
PHERAstar plate reader after 5 minutes incubation. Data plotted is a linear regression of bioluminescence values + SEM from
three technical repeats of one experiment.
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Figure 3.8. BRET with 2.5 ug NLuc-ABCG2 cell membranes and range of inhibitor Ko143. A) WT and B) E211Q cell membranes were
plated at 2.5 pg membranes per well in a clear-bottom 96-well plate. A refined concentration range of 80 nM — 5 uM MX containing 1 uM, 100
nM, 10 nM or no Ko143 was added, as well as 10 pL furimazine per well. Filtered bioluminescence and fluorescence emission values for
each well were read with a >610 nm (longpass) filter on a BMG LABTECH PHERAstar plate reader after 5 minutes incubation. BRET ratios
were calculated by dividing fluorescence emission by bioluminescence emission. Background fluorescence and bioluminescence was
removed via subtraction of corresponding 0.5% DMSO BRET ratios. Data plotted is non-linear regression of BRET ratio + SEM from three
technical repeats of one experiment.
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3.7 The use of mitoxantrone in NanoBRET assays

Mitoxantrone is relatively red-shifted for use as a fluorophore in NanoBRET assays, with a peak excitation
of around 610 nm. As discussed previously NanoLuc has a peak emission of around 460 nm, however,
there is literature detailing the successful use of fluorophores even further red-shifted than mitoxantrone
for NanoBRET assays with just 1-2% spectral crossover (Stoddart et al., 2018). Given that was the case,
an excitation/emission assay was carried out on a range of mitoxantrone concentrations to determine its
spectral properties first-hand, as seen in figure 3.9. Only the highest two tested concentrations of
mitoxantrone (10 uM and 5 pM) resulted in significant fluorescence emission which was observed solely
at 550+ nm. As seen in the figure via the overlay of the NanoLuc emission spectra, there is very little
overlap remaining between NanoLuc and mitoxantrone above 550 nm. Therefore it is likely that there is
very little transfer of energy from NanoLuc donor to mitoxantrone acceptor, especially at concentrations
below 10 uM which would correlate with the data we saw in figures 3.5 and 3.6. Therefore, a decision
was made to switch to an alternative substrate with better spectral overlap, rhodamine 123. To conclude
the work with mitoxantrone, it is likely that the spectral properties of mitoxantrone and/or its interaction

with NanoLuc may not be well suited to NanoBRET assays in this instance.
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Figure 3.9. The spectral properties of MX may preclude BRET measurements with this ABCG2 substrate. An
excitation/emission assay using external fluorescence excitation with a concentration range of 10 nM — 10 pM MX was carried out to
determine the spectral properties of MX. MX was excited in a scan from 517-574 nm and emission read at 650 £ 50 nm. Overlaid is the
emission curve (green) for the NanoLuc luciferase showing very little spectral crossover between the two species. Also shown is the
very high concentration of MX required to receive significant emission. Data shown is raw values from three technical repeats of one
experiment.
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3.8 Is rhodamine 123 a feasible substrate for ABCG2
NanoBRET?

Changing the fluorescent ligand to rhodamine 123 also meant changing the experimental ABCG2
construct to the R482A/E211Q double mutant, as both the wild type and single E211Q mutant would be
incapable of binding R123 (Algawi et al., 2004). As well as this, figure 3.7 showed the R482A single
mutant to have substantially less bioluminescence than both WT and R482A/E211Q so using the double
mutant would allow for a similar volume and concentration of membranes to WT to be used.
Consequently, an assay using the standard concentration range of R123 of 10 nM — 10 uM with 2.5 ug
membranes per well of both the WT and R482A/E211Q constructs either with or without 10 pM Ko143
was carried out. As seen in figure 3.10, the BRET ratio was much higher than the previous assays with
MX indicating a greater transfer of energy from G2 to substrate. Critically, this assay using R123 followed
the hypothesised trend of increasing BRET ratio with increasing drug concentration. Despite this, the
addition of Ko143 appeared to have no effect, with the data points for the Ko143 groups being directly

overlaid with their respective groups in the absence of Ko143.
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Figure 3.10. BRET with more suitable substrate R123 applied to NLuc-ABCG2 membranes. Cell membranes were plated at 2.5 ug
per well in a clear-bottom 96-well plate. The standard concentration range of 10 nM — 10 uM R123 containing 10 uM Ko143 or not was
added, as well as 10 pL furimazine per well. Filtered bioluminescence and fluorescence emission values for each well were read with a
460 nm (80 nm bandpass) filter on a BMG LABTECH PHERAstar plate reader after 5 minutes incubation. BRET ratios were calculated
by dividing fluorescence emission by bioluminescence emission. Background fluorescence and bioluminescence was removed via
subtraction of corresponding 0.5% DMSO BRET ratios. Data plotted is non-linear regression of BRET ratio + SEM from three technical
repeats of one experiment.

However, whilst figure 3.10 was encouraging in showing a clear dose response, the transporter did not
seem to saturate as no plateau was reached at the higher concentrations of R123. ABCG2 should fully
saturate as there are a finite number of substrate binding sites available at any one time. This lack of
plateau could either be because the affinity of the substrate is just too low to achieve full saturation, or

because of an R123 accumulation within the membrane leading to a non-specific ‘bystander BRET’
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effect. Practically speaking, bystander BRET suggests a transfer of energy between transporter and
unbound substrate within the vicinity of NLuc and would likely mask any specific BRET interactions seen
between ABCG2 and substrate. Given that this could be the case, several assays were designed to

identify and minimise the effects of this potential bystander BRET.

Three further assays were carried out incorporating changes designed to reduce nonspecific effects, as
seen in Figure 3.11. The first of these assays shown in figure 3.11A included the addition of 0.5%
saponin as a detergent to disrupt the ABCG2 membrane vesicles with an increased concentration range
of 80 nM - 80 uM R123. The addition of saponin would have prevented an imbalance of inward and
outward-facing membrane vesicles and ensured that all ABCG2 binding sites were available in both
vesicle orientations. The second assay shown in figure 3.11B instead used 0.5 pg cell membranes per
well with this increased concentration range of 80 nM - 80 uM R123. Reducing the quantity of membrane
would reduce the potential for saturation of the membrane by R123, thereby decreasing the impact of
non-specific BRET. The final assay seen in figure 3.11C increased membrane quantity to 20 pg
membranes per well with the standard concentration range of R123 of 10 nM — 10 uM either with or
without 10 uM Ko143. Increasing the volume of membrane would increase the number of ABCG2 binding
sites and ensure high availability of the transporter for R123. Unfortunately, the three alterations made in
figure 3.11 did not result in the formation of a plateau phase which indicated that non-specific BRET

interactions were still taking place.
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Figure 3.11. Attempts to optimise BRET between NLuc-ABCG2 and R123. Cell membranes were plated in a clear-bottom 96-well plates at
A) 2.5 pg with an increased concentration range of 80 nM — 80 pM R123 containing 0.5% saponin. B) 0.5 pg with an increased concentration
range of 80 nM — 80 pM R123. C) 20 pg with a standard concentration range of 10 nM — 10 uM R123 containing 10 uM Ko143 or not, all with
10 pL furimazine per well. Filtered bioluminescence and fluorescence emission values for each well were read with a 460 nm (80 nm
bandpass) filter on a BMG LABTECH PHERAstar plate reader after 5 minutes incubation in the dark. BRET ratios were calculated by dividing
fluorescence emission by bioluminescence emission. Background fluorescence and bioluminescence was removed via subtraction of
corresponding 0.5% DMSO BRET ratios. Data plotted is non-linear regression of BRET ratio + SEM from three technical repeats of one
experiment.
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3.9 The bystander effect and BRET with cells

To try and identify the extent of the bystander effect an assay was devised incorporating NLuc-tagged
beta-2 adrenergic receptor (B2AR) membranes obtained from Dr Laura Kilpatrick and Dr Mark Soave
(COMPARE Lab, University of Nottingham). Any BRET exhibited between the NLuc-tagged 2AR and
R123 would be non-specific as R123 is not characterised as a ligand for 2AR. An assay of this in parallel
with 2.5 pug of ABCG2 membrane constructs with the increased concentration range of R123 of 80 nM —
80 uM was carried out. BSA (0.2%) was also added to the suspensions to reduce the potential of
membranes adsorbing to each other or plasticware. The results, as seen in figure 3.12, show a nearly
identical BRET ratio for f2AR as with our ABCG2 constructs. However, it is important to note that the
B2AR membranes were prepared under a different protocol as the ABCG2 membranes, and that the NLuc
is extracellular in GPCR constructs rather than intracellular in ABCG2. Additionally, the bioluminescence
of these control membranes showed considerable variability between experiments. Despite this, the data
still seems to indicate a significant proportion of the BRET seen in the ABCG2 membranes may be

nonspecific bystander BRET.
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Figure 3.12. Bystander BRET effect appears to be significant. Cell membranes were plated at 2.5 pg membranes per well in a
clear-bottom 96-well plate. An increased concentration range of 80 nM — 80 uM R123 containing 0.2% BSA was added, as well as
10 pL furimazine per well. Filtered bioluminescence and fluorescence emission values for each well were read with a 460 nm (80
nm bandpass) filter on a BMG LABTECH PHERAstar plate reader after 5 minutes incubation. BRET ratios were calculated by
dividing fluorescence emission by bioluminescence emission. Background fluorescence and bioluminescence was removed via
subtraction of corresponding 0.5% DMSO BRET ratios. Data plotted is non-linear regression of BRET ratio + SEM from one
representative of five independent experiments each with three technical repeats.

One final experiment was devised using R123 with whole cells expressing our ABCG2 constructs. The
parameters were the same as the previous MX assays with cells, but instead using R123 at the increased
concentration range of 80 nM — 80 puM. Figure 3.13 shows the BRET ratio for the two constructs, again

showing the same shape curve as the membrane assays, with no saturation of the ABCG2 transporter by

47



R123. Therefore the use of rhodamine 123 in NanoBRET assays with the ABCG2 transporter has been

unable to produce a BRET signal with specificity to the transporter in this instance
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Figure 3.13. NanoBRET can report on ABCG2 and R123 in cells. ABCG2-expressing HEK293T cells were plated in complete
media at 30,000 cells per well in a clear-bottom 96-well plate pre-treated with 10 pg/mL poly-D-lysine and incubated for 24 hours.
An increased concentration range of 80 nM - 80 uM R123 was added, as well as 10 pL furimazine per well. Filtered
bioluminescence and fluorescence emission values for each well were read with a 610+ nm long-pass filter on a BMG LABTECH
PHERAstar plate reader after 5 minutes incubation. BRET ratios were calculated by dividing fluorescence emission by
bioluminescence emission. Background fluorescence and bioluminescence was removed via subtraction of corresponding 0.5%
DMSO BRET ratios. Data plotted is non-linear regression of BRET ratio + SEM from three technical repeats of one experiment.

4.0 Discussion

4.1 BRET, NLuc and ABCG2

BRET and FRET have been used previously to investigate the oligomerisation of WT ABC transporters
expressed in HEK293 cells (Frixel et al., 2016; Ni, Mark, et al., 2010). Despite this, to my knowledge at
the time of writing, the present study is the first to use BRET in combination with the ABCG2 transporter
and the first to use BRET to examine ABC substrate transport in general. Therefore, there is no BRET
ratio data from similar studies with which to compare these findings. Previous assessment of ABCG2
substrate binding and transport activity has been carried out using high-throughput efflux assays coupled
with mass spectrometry for quantification (Xiao et al., 2006). These studies are a direct quantification of
substrate transport and provide efflux ratios of tested compounds for drug discovery. However,
NanoBRET effectively quantifies distance between transporter and substrate instead of directly
measuring binding and transport, so comparisons of data further than correlation between these two
methods are difficult to draw. This leaves room for a NanoBRET assay to act as an initial screening tool to

help identify and narrow down potential ABCG2 substrates and inhibitors before more robust analysis.
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In addition, whilst it is theoretically possible that the addition of the NanoLuc tag to ABCG2 could have
negatively impacted transport function, the likelihood of this being the case is slim. The NanoBRET
system is very well characterised (both commercially by Promega and otherwise in literature) and NLuc
itself is also a very small luciferase at ~ 17 kDa which reduces the potential for steric interference with the
transporter. The larger FLuc has been used successfully in bioluminescent imaging with its substrate D-
luciferin, which also happens to be bindable by ABCG2 (Zhang et al., 2007). Taken together, these
factors suggest it to be unlikely that NLuc would have a significant effect on ABCG2 binding activity, but
this is something that could and should be confirmed in future ABCG2 NanoBRET studies.

4.2 Summary of results

ABCG2-mediated MDR and related resistance to chemotherapeutics prevents effective cancer treatment.
Whilst structures and mechanisms of the ABCG2 transporter are slowly becoming clearer, there is still
much to uncover about binding activity and substrate interaction. In principle, BRET could be used to
report on these ABCG2: substrate interactions in both WT and mutant transporters, potentially allowing
for the screening and optimisation of prospective anti-cancer drugs. To accomplish this, the present study
performed NanoBRET assays using NLuc-ABCG2-expressing HEK293T cells and membranes with
substrates MX and R123. Through these assays, we demonstrated the ability for BRET to successfully
report on ABCG2: R123 binding with a positive dose-response, albeit with some concerns for the long-

term use of the assay which will be considered later in the discussion.

The initial assays with mitoxantrone and cells did not follow the hypothesised trend of positive dose-
response. Instead, they showed a negative correlation between substrate concentration and BRET ratio,
no reliable difference between ABCG2 constructs, and no significant effect of ABCGZ2 inhibitor Ko143.
Despite this, these assays proved helpful in developing and optimising the experimental protocol. After
producing the cell membranes, the expected linear relationship between membrane concentration and
bioluminescence was demonstrated which indicated a successful membrane preparation in which the
NLuc-ABCG?2 transporters were intact. This also provided a quantitative measure of the ABCG2
expression levels in each of the constructs. Examining the spectral properties of MX first-hand highlighted
its lack of spectral crossover with NLuc, whereas R123 proved to have a more preferable profile for use in
ABCG2 NanoBRET assays.

The assays performed subsequently using R123 showed the potential of BRET to be able to report on
ABCG2: substrate interactions. Critically, the positive dose-response between increasing substrate
concentration and BRET ratio when using R123 in membranes indicates that the fundamental principles
of BRET are effective in the context of ABCG2. The BRET ratio values remained relatively consistent
between experiments with R123 and membranes which demonstrates high reliability in ACBG2

NanoBRET assays. This gives great confidence in assessing whether NanoBRET is suitable for ABCG2
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studies as clearly the NLuc and substrate are within the 10 nm requirement for BRET to take place

efficiently.

4.3 Testing of hypotheses

Some of the hypotheses for this project have been proven whilst other aspects have been encouraging
but still require further investigation. Firstly, the application of BRET to transporter-substrate interactions
with ABCG2 has been a successful proof of concept. Data showing dose-response BRET ratios
increasing with substrate concentration has been attained, and it is likely full saturation of the transporter
can be achieved with minor refinements to the experimental design (see section 4.4). Furthermore, figure
3.13 indicates that BRET can be just as effective in producing a dose-response for ABCG2: substrate
interactions in cells as well as in membranes. Taken together, these factors show that BRET can be an

important tool in future studies of the ABCG2 transporter and its substrates.

Despite this, the range of assays carried out have failed to produce different BRET ratios between any of
the tested ABCG2 constructs as hypothesised at the start of the project. It is surprising that this was the
case given that there should be differences in substrate binding and transport activity between the
mutants in both whole cell and membrane-only environments. That said, it is not unreasonable to theorise
that any nonspecific bystander BRET between substrate and ABCG2 transporter could mask the

presence of specific interaction, and therefore obscure any differences in BRET ratio between constructs.

This bystander effect may have also played a role in suppressing the hypothesised effect of potent
ABCG?2 inhibitor Ko143. Given that previous studies have shown Ko143 to be very effective in preventing
substrate transport by ABCG2 through competitive binding, it's hard to see how the use of Ko143
wouldn’t have an effect on specific BRET interaction (Weidner et al., 2015). Therefore, it may be the case
that bystander BRET is occurring to such a degree that the displacement of specific signhal by Ko143
cannot yet be measured. Although the apparent extensive impact of the bystander BRET effect has
damaged the full testing of our hypothesis, the research carried out in this project has provided an
encouraging start to the use of BRET in examining ABCG2 transporter-substrate interactions and has

opened various avenues for further research.

4.4 Alternative ideas

The potential nonspecific effects between ABCG2 and fluorescent substrate have undoubtedly been an
issue throughout the study. Bystander BRET is a phenomenon well described in existing literature and
has been used in numerous studies as a method by which to assess receptor trafficking (Balla et al.,
2012). Fluorescently labelled proteins can undergo BRET if located in the same subcellular compartment
thereby reporting on trafficking pathways (Namkung et al., 2016). NanoBRET assays similar to those
performed in the present study have taken place in GPCRs like 32AR. These studies quantify nonspecific

saturation binding competitively using a non-fluorescent higher-affinity ligand (propranolol) to displace
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BRET signal (Stoddart et al., 2015). This allows for a quantitative measure of the bystander effect that
may be taking place. Fortunately, the ligands used in such studies often have very high affinity and
specificity which means the nonspecific effects are often minimal. If this is not the case, ligands are
frequently designed and modified with different linkers and fluorophores to improve and optimise
specificity and affinity (Goulding et al., 2021). Consequently, the two natural substrates tested in the
present study, MX and R123 are unlikely to have such high specificity and certainly don’t have as high an
affinity (micromolar range) as ligands used in GPCR (nanomolar range) studies (Ni, Bikadi, et al., 2010).
This casts slight doubt over the suitability of ABCG2: substrate interactions for study using NanoBRET as

nonspecific effects can be difficult to remove.

Ko143 labelled with Cy5 was tested for BRET with ABCG2-expressing membranes during this study but
there was no transfer of energy from NLuc to inhibitor. Initially, this would support an argument of
ABCG2: substrate interactions being unsuitable for examination by NanoBRET assays it would seem the
fluorescent Ko143 was not in close enough proximity with the NLuc tag for energy transfer to take place.
However, the Cy5 tag is very red-shifted with a peak excitation of 650 nm, giving it even less of a spectral
overlap than MX. Given the lack of energy transfer seen with MX it is not surprising that no BRET was
seen with Cy5-Ko143. Therefore, it is not possible to say whether the affinity of ABCG2
substrates/inhibitors is too low to fully saturate the transporter as the results of this are inconclusive.
Further suggestions of how to tackle this issue, including the use of BODIPY-Ko0143, are discussed in the

next section.

4.5 Future work

As discussed previously, the research carried out on this project has introduced considerable scope for
further study into BRET with ACBG2 transporters. One of the main concerns throughout the project was
the possibility that the tested substrates had just too low of an affinity to fully saturate the transporter. The
aforementioned NanoBRET assay involving higher affinity Cy5-Ko143 was designed to see full saturation
of the transporter reflected in a sigmoidal BRET ratio curve. Unfortunately, no BRET was exhibited
between ABCG2 and Ko143-Cy5 which wasn’t unexpected due to the red-shift of the Cy5 label.
Alongside this, the Cy5 tag itself had been suspected of impacting the steric properties of Ko143 in other
studies in the Kerr lab, rendering it unreliable as an inhibitor. Therefore one of the key suggestions for
further study would be to perform similar assays to the present study with a fluorescently-labelled high
affinity substrate or inhibitor with an appropriate spectral profile for sufficient overlap with NLuc. One
recommendation for this is BODIPY-labelled Ko143 which has a peak excitation of 503 nm and doesn't
appear to have steric clashes with ABCG2. Hopefully, this high-affinity inhibitor would first demonstrate
whether Ko143 indeed binds to cavity one akin to substrates by the appearance of a BRET signal, then if
so, saturate the transporter and provide a sigmoidal dose-response. Critically, Ko143 is a potent inhibitor

in the nanomolar range so this single experiment should allow for the testing of the low-affinity
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hypothesis. Unfortunately, BODIPY-K0143 is not yet available in the lab in the quantities required for full
analysis of its interaction with ABCG2.

Also, the differences in preparation and bioluminescence between the NLuc-ABCG2 and NLuc-B2AR
membranes meant that it was not possible to completely verify the extent to which bystander BRET was
taking place. As discussed previously, an important side-note to this is to consider whether the specific
location of the NanoLuc tag within the protein would have an effect on the interaction with substrate. For
both ABCG2 and 32AR NLuc is located on the N-terminus, however this is inside the cell membrane for
ABCG2 and outside the cell membrane for 32AR. Ideally then, a transporter with the same orientation
within the membrane as ABCG2 should be used as the control to remove this variable. To address these
concerns, similarly NLuc-tagged cells and membranes exhibiting a different membrane transporter (i.e.
not ABCG2) should be grown and harvested as a control by the same person in parallel to the ABCG2
construct-expressing cells and membranes. This would enable a direct comparison of the BRET ratios
between specific ABCG2-substrate interactions and non-specific BRET between the same drug and a
transporter for which it is not a substrate. This robust control would be free of any differences in NLuc
localisation and preparation protocol. Only then would you be able to estimate, with confidence, the
degree of bystander BRET taking place in ABCG2 NanoBRET assays. Furthermore, the hydrophobicity of
R123 in comparison to propranolol was considered as a possible contributor to nonspecific effects if R123
exhibited increased B2AR membrane accumulation. Both propranolol and rhodamine 123 are relatively
hydrophobic with solubilities in ethanol of 30 mg/mL and 20 mg/mL respectively (Laurens et al., 2019;
Bhattarai et al., 2020). Therefore it is unlikely that excess nonspecific effects were caused by increased

R123 accumulation in B2AR membranes compared to propranolol.

Finally, an interesting follow-up to the present study could be the examination of BRET with ABCG2
transporters purified with styrene maleic acid (SMA) co-polymers. This detergent-less method produces
lipid particles consisting of solubilised discs of membrane bilayer surrounded by SMA known as SMA lipid
particles (SMALPs, Gulati et al., 2014). This means transporters can be purified in their natural lipid
environment without disruption by detergents, thereby exhibiting increased stability and purity compared
to detergent-based solubilisation methods. Any specific BRET interactions seen between substrate and
ABCG2 may benefit from this more representative transporter environment, and so ACBG2 SMALPs may

prove to be an effective system for further NanoBRET studies.

4.6 Conclusion

The assays performed throughout this project are the first of their kind in using BRET to report on
ABCGZ2: substrate activity. The data received has provided a good starting point for further research into
how BRET can be best used in this field, and it is clear that there is scope for BRET to report on the
binding activity of ABCG2 and its substrates at the very least. If the nonspecific interactions seen with

nanoBRET studies in ABCG2 can be identified and minimised, further substrates and inhibitors can be
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examined. Therefore, the future application of BRET to ABCG2 could reveal structural and binding
information about the transporter leading to the structural optimisation of anti-cancer drugs and screening
of new ABCG2 inhibitors. As discussed in section 1.16, the development of an effective BRET assay for
ABCG2 would not only assist our understanding of its structure and mechanisms but could also aid in
drug discovery given that all new drugs are tested for ABCG2 interactions. Hopefully, this in turn can

result in more effective chemotherapy and improved cancer prognoses.
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