ABCG2: The Lateral

Slice Hypothesis as a
Model for Multidrug
Transport

Megan Hannah Cox, BSc Hons.

Thesis submitted to the University of Nottingham for the
degree of Doctor of Philosophy

September 2018



Abstract

ABCG2 (also known as BCRP) is an efflux ABC transporter recognised to export a
wide range of substances. ABCG2 is widely distributed in humans, predominantly
residing within tissues which have protective roles, such as the intestine and blood
brain barrier. ABCG2 is known for its role in the clinical phenomenon of multidrug
resistance, particularly in limiting the exposure to chemotherapeutic agents.
Despite this significant role in tissue exposure to xenobiotics, exactly how ABCG2
binds and transports a wide range of structurally unrelated drug substrates remains
unknown.

This project set out to determine the molecular basis of drug polyspecificity and
transport in this pharmacologically important membrane protein. Previous research
had identified a pair of residues (R482, P485) which influenced substrate
selectivity. Based on the existing data, a ‘lateral slice’ hypothesis was proposed,
identifying 10 residues in the transmembrane domain that were predicted through
topological mapping, to be in a similar position in the plane of the membrane to
R482 and P485 and would subsequently form part of a putative drug binding site.
All “lateral slice’ residues investigated were mutated to alanine, as it is torsionally
neutral and retains the propensity to form a-helices, so is unlikely to cause a
structural perturbation. All ‘lateral slice” ABCG2 mutants were able to express full
length ABCG2 protein, that predominantly localised correctly to the plasma
membrane. Functional investigations demonstrated the involvement of several of
the ‘lateral slice’ residues in drug selectivity and efflux. For example, ABCG2rga0a

showed just over a 2-fold increase in mitoxantrone efflux compared to the wild



type protein and a gain in the ability to efflux a non-native drug substrate;
daunorubicin (an approximate increase of 7-fold compared to wild type

protein). The interpretation of the ‘lateral slice’ experiment data was facilitated by
the publication of structural data regarding the ABCG subfamily of ABC
transporters. Structural mapping revealed that several of the functionally significant
mutated ‘lateral slice’ residues were located to one patch on the surface of the
protein. This observation led to a secondary working hypothesis, that the surface
patch/pocket could be a site for drug recognition, so further residues lining this
region were investigated in much the same way to the ‘lateral slice’ residues. All bar
one of the new ‘binding pocket’ residues had an implication in drug efflux, with one
mutation, M548A, interestingly demonstrating an enhanced efflux for mitoxantrone
(1.4-fold), an impaired efflux for pheophorbide A (2.4-fold), and a gain in efflux for
daunorubicin (4.8-fold) compared to wild type protein, showing drug specificity for
the mutated residue. The final ‘binding pocket’ residue, L633, demonstrated
disrupted protein biogenesis, suggesting a role in protein stabilisation and/or

folding.

All the experimental data from these hypotheses were interpreted in terms of a
multisite drug binding model for ABCG2 and supported the proposal of a novel
transport hypothesis, in which, residues at a cytoplasmic lipid-exposed surface site
act as a recognition/binding site for drugs, and residues within a secondary site
form part of a translocation pathway to the extracellular compartment. This model

makes a number of testable predictions for future research.
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ensure breadth and depth of provision, and to encompass vulnerable skills and strategic
competencies. It builds on the best practice principles outlined in the Statement of Expectations for
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Chapter 1 Introduction

1.1 Overview of transporters

There are two main classes of proteins that govern vectorial transport of molecules
across membrane lipid bilayers, these are solute carrier (SLC) and ATP-binding
cassette (ABC) transporters. SLC and ABC transporters share a wide tissue
distribution throughout the human body and are essential to cellular physiology.
They are responsible for the transport of a diverse range of molecules, including
endogenous metabolites, antioxidants, hormones, signalling molecules, nutrients,
and neurotransmitters, as well as exogenous molecules including pharmacological
agents. The endogenous function of many drug transporters is not well understood.
However, the coordinated expression and activity of these transport proteins,
especially at the intestinal, hepatic, and renal epithelial membranes, have a notable
effect on the ADMETox (absorption, distribution, metabolism, elimination, and
associated toxicity) of clinical agents and therefore are important to understand

further (Glavinas et al., 2004; Nigam, 2014).

1.1.1 Solute carrier (SLC) proteins

The solute carrier (SLC) protein family consists of 384 unique sequences assigned to
48 subfamilies. Some SLC subfamilies demonstrate phylogenetic clustering,
suggesting a common evolutionary origin, but the majority don’t share any
structural/sequence identities and therefore SLCs are predominantly classified
based on their function (Fredriksson et al., 2008). SLCs facilitate the cellular uptake

of molecules, either by facilitated diffusion down an electro-chemical gradient



acting as a uniporter, or secondary active transport coupled to the symport or

antiport of ions as the driving force (Russel, 2010).

Of particular interest are SLC subfamilies: SLC15, SLC22, and SLCO which are
considered to have major implications in drug uptake, due to their tissue
distribution across the intestine, liver, and kidneys, the primary organs/tissues for
absorption and excretion of pharmacological agents. Coordinated expression and
activities of subfamilies of both SLC and ABC transporters across the basolateral and
apical side of the tissue epithelia contribute to the major limitations in the

absorption, distribution, and elimination of pharmacological agents (Russel, 2010).

An example of this synergistic relationship is a member of the SLCO subfamily that
consists of organic anion transporting polypeptides (OATPs). OATPs are involved in
the bidirectional transport of large and relatively hydrophobic organic anions in a
pH-dependent manner, stimulated by an acidic extracellular environment (Russel,
2010). OATP1B1, OATP1B3, and OATP2B1 are localised to the sinusoidal membrane
of the liver and transport amphipathic organic compounds into the cell via an
organic ion (bicarbonate, HCOs-) antiport mechanism. These can include
pharmacologically relevant agents such as; statins (rosuvasatatin), anti-diabetic
agents (glibenclamide), anti-rheumatic agents (methotrexate), antibiotics
(benzylpenicillin), and anti-neoplastic agents (SN-38; active metabolite of
irinotecan). These are then extruded into the blood or bile as either metabolites or
parental compounds via ABC transporters; ABCC4, ABCC2, ABCB1, or ABCG2

(Russel, 2010).



1.1.2 ATP-binding cassette (ABC) transport proteins

Since their discovery in the 1980s, the ATP-binding cassette (ABC) proteins have
been established as one of the largest, most diverse superfamilies of membrane
transport proteins, present in both prokaryotes and eukaryotes (Higgins, 1992;
Higgins et al., 1986). The superfamily utilises the energy derived from ATP
hydrolysis to drive the movement of molecules across the membrane, which can be
against a concentration gradient. These can be classified into type | and Il ABC
importers, present almost exclusively in prokaryotes, and ABC exporters, present in
both prokaryotes and eukaryotes (lgarashi et al., 2004). In bacteria ABC
transporters have been shown to encode 5% of the total genome, which hints

towards their physiological importance (Higgins, 1992).

ABC transporter proteins are also prevalent in humans, with 49 proteins discovered
to date. These can be classified into seven principal subfamilies: ABCA-G. Almost all
subfamilies function as transporters. However, ABCE/F do not reside within the
plasma membrane or transport ligands but rather have implications in translational
control (Boél et al., 2014; Kerr et al., 2011; Su et al., 2018). The remaining 5
subfamilies (summarised in Figure 1.1 below) are involved in the cellular transport
of a diverse array of substrates. These include endogenous metabolites, amino
acids, peptides, sugars, nucleotides, ions, sterols, bile salts, lipids, toxins, antibiotics,

and other clinically relevant agents (Sharom, 2008).
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Figure 1.1 ABC transporter subfamilies. Figure depicts general protein topology and
transport substrates. Figure taken from (Kerr et al., 2011). Number in brackets denotes the
number of proteins within a sub-family.

1.1.3 Four core ABC transporter domains

The minimal functional configuration of an ABC transporter consists of four core
domains. Characteristically; two cytoplasmic nucleotide binding domains (NBD1 and
NBD;) and at least two hydrophobic transmembrane domains (TMD1 and TMD3),
each one typically comprising between 5 and 8 TM spanning regions (alpha helices)
(Higgins, 1992; Linton, 2007; Sharom, 2008). Human ABC transporters can be
classified based on the structural arrangement of the NBD(s) and TMD(s) with the
primary sequence as follows; ‘full transporters’, usually comprising of a single
polypeptide chain with, two TMDs and two NBDs (in the order TMD1-NBD1-TMD>-
NBD>), ‘half transporters’ which contain a single TMD and a single NBD in the
polypeptide (TMD-NBD), and ‘reverse topology half transporters’ (NBD-TMD)
(Higgins, 1992; Xu et al., 2004). The half-transporters as their name suggests only
contain half the required domains, therefore to form a functioning transporter they

need to associate with an identical (homo-) or closely related subfamily member



(hetero-), forming dimeric or higher ordered oligomeric structures (Wong et al.
2014). The individual domains of an ABC transporter can also be expressed as single
polypeptides, occurring often in prokaryotic ABC transporters (e.g. histidine
permease from S. typhimurium) (Higgins, 1992; Hung et al., 1998). The
transmembrane spanning domains (TMD) of an ABC transporter protein form the
structural basis of the translocation pathway (Dawson and Locher, 2006). The
nucleotide binding domains couple the energy provided by the binding and
hydrolysis of Mg-ATP and then release of ADP-Pi, to several possible outcomes: the
direct movement of substrate ligand against its electrochemical gradient, referred
to as primary active transport (e.g. ABCB1); the opening or closing of a specific
membrane channel (ion-channel, e.g. ABCC7: cystic fibrosis transmembrane
conductance regulator, CFTR), or the regulation of the permeability of protein
channel complexes (receptors, e.g. ABCC8: SUR1 (sulfonylurea receptor)) (Fukuda et

al., 2011; Kim and Chen, 2018; Sheppard and Welsh, 1999; Zolnerciks et al., 2007).

Although the four core domains are the minimum requirement for function, many
ABC transporters have additional domains that serve regulatory or other peripheral
roles (Higgins, 1992). For example, type | and Il prokaryotic importers require a
specific solute-binding protein (SBP), which acts to bind the transport substrate
(allocrite) and deliver it to the transporter complex (Rice et al., 2014). The type |
and type Il importers vary in the number of SBP present, type | importers have an
excess of SBPs present to efficiently capture any transport molecule, whereas the
SBPs of type Il importers seem to be stoichiometric with the transport protein

(Berntsson et al., 2010). The human cystic fibrosis conductance regulator (CFTR,



ABCC7) also possesses an extra domain, this acts as a regulatory (‘R’) domain that
separates the two halves of the protein. Phosphorylation of the ‘R’ domain serves
to regulate the CI channel activity of the CFTR (Cheng et al., 1991; Zhang and Chen,
2016). Other ABC transporters of the mammalian C subfamily have extra N-terminal
membrane bound region/domain, termed TMDo, which is often smaller than the
core TMDs and connected to the core TMDs by a cytoplasmic linker (Lo). The
additional TMD in ABCC8/9; the sulfonylurea receptor (SUR), has demonstrated
modulatory activity of the receptor (Babenko and Bryan, 2003). Whereas,
mutational studies demonstrated that removal of the TMDo of ABCC1 (multidrug
resistance protein 1, MRP1) had little effect on function, but indicated a
fundamental functional importance for the linker region between TMDoand TMD;

(Bakos et al., 1999).

Nucleotide binding domains (NBDs)

The ability of ABC transporters to mediate vectorial transport of allocrites
(transport substrates) requires an intricate coupling of signals and movements
between the TMDs and NBDs (Kerr, 2002). The TMDs of ABC transporters are highly
variable in terms of structure and composition, with limited sequence identity,
suggestive of the diversity in transport substrates. Conversely, the NBDs share
sequence identity across all ABC transporters irrespective of function or species
origin (Holland and Blight, 1999). It was therefore hypothesised that all ABC
transporter NBDs possessed common inter-domain communications (Jones and

George, 1999).



The NBD sequence is most highly conserved in seven distinct regions (outlined in
Figure 1.2), termed motifs. Two of the motifs, namely the Walker-A and -B motifs
are common to most ATP-binding proteins (Kerr, 2002; Walker et al., 1982). The
remaining five motifs; the signature motif, A-, H-, Q-, and D-loop, are thought to be
exclusive to the ABC transporter NBDs (Kerr, 2002; Lawson et al., 2008; Linton and

Higgins, 1998; Smith et al., 2002).
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Figure 1.2 The four core domains of an ABC transporter. Schematic depicts the four core
domains required for a functional transporter with examples of different topological
arrangement (e.g. reverse topology (N-terminal NBD, C-terminal TMD) half transporter
(NBD;-TMD). The second part of the figure shows a sequence alignment of conserved NBD
motifs across human Pgp (P08183), MsbA (Pseudomonas aeruginosa, QQHUGS8), and
Sav1866 (Staphylococcus aureus, Q99T13).



The role of the NBD Motifs

The role of key residues within the conserved NBD motifs have been identified

through mutagenesis studies and elucidated further with structural studies:

The Walker-A (GxxGxGK[S/T], where x is any residue) and Walker-B motifs (hhhhDE,
where h is any hydrophobic residue) form multiple interactions with associated
nucleotide (ATP) and/or cofactor (Mg?*). Mutations to the glycine, lysine, and serine
of the Walker-A motif (GxxGxGK[S/T]) resulted in the retention of ATP binding, but
disruption of nucleotide hydrolysis, suggesting a role for the lysine and serine in

metal ion coordination (Urbatsch et al., 2000).

The acidic glutamate residue of the Walker-B motif (hhhhDE), often referred to as
the ‘catalytic carboxylate’, is proposed to form a hydrogen bond with an ‘attacking’
water molecule to coordinate the hydrolytic attack of the y-phosphate of ATP
(Hrycyna et al., 1999; Lawson et al., 2008; Moody et al., 2002; Smith et al., 2002;
Tombline et al., 2004b; Urbatsch et al., 2001). The H-loop (bhbuH, where b is a
branched aliphatic residue, and u is a hydrophilic residue) located C-terminal to the
Walker-B motif is also thought to coordinate the hydrolytic attack by the formation
of H-bonds with the y-phosphate itself (Kerr, 2002; Lawson et al., 2008; Linton and
Higgins, 2007, 1998; Smith et al., 2002). The D-loop (SALD) is proposed to aid in the
formation of cross-dimer interactions, potentially forming a charge:charge

interaction with the H-loop histidine residue (Lawson et al., 2008).

The A-loop containing any aromatic residue, most commonly a tyrosine residue, is

located approximately 25 residues upstream of Walker-A motif, the aromatic



(benzene) ring has been shown to form m-it stacking interactions against the
adenine ring of ATP. Mutagenesis studies of the aromatic loop in Pgp (human
ABCB1 and mouse (Mdr3/ABCB1a) demonstrated the requirement of an aromatic
residue for full transporter ATPase activity/function, suggesting a role in orientating
the ATP in the correct position for nucleophilic/ hydrolytic attack (Carrier et al.,

2007; Hung et al., 1998; Kim et al., 2006; Lawson et al., 2008).

The Q-loop (conserved glutamine residue) is located between the Walker-A motif
(of the ‘core’ domain) and signature motif (of the a-helical subdomain, discussed
below) (Diederichs et al., 2000). There is evidence to suggest that the highly
conserved glutamine residue residing within the Q-loop is involved in NBD:TMD
inter-domain communication, potentially through connections with the coupling
helices of the TMD (intracellular loops of TMDs). Mutagenesis studies support this,
where by the glutamate residue in mammalian Pgp was substituted to either a
glutamine or alanine. The mutants were able to demonstrate a normal binding
capability for transport substrate and nucleotide (ATP), but showed reduced ATPase
activity, suggesting that the NBD:TMD communication was disrupted (Urbatsch et
al., 2000). In a recent structural study of the E556Q/E1201Q human Pgp mutant (i.e.
a mutant with both Walker-B glutamates neutralised to glutamine) resolved in the
ATP bound state, the Q-loop has been shown to possess multiple roles; it forms
part of the interface between the NBD and TMD, with interactions from
intracellular coupling helices 2 and 4. The Q-loop also contributes to NBD dimer
formation by directly contacting the opposing NBD (Kim and Chen, 2018; Smith et

al., 2002). Furthermore, the glutamine residues of the Q-loop are oriented to



coordinate with a Mg?*ion and the y-phosphate of ATP. Mutations of the Q-loop
glutamine may destabilise the ATPase site and NBD dimer formation (Kim and Chen,

2018).

The ABC signature (LSGGQ) motif is proposed to form part of a cross-dimer ATP
binding pocket (see below for more details). The serine residue (LSGGQ) lies at the
dimer interface with potential interactions from residues residing in the opposing
NBD Walker-A motif (Hopfner et al., 2000; Lawson et al., 2008; Linton and Higgins,

1998; Tombline et al., 2004a).

NBD structure and dimerisation

The first crystal structure of an ABC transporter’s nucleotide binding domains was
of the isolated NBDs of a histidine permease (HisP) from Salmonella typhimurium
co-crystallised with ATP published in 1998 by Hung et al.. The 1.5A structure
revealed a somewhat stubby ‘L-shaped’ topology of the NBD (monomer), which
comprised two sub-domains. The a/B subdomain which showed structural
homology to the F1-type ATPase and RecA structures, termed the ‘core’ domain.
This core domain contained six of the seven conserved motifs (Walker A/B, A-, Q-,
D-, and H-loops). The second subdomain, a primarily a-helical structure, contained
the characteristic ABC signature motif (or C-loop) (Hung et al., 1998). The
crystallographic unit of HisP contained a dimer of two monomers in a ‘back-to-back’
association of the two opposing a-helical subdomains (Hung et al., 1998; Kerr,

2002).
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Subsequent structural studies of bacterial ABCs confirmed the ‘L-shaped’ topology
of the NBD monomer, but provided contrasting data for the dimeric association of
the nucleotide-binding domains (Diederichs et al., 2000; Hopfner et al., 2000;
Lamers et al., 2000). The differences observed in the NBD association were
converse to the hypothesis that all ABC transporter NBDs possessed common inter-
domain communications, so investigations proceeded to evaluate the validity of the
structural models. The entropy ratio of residues at the NBD interface was
calculated, an entropy ratio can discriminate between artefactual dimers and true
protein:protein contacts (Elcock and McCammon, 2001; Kerr, 2002). According to
this criterion the dimeric interface represented by the ABC bacterial protein, Rad50,
involved in DNA double-strand break repair, represented a true protein: protein

interaction (described below) (Kerr, 2002).

The Rad50 NBDs are suggested to dimerise upon ATP binding forming an
interlocking of the ‘L-shaped’ monomers in a ‘head-to-tail’ arrangement, such that
the Walker-A/-B motif of one monomer forms an ATP binding pocket with the
signature motif of the opposing monomer, ‘sandwiching’ the ATP between the two

opposing NBDs (Hopfner et al., 2000; Jones and George, 1999; Kerr, 2002).

A later study by Smith et al., 2002 built upon the structural studies of MJ0796, from
Methanococcus jannaschii by Yuan et al., 2001 and Moody et al., 2002 to determine
the mechanism by which the NBDs dimerise and the contacts required for

hydrolytic cleavage of the y-phosphate of ATP.
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Mutations of the catalytic base (E of Walker-B motif) of MJ0796, glutamate (E) >
glutamine (Q), reportedly produced a cassette that was hydrolysis deficient but able
to form stable dimers upon association with ATP, whereas ADP was unable to drive
dimerisation (Moody et al., 2002). This showed a symmetrical ATP ‘sandwich’

similar to that seen for the Rad50 dimer (Figure 1.3).
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Figure 1.3 ATP ‘sandwich’ dimer interface. A. The NBD dimer interface formed by the
E->Q MJ0796 mutant with ATP bound. The structure shows the head-to-tail arrangement
of the two L-shaped NBD monomers with the Walker-A/B motifs (orange and dark green,
respectively) of one monomer forming an ATP binding site with the signature motif (light
green) of the opposing NBD. B. closer inspection of the ATP binding sites, highlights
residues which are thought to contribute to nucleotide coordination and/or hydrolysis.
Figure created with PyMol using PDB file 112t.
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The E - Q mutant structure shows a water molecule within the NBD active site in
an ideal geometry for hydrolytic attack on the y-phosphate of ATP. The paper
describes the formation of potential interactions between the cofactor (Na* in the
case of the mutant, Mg?* metal ion in wild type protein) and the oxygen on the
amide sidechain of the glutamine residue (Q-loop) positions the amide to donate a
hydrogen bond to the hydrolytic water molecule (Smith et al., 2002). The side chain
amide of the mutated residue is suggested to donate a second hydrogen bond to
the hydrolytic water molecule, which in turn donates a bifurcated (split) hydrogen
bond to two oxygen atoms of the y-phosphate of ATP, and a second hydrogen bond
to the backbone carbonyl of an alanine in the dimer related subunit (Smith et al.,
2002). In the wild type protein, i.e. the presence of the glutamate residue will result
in four acceptors competing for two potential donor protons on the water molecule

(with H-bond donor only from glutamine in Q-loop).

Hydrolysis of ATP is presumed to occur upon the rotation of the ‘attacking’ water
molecule so that it donates hydrogen bonds to the acceptor carboxylate of
glutamate (Walker-B), while donating a lone pair of electrons to the y-phosphate of

ATP in a nucleophilic attack (Smith et al., 2002).

The structural difference between the Mg.ADP-bound and Na.ATP-bound
demonstrate a reorientation (rigid-body movement/rotation) of the a-helical
subdomain (residues within the signature motif) relative to the ‘core’ subdomain
upon ATP binding, causing predominantly the side chains of glutamine (Walker-B, in

the glutamate to glutamine mutant) and histidine (H-loop) residues to undergo
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‘induced-fit’ rotamer changes, creating a contact between the hydrolytic water and
v-phosphate (of ATP), respectively (Hopfner et al., 2000; Smith et al., 2002). This
causes the propensity for an ATP to bind in the second binding site promoting a
fully closed NBD formation, via electrostatic interactions. It is proposed that this
rigid body movement of the a-helical subdomain may potentially mediate the
binding/ translocation of transport substrate in the transmembrane domains (Smith

et al.,, 2002).

It is then surmised that the presence of ADP.Pi in the NBD active site disrupts the
inter-domain electrostatic interactions (due to an increase in negative charge of

‘free’ phosphate) promoting the separation of the NBD dimer (Smith et al., 2002).

Whilst Smith et al. provide mechanistic detailing on the potential interactions
required for NBD dimerisation and catalysis of ATP, there is limited information to
describe how this is coupled to the vectorial transport of allocrites (i.e. via the
coupling to the TMDs), i.e what drives allocrite transport, ATP binding or hydrolysis?
And can the energy from the hydrolysis of one ATP drive the transport cycle (in an

asymmetric fashion) or are two required (in a sequential manner)?

TMD structural topology

The full structures of ABC transporters revealed a divergence in the TMD structure,
resulting in their classification into two categories; type | and type Il, based on
transmembrane helix topology and proposed mechanism of transport. These were
originally proposed and described for ABC importers. Generally, Type | importers

contain 12 TM helices, including a core of 10TMHs and the addition of an N-
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terminal TMH wrapping around the TMD partner (exemplified by the maltose
transporter: MalFGK; (Chen et al., 2013; Oldham et al., 2007a)) (ter Beek et al.,
2014). Type Il importers consist of two identical TMDs, each comprising 10 TMHs.
The TMDs line up next to each other without cross overs of TMHs between the two
TMDs (exemplified by ButCD an E.coli vitamin By importer (Locher et al., 2002) and
HmuUV involved in the bacterial uptake of haem (Woo et al., 2012)) (ter Beek et al.,
2014). Both type | and type Il importers contain a loop that extends into the NBD to
couple allocrite (transport substrate) transport with ATP hydrolysis (Dawson et al.,

2007).

Type | ABC importers are associated with a domain-wide rigid-body mechanism of
transport, displaying an alternating access model, cycling between an open inward
(resting state) and an open outward (allocrite binding, nucleotide associated) state.
Type Il importers are thought to have a more restricted movement between these

states (Rice et al., 2014).

The type | and Il structural folds of ABC importers can be extended generally to ABC
exporters. Sav1866 and Pgp adopt a type | fold, demonstrating TMD domain
swapping/cross-over, with two TMHs from each TMD crossing over forming
interactions with the NBD via the intracellular loops (Dawson and Locher, 2007; Kim

and Chen, 2018; Zolnerciks et al., 2007).

A mechanism of transport i.e. the coupling of ATP hydrolysis to allocrite transport

of ABC exporters has been suggested by two models, discussed below.
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1.1.4 ‘ATP-switch’ and ‘constant contact’ models of ABC exporters

How ABC exporters couple nucleotide hydrolysis to allocrite efflux remains an area
of hot debate, with no one definitive answer. Currently, there are two ‘well-
accepted’ models for exporter efflux: the ‘ATP-switch’ and ‘constant contact’, that

go some way to describing a coupled mechanism for allocrite transport.

Both models of transport are built on the structural description of ABC exporters.
Sav1866 (Staphylococcus aureus) was one of the first accurate transporter crystal
structures to be reported and remains one of the highest resolution (approx. 3.0A)
structural models for interpreting the binding and hydrolysis of ATP (Dawson and
Locher, 2007, 2006). The protein was resolved in an ‘open-inward’ conformation
(also described as a ‘teepee’) usually associated to a nucleotide free or ADP bound
state, or an ‘open-outward’ conformation, associated with the ATP bound structure
(AMP:PNP, non-hydrolysable ATP) (Dawson and Locher, 2007). Several lower
resolution structural models of the mammalian ABC exporter ABCB1/ Pgp also
demonstrated this conformation (Rosenberg et al., 2003, 2001; Zolnerciks et al.,

2007).

The models for allocrite translocation within ABC transporters work on the premise
that the association of allocrite to a high-affinity binding site(s) in the TMD is
intrinsically coupled to the catalytic cycle within the NBDs. It is crucial that the
mechanism is coupled in this order i.e. the ABC transporter in its basal sate

possessing a low affinity for ATP, otherwise ATP binding and hydrolysis would occur
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independently of transport and the process rendered useless (Linton and Higgins,

2007).

The ‘ATP-switch’ model for transport originally described by Higgins and Linton in
2004 and updated in 2007 describes a multi-step transport process, whereby
allocrites associate in the aforementioned high-affinity binding state causing a
transmembrane helical conformational change, which is propagated to the NBD
(most likely associated with conformational changes to the intracellular loop(s)
(coupling helices) of the TMD that extend into the NBD (Kim and Chen, 2018;
Lawson et al., 2008)), that brings about the rigid-body movement of the a-helical
subdomain of the NBD, ‘switching’ the affinity of ATP in the nucleotide binding
domain from a low state to a high state. This results in the association of a second
ATP and the formation of a closed NBD dimer. The dimer formation is coupled to
further conformational changes in the TMHs which leads to allocrite translocation
The sequential hydrolysis of ATP to ADP.Pi results in the NBD dissociation (via
electrostatic repulsion as described previously in section 1.1.3 (NBD structure and
dimerization)) and resetting of the transporter to its basal state (Higgins and Linto
2004; Linton and Higgins, 2007; Smith et al., 2002) (overview of the ATP-switch

model is represented in Figure 1.4).

n,
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Stage | Stage II[ Stage I Stage IV

Substrate

Figure 1.4 Simplified Schematic of the ATP-binding switch coupled to the alternate access
model for ABC exporter function. Stage |, the ligand binds to the TMDs in the high-affinity
open (separated) NBD conformation, inducing increased affinity for ATP. Stage Il, ATP
binding triggers the formation of the closed NBD dimer, which in turn stimulates a large
conformational change in the TMDs which is sufficient to translocate the substrate ligand.
The enlarged segment of the diagram shows a simplified version of the interactions taking
place in the ‘ATP-sandwich’ Stage lll, ATP hydrolysis initiates separation of the closed NBD
dimer. Stage IV, transporter reset; Pi then ADP is released to complete the transport cycle
and restore the protein to a high affinity state for another cycle of ligand binding (Linton,
2007). (Schematic was generated using Microsoft Office Publisher).

The major differences between the ‘ATP-switch’ model for transport and the
‘constant contact’ model are; that the ‘ATP-switch’ suggests the requirement of two
hydrolytic events to drive a single transport cycle, this does not take into account
transporters containing a degenerate nucleotide binding site (such as ABCG5/G8
(Wang et al., 2011)). It also shows that in the absence of ATP, the NBDs in the

nucleotide ‘free’ state are completely separated (by up to 30A) thus the switch
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model implies significant conformational changes to accommodate the NBD
dimerisation to facilitate allocrite transport (George and Jones, 2012; Linton and
Higgins, 2007). The significant separation of the NBDs is currently a topic of
discussion within the field, with leading thoughts suggesting that the significant

separation is an artefact of detergent solubilisation (Wright et al., 2018).

The ‘constant contact’ model is derived from studies of the mammalian Pgp
transporter by Senior et al. in 1995, that established an alternating hydrolysis
(asymmetric) model of transport (Senior et al., 1995). Where one nucleotide
binding site opens at the point of hydrolysis (presumably by electrostatic repulsion),
enough to allow the release of ADP.Pi, whilst the second site remains occupied with
ATP in an occluded/ dimeric state, the binding of ATP to the first site forms a “fully
closed’ NBD dimer interface priming the second ATP for hydrolysis (George and

Jones, 2012; Senior et al., 1995).

Despite the advances within the structural field of research, a comprehensive
understanding of the mechanism underpinning allocrite transport remains elusive
(Robey et al., 2018). Such an understanding is necessary to fully comprehend the

physiological and pathological roles of ABC transporters.

1.1.5 ABC transporters in human disease

A number of heritable diseases are linked to germline mutations associated with
the loss of ABC transporter physiology (Robey et al., 2018). The management of
these diseases presents a considerable challenge, described below are three

examples of ABC transporter disease association and the current therapies.
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ABCC7

CFTR is a polytopic membrane protein of the ABCC subfamily, ABCC7. It consists of
two transmembrane spanning domains and two nucleotide binding domains
comprising the four core required domains for a functioning ABC transporter, as
previously mentioned CFTR also contains an extra cytosolic domain termed the ‘R’
(regulatory) domain. The CFTR protein is not a typical ABC transporter, instead of
participating in active transport, the protein is a chloride ion channel. The protein
utilises the energy derived from ATP binding and subsequent relatively slow
hydrolysis to open and close the chloride ion channel, respectively (Sheppard and
Welsh, 1999). The opening and closing of the channel is also regulated by the
phosphorylation of the regulatory domain (Sheppard and Welsh, 1999). Mutations
within ABCC7 are the resultant cause of cystic fibrosis, an illness that is
characterised by impaired bronchial and pancreatic secretions. A deletion of
phenylalanine at position 508 (F508del) within the NBD1 of ABCC7 is the most
common mutation found within at least one allele of 90% of patients (Rabeh et al.,
2012). The deletion leads to a decreased folding efficiency and protein stability,
resulting in increased ubiquitin mediated protein degradation (Rabeh et al., 2012).
A combination therapy is currently available for the F508del, containing a corrector
(lumacaftor), that improves the processing of the protein and its trafficking to the
plasma membrane, and a potentiator (ivacaftor), that increases the open
probability of the channel and therefore the transport of chloride (Deeks, 2016).
This drug combination is not a perfect fix but does help reduce some of the

symptoms associated with cystic fibrosis.
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ABCA4

ABCA4, expressed in the photoreceptor cells, functions as an important transporter
of vitamin A derivatives in the visual cycle (Auricchio et al., 2015). Mutations within
the ABCA4 gene are the major cause of autosomal recessive retinal degeneration
and was first characterised in 1997 as the gene responsible for autosomal recessive
Stargardt disease (Auricchio et al., 2015). A large number (>900) of disease
associated sequence variants have been identified, and result in the progressive
loss of retinal function and structure leading to/ the main cause of vision loss
(Auricchio et al., 2015; Kjellstrom, 2015; Tanna et al., 2017). The highly polymorphic
nature of the ABCA4 gene makes it difficult to assign a single disease causation, and
therefore difficult to assign a protein-specific target for treatment. There are clinical
agents available that neutralise toxic by-products of the visual cycle, thereby
slowing disease progression (Tanna et al., 2017). Gene replacement therapy using
adeno-associated virus (AAV) derived vectors is currently being investigated as a

curative method for retinal disorders (Auricchio et al., 2015).

ABCB4

The MDR3 gene, also known as ABCB4, was originally cloned from a liver cDNA
library shortly after the discovery of MDR1 (ABCB1/Pgp, discussed later) (Van der
Bliek et al., 1987). The gene encodes a 140kDa polytopic transporter with a typical
MDR configuration of TDM1:NBD1:TMD2:NBD; contained within a single polypeptide
chain. MRD3 shares approximately 77% sequence similarity to Pgp and was thought

to arise from MDR1 gene duplication, and therefore initially thought to share
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extensive tissue distribution and allocrite diversity (Van der Bliek et al., 1987). On
the contrary, MDR3 protein is predominantly constrained to the apical side of
canalicular membrane within the hepatocytes, colocalised with MDR1 and BSEP
(ABCB11) (Smit et al., 1994). Its physiological role is to translocate phospholipids
with a choline head group into the bile canaliculus (Sarkadi et al., 2006; Smit et al.,
1994; Smith et al., 1994). Due to its restricted tissue distribution, and physiological
function, ABCB4 is thought to play a key role in bile formation (Sarkadi et al., 2006).
Single nucleotide polymorphisms within ABCB4 have been associated to cholestatic
liver disease, including type three progressive familial intrahepatic cholestasis
(PFIC), which is an autosomal recessive disease in which mutations lead to a frame
shift resulting in nonsense and missense, often truncated, protein (Andress et al.,
2017, 2014). This results in early onset cholestasis (bile flow disruption),
progressing to cirrhosis and liver failure before adulthood (de Vree et al., 1998;
Jacquemin et al., 2001). Intrahepatic cholestasis can also occur during pregnancy
(ICP) and has serious consequences for both mother and foetus, often associated
with foetal distress and spontaneous immature delivery (Sarkadi et al., 2006). ICP
often occurs in women with no known family history of PFIC and the genetic basis
of this disorder is unknown, although there is evidence of heterozygote missense
mutations causing a disruption to protein trafficking and subsequent function
(Dixon et al., 2000). ABCB4 mutations can also associate to low phospholipid-
associated cholelithiasis (LPAC), where defects in ABCB4 function results in the
production of bile with low phospholipid content and bile that is prone to gallstone

production. Prophylactic therapy with ursodeoxycholic acid (UDCA) is given at the
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diagnosis of LPAC to prevent the occurrence/ reoccurrence of the disorder and its

associated symptoms (Rosmorduc and Poupon, 2007).

1.1.6 Multidrug resistance ABC transporters

As is exemplified by CFTR, ABCA4, and ABCB4, ABC transporters have a significant
role in influencing human disease, making the understanding of their transport
mechanisms of great importance. Another important aspect of ABC transporters is
their ability to transport a diverse range of transport substrates limiting the
bioavailability of pharmacological agents, including antineoplastic agents. The
export of pharmacological agents (in humans) is mediated predominantly by ABCB1
(multidrug resistance transporter 1 (MDR1), P-glycoprotein (Pgp)), ABCC1
(multidrug resistance protein 1 (MRP1)), and ABCG2 (breast cancer resistance
protein (BCRP)). These transporters are often overexpressed in certain cancers and
limit the bioavailability of pharmacological agents, by active efflux out of the target
cell. This leads to the characteristics of cellular resistance, termed multidrug
resistance (MDR), which is thought to be the main cause for suboptimal disease
related outcomes (Leonard et al., 2003). Therefore it is vital to understand the
molecular mechanisms of these exporters for future disease management (Huang,

2009; Leonard et al., 2003).

Out of the three ABC transporters associated with MDR, ABCB1 and ABCC1 are the
most extensively investigated. ABCB1 is the first member of the ABCB subfamily of
human ABC transporters. The MDR gene, located on chromosome 7 q21.12,

encodes a 140kDa protein that is comprised of an N-terminal transmembrane
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domain and a C-terminal nucleotide binding domain in tandem repeat (i.e. TMDs-
NBD1-TMD,-NBD3). The protein was first discovered in 1976 by Juliano and Ling, in a
drug resistant Chinese hamster ovary cell line. It was reported that a single surface
expressed glycoprotein was responsible for drug impermeability of the cell line,
therefore they termed the protein P-glycoprotein (Pgp). The gene encoding
hamster Pgp was subsequently cloned and soon after the human gene homologue
was discovered, termed MDR1 (Gros et al., 1986; Roninson et al., 1986; Ueda et al.,
1986). ABCB1 is expressed highly at the blood:brain barrier, intestine, placenta,
kidney proximal tubules, and the liver bile ducts, and provides a protective
mechanism by removal of xenobiotic compounds (Cascorbi, 2011; Cordon-Cardo et
al., 1989; Leslie et al., 2005; Schinkel, 1999). The expression of ABCB1 has been
attributed to clinical resistance to chemotherapy and a poor clinical outcome in
adult patients with acute leukaemia (Marie et al., 1991). It has also been shown to
be over expressed in certain breast cancers (Trock et al., 1997) and soft tissue
sarcomas (Abolhoda et al., 1999). Because of this, ever since the first discovery of
Pgp in 1976, research has been conducted to better understand its mechanisms of
action in an attempt to create protein modulators for the reversal of MDR and
influence drug design to avoid transport (Krishna and Mayer, 2001; Maki et al.,

2003; Mlejnek et al., 2017; Sikic et al., 1997).

ABCC1 (also known as MRP1), located on chromosome 16 p13.11 was first isolated
from a doxorubicin-selected human lung cancer cell line (H69AR) in 1992 by Cole et
al. it encodes a 140-150kDa protein transporter with a topological arrangement

(TMDo-TMD1-NBD1-TMD,-NBD3). ABCC1 is expressed in most tissues/ ubiquitously
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throughout the body with relatively high levels of expression residing within the
blood:brain barrier, placenta, lung, kidneys (Hipfner et al., 1997; Leslie et al., 2005).
It has been implicated in the transport of a structurally diverse array of conjugate
organic anions, including cysteinyl leukotriene (LTC4) and oxidised glutathione (Leier
et al., 1994). MRP1 has shown to be expressed in several cancers, including
glioblastomas, breast sarcomas, lung cancer, and Ewing’s sarcoma of the bone, but
there is a lack of convincing evidence that it affects the pharmacokinetics of clinical
drugs and therefore has proved to be an unlikely target for cancer therapy (Filipits
et al., 1996; Galimberti et al., 1998; Oda et al., 1997; Robey et al., 2018; Tews et al.,

2000).

Comparatively, ABCG2 is less well understood and therefore presents itself as an

interesting, important area for study.

1.2 ABCG2
1.2.1 Discovery of a third human MDR pump

ABCG2 was first discovered by Doyle et al. in 1998 from a multidrug-resistant breast
cancer derived cell line, MCF-7 Adr/Vp. The cell line displayed an ATP-dependent
reduction in the accumulation of anthracycline agents (mitoxantrone, doxorubicin,
and daunorubicin) in the absence of ABCB1 or ABCC1 expression. RNA
fingerprinting identified the overexpression of a 2.4kb mRNA, which encoded a 663
amino acid ABC transporter that was termed the breast cancer resistance protein
(BCRP). Simultaneous to this discovery, Allikmets et al. presented a placenta-

specific ATP-binding cassette gene, ABCP, encoding a 655 amino acid protein. The
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gene was found to express in very high levels in the placenta and was thought to
have an important role in protecting the foetus from harmful compounds (Allikmets
et al., 1998). Finally, in January of 1999, only one month after the first reports of a
new MDR ABC transporter a third group reported the molecular cloning of cDNAs
which were highly overexpressed in a mitoxantrone-resistant human colon
carcinoma cells (S1-M1-80) (Miyake et al., 1999). Once again mitoxantrone
resistance was ATP dependent and therefore attributed to an ABC transporter that
was termed MXR (mitoxantrone resistant) (Miyake et al., 1999). The sequence
presented by Doyle et al., 1998 isolated from a drug-resistant breast cancer cell line
showed a sequence variation at position 482 (glycine in comparison to arginine in
the other sequences), thought to arise from repeat exposure to drug, which was

later identified to alter substrate specificity (Honjo et al., 2001; Robey et al., 2003).

1.2.2 The genetic locus and the genetic regulation of expression

The ABCG2 gene is located on chromosome 4q21-22. The gene spans 66kb
comprising of 16 exons, which extend from 60 to 532pb, and 15 introns (Bailey-Dell
et al., 2001). The translation of the ABCG2 gene starts in exon 2 with the majority of
the 5" UTR (untranslated region) in exon 1. ABCG2 promoter activity was
characterised by luciferase reporter assays using cell lines with high endogenous
expression of ABCG2 (including carcinoma cell lines, JAR, BeWo, and JEG-3). ABCG2
gene expression is under the regulation of a TATA-less promotor containing several
putative Sp1, AP1, and AP2 binding sites. The promoter is located downstream from
a putative CpG island which itself is located 312bp upstream of the transcriptional

start site (Bailey-Dell et al., 2001).
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The ABCG2 promoter contains several response elements including; estrogen
response element (ERE) (Ee et al., 2004), hypoxia response element (Krishnamurthy
et al., 2004), aryl hydrocarbon response element (Ebert et al., 2005), and an NFkB
response element (Zhang et al., 2011). As a result, there are numerous mechanisms
by which ABCG2 protein expression can be regulated. ABCG2 expression has also
been reported to be supressed by DNA methylation within the CpG island (Turner

et al., 2006).

ABCG2 protein expression can also be regulated post-transcriptionally by
microRNAs. MicroRNAs are small non-coding RNA molecules, several miRNAs have
been characterised for ABCG2 including miR-519¢, miRNA-328, and miR-655-3p.
These microRNAs results in a decrease in ABCG2 mRNA (messenger RNA) and
subsequently reduced protein expression, predicted to interact within a putative
binding site within the 3’ untranslated region (Awortwe et al., 2018; Pan et al.,
2009; To et al., 2009). It is proposed that both 5’ and 3’ UTR putative binding sites
are absent within some drug selected cell lines leading to an increase in ABCG2

protein expression (Nakanishi et al., 2006; To et al., 2009).

ABCG2 has also been reported to be regulated at the post-translational level by
phosphorylation of threonine and position 362 by Pim-1 kinase. Knockdown of
Pim1L (44kDa isoform) and mutagenesis of T362 to alanine resulted in

compromised ABCG2 oligomerisation and localisation (Xie et al., 2008).
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1.2.3 The overall topology of the expressed protein

The ABCG2 gene encodes a 655 amino acid polypeptide chain. The polypeptide
chain forms a polytopic reverse half-transporter topology of approximately 72kDa
in size. It is localised to the plasma membrane of epithelial cells, and consists of an
intracellular, N-terminal nucleotide binding domain (NBD) and a C-terminal,
transmembrane spanning domain (TMD) (NBD-TMD). The TMD was predicted to
have 6 membrane spanning alpha helices, interconnected via intra/extra cellular

looped regions (Allikmets et al., 1998; Wang et al., 2008).

1.2.4 Tissue distribution and physiological roles of ABCG2

The exact physiological role of ABCG2 is still to be established. However, it is being
increasingly recognised for its role in the disposition and tissue exposure of drugs
and xenobiotics. In its native form ABCG2 predominantly localises to the apical
membrane of cells, frequently in tissues which have secretory or barrier functions,
this includes tissues such as the blood-brain barrier, placenta, gastrointestinal (Gl)
tract, testes, mammary glands. ABCG2 is also expressed in stem cells (Cole et al.,
1992; Jonker et al., 2005; Maliepaard et al., 2001; Mao, 2008; van Herwaarden et

al., 2007; Van Herwaarden and Schinkel, 2006).

The physiological expression of ABCG2 at the blood-brain barrier (BBB) is thought to
provide a fundamental protective role by severely limiting the exposure/ uptake of
antineoplastic agents, mediating their active efflux into the blood vessel lumen
(Cisternino et al., 2004). Mdrla(-/-) mouse brains showed a carrier-mediated efflux

of mitoxantrone (MX) and prazosin (PRA) with an upregulation in ABCG2 mRNA
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expression in comparison to the wild-type mouse brain (Cisternino et al., 2004).
More recently, in vivo knockdown of Abcg2(-/-) in mice showed an improvement in
the brain penetration of temozolomide (used in the treatment of high-grade
gliomas) by about 20% (de Gooijer et al., 2018). The expression of ABCG2 at the
BBB has also been assessed for its protective mechanism against Alzheimer’s
disease. The accumulation of amyloid-B peptide (AB) in the brain is a hallmark for
Alzheimer’ disease. Human ABCG2 stably expressed in HEK293 cells demonstrated
the cellular efflux of [3H] AB1-40, this result was also corroborated in in situ brain

perfusion technique of AB in Abcg2 deficient mouse studies (Do et al., 2012).

The presence of ABCG2 in the placenta, specifically in syncytiotrophoblastic cells
indicates that ABCG2 may provide a protective role against endogenous toxins and
xenobiotics in the development of the foetus (Maliepaard et al., 2001). For
example, glibenclamide, a sulphonylurea, used in the treatment of gestational
diabetes, has shown to have limited tissue exposure within the placenta (Langer et
al., 2000). An in vitro drug accumulation study of transporters expressed within the
placenta (ABCB1, ABCC1, ABCC2, ABCC3, and ABCG2) revealed preferential efflux of
[3H]-glibenclamide by ABCG2 in a drug selected cell line (MCF7-MX) (Gedeon et al.,
2006), thereby protecting the foetus from neonatal hypoglycaemia induced by

therapeutic drug treatment.

The expression of ABCG2 in the mammary gland seems to have a contrasting role to
the protective one demonstrated in the placenta. ABCG2 has been reported to

transport xenobiotics into the milk, which poses a serious health risk for breast-fed
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infants (Anderson, 1991; Jonker et al., 2005). This also extends to the dairy industry,
where polymorphisms in bovine ABCG2 reportedly have an effect on milk

disposition and quality (Jonker et al., 2005; Otero et al., 2015; Sanchez et al., 2017).

ABCG2 is also located in the brush-border membrane of kidney proximal tubule
cells, where it has been shown to mediate renal urate secretion (thought to be the
main physiological function of ABCG2) (Huls et al., 2008; Woodward et al., 2009). A
common single nucleotide polymorphism (SNP) rs2231142 (Q141K point mutation)
(described later), demonstrated a 53% reduction in urate transport in vitro

compared to the wild type protein (Woodward et al., 2009).

Furthermore, ABCG2 was observed to be localised at the apical membrane in the
epithelium of both the small intestine and the colon, as well of the canalicular
membranes of the liver. This localisation restricts the absorption of dietary toxins
from the gastrointestinal tract and eliminates compounds from the liver, into the
bile (Tucker et al., 2012). These sites are imperative to the absorption, distribution
and elimination of endogenous and exogenous substances, and therefore limits the

bioavailability of drugs with pharmacological importance (Ni et al., 2010b).

ABCG2 has also been found to be enriched in a population of primitive stem cells,
likely to provide a protective role against xenobiotics. The overexpression of ABCG2
in colon cancer stem cells (CSCs)-like population from colon cancer tissues, is
thought to be the main reason behind chemotherapy failure and tumour

recurrence (Ni et al., 2010b; Xie et al., 2014).
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An increase in the expression of ABCG2 has been linked to an increase in the efflux
of numerous diverse pharmaceuticals used in the treatment of cancer, including
mitoxantrone, methotrexate, topotecan derivatives, SN-38, and flavopiridol, leading
to the conformation of multidrug resistance (Li et al., 2007). This has implications in
the ADMETox (absorption, distribution, metabolism, elimination and toxicity)
profile of many compounds with an intracellular target. For example, a recent
study, showed that a novel camptothecin analogue, FL118, was able to bypass
ABCG2-mediated drug resistance in colon and lung models, demonstrating an
improved efficacy in comparison to the use of SN-38, a known ABCG2 substrate

(see an extensive list of substrates and inhibitors later) (Westover et al., 2015).

1.2.5 Polymorphisms of ABCG2

The major SNP is a predictor of gout

ABCG2 is a highly polymorphic transporter that has over 80 single nucleotide
polymorphisms (SNPs) residing within its gene coding region, many of which alter
the substrate recognition/binding affinity and are of significant pharmacological
and physiological relevance (Ni et al., 2010b). An example of a well characterised
SNP within ABCG2 is the rs2231142 (or 421C>A) polymorphism, which brings about
a glutamine to lysine mutation at position 141, Q141K. The mutation varies
significantly with ethnicity, occurring in 35% of the Chinese population, whereas it is
less recorded at less than 1% among African-Americans (Sissung et al., 2010). The
mutation leads to instability residing within the nucleotide-binding domain,

resulting in a folding and trafficking defect. The consequence of this mutation is
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increased degradation, reduced function and temperature sensitivity, resulting in
the reduced excretion of urate (Woodward et al., 2013, 2009). This increases urate
plasma levels (hyperuricemia) leading to sodium urate crystal formation in and

around the joints, the known cause of gout.

Many SNPs can influence pharmacokinetics

Single nucleotide polymorphisms with phenotypic differences in the expression or
function of ABCG2 may have important roles in the disposition and efficacy of

pharmacological agents (Heyes et al., In Press).

The Q141K (421C>A) SNP has been shown to result in the increased bioavailability
of topotecan, also more than doubling the exposure to rosuvastatin, commonly
used in the treatment of hypercholesterolemia (Sissung et al., 2010). The Q141K
genetic variation has also been found to have a potential influence on the clinical
efficacies, in terms of 5-year progression-free survival, in patients with advanced

gastrointestinal stromal tumour undergoing imatinib therapy (Koo et al., 2015).

Several other polymorphisms have been associated with altered drug
pharmacokinetics. Polymorphisms resulting in F431L (1291 T>C) and F489L (1465
T>C) mutations have shown an impaired porphyrin (pheophorbide A) transport, as
well as decreased resistance to antineoplastic agents SN-38, mitoxantrone, and
methotrexate. This may result in an increased risk of hypersensitivity to selective
antineoplastic agents, especially for methotrexate, as transport was completely
abolished (Deppe et al., 2014; Sjostedt et al., 2017; Tamura et al., 2007b, 2007a,

2006; Yoshioka et al., 2007).
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Despite the significant medical importance, the mechanism of transport as stated
remains unknown. This has led to the understanding of the protein’s mechanism
being increasingly important. It is of such significance that the FDA provides
guidelines for the investigation of potential interactions of pharmacological agents

with ABCG2 at the drug development stage (Huang, 2009).

1.2.6 Site-directed mutagenesis

A great deal of time and effort has been put aside for in vitro site-directed
mutagenesis studies of ABCG2, as these have previously provided crucial
information about its function. Due to the vast range of transport substrates and
wide tissue distribution implicating ABCG2 in MDR, the ability to understand this
protein in a structural and functional sense is of great importance. Studies where
strategic residues are mutated are key to an enhanced understanding within
transporter studies, to ultimately produce a comprehensive map of the functionally
important residues; i.e. the R482G/T mutation and its functional characteristics
suggests the residue is important in substrate recognition, stabilisation, and/or
transport activity (Cai et al., 2010; Chen et al., 2003; Clark et al., 2006; Ejendal et al.,
2006; Honjo et al., 2001; Ozvegy-Laczka et al., 2005; Ozvegy et al., 2002; Robey et

al., 2003).

For this area of research mutations generally can be assigned to four crude but
effective categories, established based on the characteristics displayed, as outlined

below (Ni et al., 2010b).
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The first category describes mutations which do not alter ABCG2 expression levels
but affect overall substrate specificity and/or transport activity. Arginine 482 to
glycine/threonine (TM3), a classic example, it is a gain-of-function mutation, and it
results in the ability to transport daunorubicin, rhodamine 123, and lyso-tracker
green. The mutant protein is also able to transport most native ABCG2 substrates
with the exception of methotrexate, so R482G is also a loss of function mutant
(Nakanishi et al., 2003; Ni et al., 2010b). P485A is another mutation which
demonstrates no difference in expression characteristics but shows perturbed
allocrite efflux. The mutation demonstrated a reduced efflux for BODIPY-prazosin
by up to 70% (compared to wild type protein) but had no effect on the efflux of
Hoechst 33342 or pheophorbide A (PhA). functional data regarding mitoxantrone
(MX) is conflicting, with Haider et al., 2015 reporting a significant reduction in
Ko143-inhibitable efflux of mitoxantrone, whereas Ni et al., 2011 concluded no

effect on MX efflux (Haider et al., 2015; Ni et al., 2011).

The second category is reserved for mutations in which the protein biogenesis is
disrupted, i.e. the protein demonstrates decreased stabilisation, is often expressed
at a lower level and the subcellular distribution is impaired. Q141K, a common SNP
(described above) is a classic example of a mutation resulting in disrupted protein

biogenesis.

The third category is alterations in post-translational modifications. ABCG2 is
glycosylated at a specific amino acid within the third extracellular loop (ECL3)

between TMHs 5 and 6. Mutagenesis studies revealed glycosylation occurred at an
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asparagine residue at position N596. Mutagenesis of asparagine to glutamine
(N596Q) resulted in a glycosylation defective mutant protein. However, this
mutation seemed to have no impact on localisation of the protein or transport
activity, it showed a slight decrease in expression in comparison to wild type ABCG2
and therefore it was suggested that it could increase proteasomal-mediated protein
degradation (Haider, 2011; Wakabayashi-Nakao, 2009). The formation of
intra/intermolecular disulphide interactions has also been established as being
significant in the stabilisation and oligomerisation of the protein transporter,
Cys592, 608 and 603 (Henriksen et al., 2005; Kage et al., 2005; Wakabayashi et al.,

2007).

The final category possesses mutations which neither have major effects on the
expression or function of the protein, these residues are therefore suggested to be

non-critical.

This method for categorising mutations is convenient. However, it is also crude as
not all mutation characteristics are mutually exclusive. The isoleucine to alanine
variant at position 573, proposed to reside within ECL3 (based on the HA epitope
insertion determined topology model of ABCG2 (Wang et al., 2008)) resulted in a
glycosylation defective mutant with reduced expression, maturation (post-
translational glycosylation) and trafficking (and consequently reduced efflux
capacity) which fits with a mutation of both disrupted biogenesis and altered post-
translational modification. This was suggestive of a fundamental structural defect

with reduced maturation being a symptom/ side effect of a potential destabilisation
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of ECL3 and disruption of inter- and intramolecular disulphide bonds (Haider et al.,

2015).

1.2.7 Oligomerisation of ABCG2

As a ‘half-transporter’, ABCG2 is required to form higher ordered structures, the
minimum conformation being a dimer. Several studies have suggested that it
homodimerises (Haider et al., 2011; Ni et al., 2010c), with several residues
considered important in the formation of intermolecular interaction, namely
residues in the extracellular loop between TM helices 5 and 6; Cys592, Cys603 and
Cys608. Data are consistent with Cys592 and 608 forming an intramolecular
disulphide ‘bridge’, assumed to stabilise the extracellular loop. It is also assumed
that this stabilisation allows for accessibility of Cys603, which is thought to form
intermolecular disulphide interactions, contributing to the oligomerisation of the
transporter (Kage et al., 2005). However, substitution studies of cysteine residues
including Cys603, reported no effect on the dimerisation of ABCG2 or any effect on
functional activity, but that other cysteine residues may interact to form
intramolecular disulphide bonds important for structural stability (Liu et al., 2008;
Ni et al., 2010c). The molecular basis of dimerisation was also proposed to occur
through a classic GxxxG motif, a motif that has been identified for transmembrane
inter-helix association (Polgar et al., 2004; Russ and Engelman, 2000). Mutational
analysis of G406 and G410 to lysine demonstrated a marked effect on the transport
of mitoxantrone, pheophorbide A, and BODIPY-prazosin, but mutations retained

susceptibility to cross-linking (disuccinimidyl suberate (DSS) or dithiobis
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succinimidyl propionate (DPS)), demonstrating high molecular weight complex

under non-reducing conditions, suggesting dimerisation (Polgar et al., 2004).

There is also data that provides evidence of higher oligomeric structures, including
initial electron microscopy (EM) analysis (3D structure resolved at 18A) suggesting
the formation of an octameric structure, consisting of a tetramer of dimers
(McDevitt et al., 2006; Mo and Zhang, 2012). Step-wise photo bleaching studies
using TIRF (total internal reflection fluorescence) microscopy also demonstrated
ABCG2s capacity to form higher-ordered oligomers supporting the formation of a
tetrameric structure (i.e. a dimer of dimers) (Wong et al., 2016). Photon-counting
histograms (PCH) using fluorescence correlation spectroscopy (FCS) confirmed the
formation of both dimeric and tetrameric (up to 69% of the molecules analysed) in

live cell analysis (Wong et al., 2016).

Recent structural studies of ABCG2 (discussed later) demonstrate the protein
forming a dimeric complex, suggesting that oligomeric state seen in early EM may
be a result of particle (protein) packing in EM grid preparations. Whereas the
tetrameric evidence shown by Wong et al., 2016 may be indicative of physiological

transient complexes.

1.2.8 Pharmacology of ABCG2

Repertoire of drugs

ABCG2 has a wide tissue distribution and the physiological role of ABCG2 hasn’t
been fully established but its role in disease related MDR has provided information

on its transport capacity. ABCG2 possesses an extensive array of substrates and
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inhibitors. The molecules are both clinically important and structurally diverse,
including cytotoxic compounds (mitoxantrone, topotecan, flavopiridol and
methotrexate), antibiotics, statins (rosuvastatin), immune-suppressants (including
anti-HIV drugs), anti-diabetic agent (glibenclamide), anti-rheumatic agents
(sulfasalazine), fluorescent dyes (e.g. Hoechst 33342), photosensitizers
(pheophorbide A and protoporphyrin IX) and tyrosine kinase inhibitors (imatinib,
gefitinib and nilotinib) (Table 1.1) (Mao and Unadkat, 2015; Van Herwaarden and
Schinkel, 2006). At present exactly how ABCG2 transports a diverse range of
structurally un-related molecules remains for the majority, unknown (although

recent structural studies are helping to build upon this picture, discussed later).
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ABCG2 drug substrates

Reference

Mitoxantrone (Litman et al., 2000; Robey et al., 2003)

Bisantrene (Litman et al., 2000)

Aza-anthrapyrazole (Hazlehurst et al., 1999; Rabindran et al.,
2000)

Camptothecin derivates

Topotecan (Litman et al., 2000)

SN-38 (Nakatomi et al., 2001)

Irinotecan (Maliepaard et al., 2001; Rabindran et al.,
1998)

Diflomotecan (Sparreboom et al., 2004)

Methotrexate (Chen et al., 2003; Volk et al., 2002)

Methotrexate-Glu2

Methotrexate-Glu3

AZT

AZT 5'-monophosphate (Wang et al., 2004, 2003)
Lamivudine (3TC)

Other drugs

(Chen et al., 2003; Volk and Schneider, 2003)

Prazosin (Litman et al., 2000)
Indolocarbazole (Nakagawa et al., 2002)
Flavopiridol (Robert W Robey et al., 2001b)
Canertinib (C11033) (Erlichman et al., 2001)
Imatinib mesylate (STI571) (Burger et al., 2004)

Gefitinib (ZD1839) (Elkind et al., 2005)

Nilotinib (Brendel et al., 2007)
Glyburide (zhou et al., 2008)
Cimetidine (Pavek, 2004)

Sulfasalazine (Van Der Heijden et al., 2004)
Nitrofurantoin (Merino et al., 2005)
Rosuvastatin (Kitamura et al., 2008)
Pantoprazole (Breedveld et al., 2004)

Substrates listed in this table are only for wild-type ABCG2
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ABCG2 drug inhibitors
Drug 1C50 (nM) Reference

Tyrosine kinase inhibitors
Gefitinib 300 (Ozvegy-Laczka et al., 2004)
Imatinib mesylate 170 (Houghton et al., 2004)
Erlotinib ND (Shi et al., 2007)
Nilotinib ND (Dohse et al., 2010; Hegedus et al., 2009)
Lapatinib ND (Dai et al., 2008)

HIV protease inhibitors
Ritonavir 19,500
Saquinavir 19,500 (Gupta et al., 2004)
Nelfinavir 12,500
Lopinavir 7660 (Weiss et al., 2007)
Boceprevir 81,000 (Chu et al., 2013)
Telaprevir 30,000 (Fujita et al., 2013)

Calcium channel blockers
Dipyridamole 6400
Nicardipine 4800 (Zhang et al,, 2005)
Nimodipine 13,700 !
Nitrendipine ND

Antifungal azoles
Ketoconazole 15,300
Itraconazole ND (Gupta et al., 2007)
Fluoconazole ND

Immunosuppressants
Cyclosporin A 4300
Tacrolimus 3600 (Gupta et al., 2007)
Sirolimus 1900
Novobiocin 50-100 (Shiozawa et al., 2004; Yang et al., 2003)
Tamoxifen ND (Sugimoto et al., 2003)
Reserpine ND (zhou et al., 2001)
Omeprazole 10,000-50,000

(Breedveld et al., 2004)

Pantoprazole ND

ND not determined
Table 1.1 ABCG2 drug substrates and inhibitors. Table taken from (Mao and Unadkat,
2015).
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Multiple drug binding sites

Studies in P-glycoprotein (Pgp, ABCB1), which shares many common substrates and
inhibitors to G2, have suggested that Pgp possess multiple drug binding sites, with

at least four being identified in previous research (Martin et al., 2000).

Due to the commonality in transport substrates this led to a hypothesis that ABCG2
could act via a similar binding mechanism with multiple drug binding sites. This
hypothesis was later investigated by Clark et al. who demonstrated the presence of
at least two pharmacologically equivalent drug binding sites (one in each TMD of a
dimeric conformation) by [3H]daunomycin displacement binding studies.
Doxorubicin, prazosin, and unlabelled daunomycin were able to fully displace
bound [3H] daunomycin, whereas both mitoxantrone and Hoechst 33342 were only
able to partially displace [3H] daunomycin, the partial displacement was suggestive
of a level of cooperative binding/ allosteric interactions between the two sites

(Clark et al., 2006).

The potential for multiple drug binding sites has most recently been explored

structurally and will be discuss in context later.

Communication between NBDs and TMDs

Communication between the NBDs and the TMDs of ABCG2 is essential for allocrite

transport. This has been demonstrated time and time again. For ABCG2, an

example would be the substitution of the ‘catalytic carboxylate’ E211 (within the

Walker-B of the NBD) to a non-acidic glutamine residue which completely abolished
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ATPase activity. The mutation also resulted in the loss of methotrexate transport,
thus demonstrating the need for ATP hydrolysis for allocrite efflux (Hou et al.,

2009).

McDevitt et al. in 2008 further investigated the coupling of allocrite ([3H]
daunomycin) binding in the ABCG2R4826 jsoform to ATP hydrolysis. The investigation
showed that the binding of [3H] daunomycin was displaced by ATP analogues (non-
hydrolysable analogues ATP-y-S and TNP-ATP) with less than 20% of initial binding
of the radioligand observed. This indicated a transition from a high affinity allocrite
binding state to a low affinity state upon ATP binding, this low affinity state was
retained immediately after hydrolysis. Therefore, it was proposed that the ‘power
stroke’ for translocation of allocrite was nucleotide binding, demonstrating an
important communication between the NBD(s) and TMD(s) during allocrite
transport cycle (McDevitt et al., 2006). Projection electron microscopy structures of
ABCG2, although at low resolution, (5-7A) also suggested conformational changes
within the protein in the presence and absence of substrate (MX), supporting the
‘ATP-switch’ functional model (as described in section 1.1.4) and demonstrate the
cross communication between the TMD(s) and NBD(s) in transport (Higgins and

Linton, 2004, Linton and Higgins, 2007; Rosenberg et al., 2010).

Most recently Jackson et al., 2018 have shown Ko143 derivatives to knockdown
estrogen-1-sulphate (E1S) stimulated ATPase activity. One of these derivatives
MZ29 was found to bind at a 2:1 ratio in the central cavity between the two-

monomeric halves of ABCG2, again suggesting cross-talk between the inhibitor
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bound within the TMD and the NBD, but exactly how this occurs is open to

interpretation.

1.2.9 Structure of ABCG2

At the commencement of these current studies little was definitively known about
the structure of ABCG2. Six transmembrane (TM) spanning helices were identified
by topological prediction algorithms and confirmed by hemagglutinin (HA) epitope
insertion experiments (Wang et al., 2008). It was the topological data presented by
Wang et al. that was used in the development of a ‘lateral slice’ hypothesis for drug

recognition/binding described in this current study.

There were low resolution cryo-EM structures and homology models which were
refined using MsbA, Sav1866, and mouse Pgp structures (McDevitt et al., 2009,
2006; Ni et al., 2010b; Polgar et al., 2010; Rosenberg et al., 2010). However, the
very low sequence similarity between ABCG2 and ABCB transporters (less than 15%
identity in the TMDs) renders these models questionable and attempts to use such
to interpret experimental data were beset by contradictions. For example,
threonine residue at position 402 (in transmembrane helix 1, TMH1) close to the
GXXXG motif (common in forming TMD:TMD interactions) (TXXXGXXXG), was
proposed to be involved in dimerisation of ABCG2. Studies substituting T402 for
alanine, leucine, or arginine report no particular effect on protein expression or
plasma membrane localisation but demonstrated perturbed allocrite efflux
(significant decrease in the efflux of mitoxantrone, Hoechst 33342, and BODIPY-

prazosin and pheophorbide A). Homology modelling of ABCG2 based on the
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bacterial transporter, Sav1866, suggested that T402 interacted with residues from
TMHS5 and/or 6 of the opposing monomer possibly forming inter-helical interactions
promoting dimer formation (Polgar et al., 2010). Whilst another study using a
homology model based on mouse Pgp concluded that T402 was outside of the
putative drug binding site (situated at the TMD interface), and likely to form inter-
helical interactions with TMH 2 or 3, proposing that it was possible that T402
formed part of the drug translocation pathway (Ni et al., 2010a). This demonstrates

a need for better structural interpretation of ABCG2.

ABC transporter structural resolution revolution

During the last decade there have been significant advancements in membrane
protein structural biology. This is owed to enhancements in membrane protein
extraction and stabilisation as well as advances in cryo-EM imaging (Bai et al., 2015;
Dorr et al., 2016; Gulati et al., 2014). Early cryo-EM images were recorded on
photographic film and electron beam-induced sample movement resulted in image
blurring which made particle determination difficult and often resulted in multiple
structural intermediates within a single reconstruction. Three advances have
yielded better reconstitutions: (i) the development of digital direct-electron
detectors, which allow the recording of movies during electron-beam exposure, (ii)
software improvements have allowed the correction of beam-induced movement,
and (iii) powerful classification methods can determine multiple structures from a
sample mixture. All of which now make cryo-EM a rival, in terms of resolution, for

X-ray crystallography (Bai et al., 2015).

45



ABCG family structural revolution

This ‘resolution revolution’ has translated into an explosion of structures for the
ABC transporter superfamily, resolved by either cryo-EM or X-ray crystallography
utilising enhanced membrane extraction methods, with a representative structure
for all but one human ABC subfamilies (ABCD). This explosion also resulted in the
publication of a crystal structural of ABCG5/ABCG8 (ABCG5/G8), a close family

member of ABCG2 (Lee et al., 2016).

ABCG5/G8 is a 6-TM spanning reverse half transporter that forms functional
heterodimers to mediate the efflux of sterols (cholesterol and phytosterols) in the
liver and intestine (Kerr et al., 2011). ABCG5/G8 was crystallised from protein co-
expressed in Pichia pastoris and reconstituted into 1,2-Dimethyl-sn-glycero-3-
phosphocholine (DMPC) bicelles to obtain a structural resolution of 3.9A in a

nucleotide-free state, ‘open-inward’ conformation (Lee et al., 2016).

Importantly, ABCG5/G8 is the first sterol transporter to be resolved at a near-
atomic level and the first ABCG family member to be structurally characterised.
ABCGS5 and ABCGS8 share around 25% sequence identity to ABCG2, and although
low in the general scheme of homology modelling, Laszlé et al. were able to
generate a homology model for ABCG2 demonstrating stability of the homology
model in molecular dynamics simulations. It is also important to note that although
ABCG5/G8 forms a heterodimeric structure they demonstrate a high degree of
structural conservation, so this was not considered a problem in the generation of

an ABCG2 homology model (Laszl6 et al., 2016; Lee et al., 2016).
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The ABCG proteins from these studies demonstrate TMH packing and interfacial
contacts similar to that of type Il importer fold (Locher et al., 2002; Rice et al.,
2014). Early ABC exporter structures (Sav1866, MsbA, and mouse Pgp), from which
ABCG2 was repeatedly modelled on, comprised of a type | structural fold, i.e.
transmembrane domains that extend out of the membrane and contact the NBD
via long intracellular looped regions that are thought to couple allocrite transport to
nucleotide hydrolysis, called the coupling helix. Type | exporters also show domain
swapping where TMHs from each half of the protein cross over to the opposing
TMD, with an intracellular loop extending into the opposing NBD also thought to

couple transport (Dawson and Locher, 2007; Zolnerciks et al., 2007).

The ABCG proteins resemble a structure most similar to type Il bacterial importers,
demonstrating a more compact TMD organisation, compared to type | exporters
(Figure 1.5) (Hollenstein et al., 2007; Locher et al., 2002; Oldham et al., 2007b). It is
therefore no surprise that the homology models of ABCG2 based upon the ABCB
transporters were so inaccurate (as indicated at the beginning of section 1.2.9).
Transmembrane domain swapping is also not present in this structure, rather the
TMD appears to contact the NBD via an intracellular loop between TMHs 2 and 3
(ICL). This contact seems to be further stabilised through an amphipathic a-helix
which precedes TMH1 (TMH1a), which is interfacial to the membrane bilayer,
termed the connecting helix (Laszl6 et al., 2016; Lee et al., 2016). The connecting
helix demonstrates the potential to form multiple helical interactions, including

interactions with ICL1 and an a-helix within the NBD containing Q141, which could
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explain the protein destabilisation effect of the Q141K ABCG2 isoform (Laszld et al.,

2016; Lee et al., 2016).

Type | exporter Type ll Crystal
importer structure of
ABCG5/G8

Figure 1.5 ABCG5/G8 structure resembles type Il transporter fold. Type | exporter
structural topology of human ABCB1 in the post hydrolytic open-inward conformation,
demonstrating domain swapping and elongated TMD topology (PDB: 6GDI), Type Il
importer structural topology of ButCD-F in the nucleotide bound state with SBP (green), the
protein possesses a more compact TMD organisation with no domain swapping (PDB: 4FI3).
The ABCG5/G8 (PDB: 5D07) structure adopts a structural topology more closely resembling
a type Il importer, with compact TMD organisation and no domain swapping. One half of
each structure had been coloured blue for easy visualisation.

Although the NBDs of ABCG5/G8 were resolved in a nucleotide free state, they
form contacts with each other at the extreme cytoplasmic end to form a closed
conformation through a pair of NPxDF motifs (where x is any residue). These motifs
are conserved amongst the ABCG sub-family and are essential for cholesterol efflux
by ABCG1 (Lee et al., 2016). A final noteworthy feature of the ABCG secondary
structure, is a series of short a-helices (TMH5a, 5b, and 6a) previously predicted to
be part of continuous TM helices 5 and 6 (Laszlé et al., 2016; Lee et al., 2016) (see
Figure 1.6 ABCG2 topology schematic based on HA-epitope insertion versus new

structural information), which appear to form a structural cap at the extracellular
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interface of the TMDs. Subsequent cryo-EM structures of ABCG2 were published by
Taylor et al., 2017 and Jackson et al., 2018 confirming the ABCG family structural

topology (discussed in detail in Chapter 6).

Extracellular

Intracellular
Arg482/ 00"
Pro485
NH,*
1
Asn596
5b: 559-572
5¢: 573-586
ECL3:587-608
6a: 609-617
622

Extracellular

Intracellular

COO

Figure 1.6 ABCG2 topology. A. ABCG2 topology based on HA-epitope insert (Wang et al.,
2008). B. ABCG2 topology based on cryo-EM structure (Jackson et al., 2018). Residues E211
(catalytically inactive variant), R482, and P485 (residues thought to be involved in allocrite
binding) are highlighted, as well as Asn596 (glycosylation site), and cysteine residues
thought to form inter and intra molecular disulphide bonds.
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This new structural information for ABCG2 was used in the interpretation of
residues mutated in the current ‘lateral slice’ hypothesis and rational design of a

new working model, termed the ‘binding pocket mutations’, described in Chapter 4.

1.3 Project aims

ABCB1 (P-glycoprotein: P-gp), ABCC1 (multidrug resistance protein: MRP1) and
ABCG2 (breast cancer resistance protein: BCRP), contribute to the phenomenon of
multi-drug resistance (MDR), possessing extensive substrate polyspecificity. The
protein transporters export drugs of clinical importance including
chemotherapeutic agents from cells, acquiring the characteristics of cellular
resistance. Molecular explanations for MDR are therefore another aspect that is of
high importance for the future of disease management. ABCG2 has lagged for many
years in terms of its structural and functional understanding, in the shadow of its
larger cousin ABCB1, leaving gaps in the fundamental knowledge of amino acid
residues required for substrate polyspecificity and transport activity. So, a greater
understanding of exactly how ABCG2 binds and transports a large number of

structurally unrelated drug substrates is required.

Therefore, the overall aim of this project is to elucidate potential drug binding

interactions of ABCG2.

The initial ‘lateral slice” hypothesis resulted from consideration of the two residues
(R482 and P485, described earlier (Haider et al., 2015; Honjo et al., 2001; Ni et al.,
2011; Ozvegy-Laczka et al., 2005; Robey et al., 2003)) which have been shown to

impact on allocrite specificity. R482 and P485 are approximately 1 helical turn
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apart and reside towards the cytoplasmic interface of ABCG2, in the experimentally
determined topology model as described by Wang et al., 2008. It was hypothesised
that that residues taken from a lateral transection of the TMD at equalling spatial
positions to R482 and P485 may also form part of this transport substrate

recognition site.

To test this hypothesis a total of 10 residues were selected for mutagenesis. It was
hoped that downstream expression and functional characterisation of the mutants
would then provide both structural and functional information of the selected

residues and reveal their importance in drug substrate transport.

The fast-moving nature of the ABCG structural family then provided a framework
for a further round of mutagenesis and functional analysis. The combined
information on these two series of residues would hopefully aid in bridging the gap
in our understanding of residues important for drug transport and build upon the
current understanding of the transport mechanism of ABCG2, with the hope that
this would lead to the generation of experimentally informed modulators of ABCG2

for the use in the treatment of human disease.
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Chapter 2 Methods

2.1 Molecular Biology
2.1.1 Materials and reagents

All molecular reagents were purchased from either New England Biolabs (NEB) or
Promega unless stated otherwise. The fluorescently labelled mammalian expression

vector, pcDNA™-3.1/zeo(+)_sfGFP_ABCG2 was kindly provided by Dr Kelvin Wong.

2.1.2 Site-directed mutagenesis

Site-directed mutagenesis, based on the in vitro amplification of DNA by
polymerase chain reaction (PCR) method (Sambrook and Russell, 2001), was set up
in a final reaction volume of 50ul containing; template DNA (50ng), mutagenic
primers (0.5mM) (Table 2.1), deoxynucleotides (dNTPs) (0.2mM), Pfu polymerase
(1.5U), and preferred Pfu reaction buffer. PCR works by initial denaturation of the
template DNA and then cycles through primer annealing and elongation steps, see
Table 2.2 for details. The methylated template DNA was then digested using a site-
specific restriction endonuclease; Dpnl; a 37°C incubation of 1 hour with 20U of
enzyme was sufficient to digest template DNA, the digest was stopped by heat

inactivation at 80°C for 20mins.
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Table 2.1 Mutagenic primers used in the generation of ABCG2 constructs. Amino acid
changes are highlighted in yellow in the forward primer, and lower case bases are identical
to the template.

Mutation Primers 5’ to 3’

T402A cagatcattgtcGceagtcgtactgggac
L405A gtcacagtcgtaGCgggactggttatag
S440A ccaaccagtgtttcGCcagtgtttcagcc
S443A cagcagtgttGcagccgtggaactc

S519A gatggtggcttatGeTgccagttccatg
M523A tcagccagttccGCAgcactggccatag
L540A gtagcaacacttGCcatgaccatctgt
M541A gcaacacttctcGCCaccatgtg

I543A cttctcatgaccGCctgttttgtgtttatg
F545A catgaccatctgtGCCgtgtttatgat
M548A ctgttttgtgtttGCCatgattttttcagg
F571A cttcagtacGCCagcattcca

L633A gaatcacgtggccGCGgcttgtatgattg
M636A geccttggettgtGCGattgttattttec
F640A gtatgattgttattGCcctcacaattgcctac
1643A gttattttcctcacaGCtgcctacctgaaattg

All reverse primers are the exact reverse complement.

Table 2.2 Polymerase chain reaction (PCR) cycling parameters for site-directed
mutagenesis.
PCR step Temperature (°C) Time (mins)

Step 1 Denaturation

Step 2 Annealing

Step 3 Extension

Step 4 End

The PCR program was cycled 18 times for the steps highlighted in yellow.
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2.1.3 Transformation

Newly synthesised DNA was transformed into DH5a competent cells. 100l aliquots
of DH5a competent cells were thawed on ice. 5ul of the PCR amplicon was added
to the competent cells. The competent cell mixture was then incubated on ice for
30 minutes, after which the cells were heat shocked for 1.5 minutes at 42°C and
then incubated for a further 2 minutes on ice. The cell mixture was then
supplemented with 900ul of Luria-Bertoni (LB) medium (1% (w/v) NaCl, 1% (w/v)
tryptone and 0.05% (w/v) yeast extract) and incubated for 60 minutes at 37°C.
Subsequently 10% and 90% of the transformation mixture was plated onto LB-agar
(1.5% (w/v) agar) antibiotic selective plates (ampicillin 100pg/ml) and finally

incubated overnight at 37°C.

2.1.4 Plasmid DNA purification

Single transformant colonies from LB-agar selective plates were inoculated into 5ml
of LB media containing appropriate antibiotics. The bacterial cultures were grown
overnight at 37°C, with orbital shaking (200rpm). For long-term storage, glycerol
stocks of the resultant bacterial cultures were generated, by taking 500ul of the
culture and adding 500ul of 30% (v/v) glycerol, the resultant glycerol stock was
stored at -80°C. The remainder of the cultures were centrifuged at 4,000xg for 5
minutes and the supernatant discarded. The plasmid DNA was then purified from
the bacterial pellet using a NucleoSpin® Plasmid Miniprep Kit (MACHEREY-NAGEL)

according to the manufacturer’s protocol.
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The concentration and purity of the plasmid DNA were determined using a
Nanodrop 2000® (Thermo Fisher Scientific™). The purity was confirmed by
determination of the Ao/ A2so ratio, where a ratio of between 1.70 and 1.90 was

acceptable.

2.1.5 Restriction Digest

Restriction digest was used as a size based confirmative method of plasmid DNA
identity. Restriction digests were set up in a reaction volume of 15ul and comprised
of plasmid DNA (100-500ng) and restriction endonuclease (5-10U) with the
preferred enzyme buffer. The reaction mixtures were incubated at 37°C for 90
minutes, then mixed with DNA loading dye (0.25% (w/v) bromophenol blue, 40%
(w/v) sucrose) and resolved on a 1% (w/v) agarose gel containing 1ug/ml ethidium
bromide (Thermo Fisher Scientific). Gels were prepared and resolved in TPE buffer
(90mM Tris-phosphate, 1mM EDTA, pH8) and visualised under long wavelength

ultraviolet (UV) light (>300nm).
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2.1.6 DNA sequencing

Once restriction digest confirmed the size of the plasmid DNA the mutants were
Sanger sequenced. Initially across the site of mutation and once incorporation of
the mutation was verified, the entirety of ABCG2 was sequenced to ensure that the
construct did not carry any further undesired mutations (sequencing primers shown
in Table 2.3). The sequencing data was analysed against the predictive sequences
using NCBI Blast, multiple sequence alignment tool. The sequence chromatogram

was also assessed for trace quality using Chromas (Technelysium Pty Ltd).

Table 2.3 Sequencing primers with a schematic representation of their binding location.

Primers Sequences (5’ =2 3')

SeqR1 TCGTGGTGCTCCATTTAT

SeqF0 GAGTGGCTTTCTACCTTGTC

SeqF2 GCAGGGACGAACAATC

SeqF482 AACTCTTTGTGGTAGA

GFP-rev GCTGTTGTAGTTGTACTCCAG
GFPRev

e e e

GEP SegF0 SeqR1 SeqF2 ABCGZ SeqF482
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2.2 Tissue culture
2.2.1 Materials and reagents

HEK293T (CRC-3216), a human cell line, derived from the human embryonic kidney
293 cell line was used for the expression of mammalian protein. The cell line
expresses a mutant version of the simian vacuolating virus (SV40) large T antigen,
allowing for transfections with high copy number of plasmids containing an SV40

origin of replication.

All tissue culture reagents were obtained from Sigma-Aldrich, except for linear
transfection reagent polyethyleneimine (PEl, Polyscience Inc.) and Zeocin™
(Invitrogen). All plastic culture-ware was manufactured by Thermo Fisher Scientific

unless stated otherwise.

2.2.2 Cell passage maintenance

HEK293T cells were maintained in T25(cm?) flasks at 37°C, 5% CO; in Dulbecco’s
Modified Eagle’s Medium (DMEM, 4500mg/L-glucose, L-glutamine, sodium
pyruvate and sodium bicarbonate) supplemented with 10% (v/v) foetal calf serum
(non-heat-treated) (FCS; Sigma), and 100U/ml penicillin and 100pg/ml
streptomycin. Once the cells reached 80-90% confluency, the media was removed,
and the cells washed once with 2ml of sterile phosphate buffered saline (PBS). The
cells were then detached from the plastic-ware by incubation at 37°C with 0.35m|
of 1x trypsin/EDTA for 1-5 minutes. Cells were then resuspended in DMEM by

repeated pipetting and pelleted at 500xg for 5 minutes to remove trypsin. The
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pelleted cells were resuspended in 5ml of media before being re-seeded typically at

a dilution of 1:10 of the original culture.

2.2.3 Transfection

Cells were seeded at 1.25x10° cells/ml (determined using a haemocytometer) into a
6-well plate 24 hours prior to transfection. Two hours prior to transfection the
media was replaced with 5% (v/v) FCS supplemented medium. Cells were
transfected using linear polyethyleneimine (PEI) (10mM working stock solution
dissolved in PBS) (first described by Boussif et al., 1995) at a molar PEIl nitrogen:
DNA phosphorous ratio of 15:1. DNA was typically used at 2ug. Complexes of
PEI/DNA were made by the addition of PEI (9ul) to DNA (2ug) and incubated for
15mins. 250ul of 5% FCS DMEM was then added to the preformed PEI/DNA
complex, which was subsequently added drop wise to the cells. Twenty-four hours

post transfection the media was replaced by 10% (v/v) FCS supplemented medium.

2.2.4 Zeocin selection of stable cell lines

Transiently transfected HEK293T cells were detached (trypsin/EDTA) and
transferred to T25(cm?) flasks containing 5ml of DMEM supplemented with 10%
(v/v) FCS. Following an overnight incubation (37°C, 5% CO,) the cells received fresh
media containing 200ug/ml Zeocin™ (Invitrogen). Cells were transferred to
T75(cm?) flasks once confluency was reached and the Zeocin concentration
maintained at 200ug/ml for ten to fifteen days, with media replacement every two
to three days. Once healthy stably transfected cells were observed the

concentration of Zeocin was reduced to 40ug/ml to maintain the selection. For long
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term storage, stable cell lines were stored in 90% (v/v) FCS, 10% (v/v) DMSO in

liquid nitrogen at 1x10° cells/ml.

2.3 SDS-PAGE gel electrophoresis and western blotting
2.3.1 Cell harvesting

A confluent T25(cm?) flask yielded an adequate number of cells to be able to assess
protein expression by SDS-PAGE gel electrophoresis and western blotting. Cells
were washed once with 2ml of sterile phosphate buffered saline (PBS) and then
incubated at 37°C with 0.35ml of 1x trypsin/EDTA for 1-5 minutes to detach the
cells from the growing surface. Cells were washed a further time with ice-cold PBS
via centrifugation and then resuspended in 200-500ul of ice-cold PBS, 10% (v/v)
glycerol containing EDTA-free protease inhibitor cocktail set Il (Calbiochem), to
prevent proteolysis. Cells were lysed by 2x10 second burst sonication at 50% output

(Microsonics Instruments).

2.3.2 Protein concentration determination assay

A modified Lowry protein assay (conducted according to the manufacturer’s
protocol, Bio-Rad) was used to determine the protein concentration in the cell
lysates, with a standard curve containing 0-10ug bovine serum albumin (BSA)

constructed in parallel. All samples were analysed in duplicate.

2.3.3 SDS-polyacrylamide gel electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was

performed as described by Laemmli (1970). Equal quantities of protein lysate (15-
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30ug) samples were first incubated with protein loading buffer (50mM Tris-HCI pH
6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 0.1% (w/v) bromophenol blue, 100mM 2-
mercaptoethanol) at 37°C for 30-60mins, samples were then electrophoretically
resolved on discontinuous 8-12% (w/v) polyacrylamide gels alongside molecular
weight protein markers (SeeBlue® Plus2 Prestained Standard (Novex)), at 30mA/ gel

until the protein dye-front fully resolved.

2.3.4 N-linked glycanase digestion

Cell lysates (15ug protein) were combined with 10x glycoprotein denaturing buffer
(5% (w/v) SDS, 0.4M DTT), and the total reaction volume was made to 10ul with
dH>0. The samples were denatured by heating at 100°C for 10 minutes. Following
denaturation, the reaction mixture was made to 20ul with the addition of 10x G7
reaction buffer (0.5M sodium phosphate (pH7.5 @ 25°C)), 10% NP40 and 1-2ul of
Peptide: N-glycosidase F (PNGaseF) (BioLabs). The resultant reaction mixture was

incubated at 37°C for 1 hour, prior to loading onto a 10% polyacrylamide gel.

2.3.5 Western blotting

Following SDS-PAGE electrophoresis, proteins were transferred (200mA for 2 hours,
4°C) onto a nitrocellulose membrane (Amersham) by electrophoresis, first
described by Towbin et al., 1979. Membranes were then transiently stained with
Ponceau S solution to confirm efficient transfer, washed for 2-3 minutes with PBS-
Tween (PBS-T, 0.01% (v/v) Tween-20), and then incubated in blocking buffer (5%
(w/v) skimmed milk powder in PBS-T) for 1 hour to prevent non-specific binding of

antibody.
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Membranes were then incubated with primary antibody, BXP-21 (Calbiochem), at
1:1000 (prepared in blocking buffer) for either 1 hour at room temperature or,
preferentially overnight at 4°C. The nitrocellulose membranes were washed several
times in PBS-T, 3-5 minutes each wash, to remove any unbound primary antibody
before incubation with a secondary antibody, rabbit anti-mouse horseradish
peroxidase (DAKO), at 1:2000 (in PBS-T) for 1 hour at room temperature. The
membranes were then washed several further times in PBS-T (3-5 minutes per
wash) to remove unbound secondary antibody. Following the final wash, the
membranes were incubated with enhanced chemiluminescence reagent, ECL

(Supersignal West Pico, Thermo Scientific) and developed using light sensitive film.

2.4 Confocal microscopy
2.4.1 Materials and reagents

35mm? glass bottomed dishes were purchased from MatTek Corp®. All other

reagents were purchased from Sigma-Aldrich unless stated otherwise.

2.4.2 Poly-L-lysine coating

To ensure the efficient attachment of HEK293T cells to any untreated culture-ware,
the culture dishes were coated prior to seeding with poly-L-lysine (0.1mg/ml) for at
least 30 minutes. Excess poly-L-lysine was removed by twice washing with sterile

PBS before cell seeding.
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2.4.3 Cell seeding

Cells were seeded at 1.25x10° cells/ml, determined using a haemocytometer, in
poly-L-lysine coated 35mm? glass bottomed dishes (MatTek Corp®), and incubated
at 37°C, 5% CO; for 24 hours. Following incubation, cells were washed twice with

pre-warmed (37°C) phenol-red free HBSS (Hank’s Balanced Salt Solution).

2.4.4 Confocal Image Acquisition

Visualisation of cells was conducted on an LSM710 confocal laser scanning
microscope (Zeiss, Jena, Germany) equipped with a Plan-Apochromat 63x/1.40 Qil
Ph3 DIC M27 objective and argon laser. To be able to determine the localisation of
the protein within the cell, an oil objective equipped with a phase contrast was
used as opposed to the optimal x40 water objective which lacks the phase contrast.
For detection of sfGFP-ABCG2, a 2% argon laser power was used with the pinhole
set to 1AU (area unit) and the excitation set at 488nm and emission collected
between 500-530nm (FITC channel). To be able to determine localisation of sfGFP-
ABCG2 across a mixed-expressing population of cells, high resolution fluorescent
channel images with the corresponding phase contrast (1024 x 1024 pixels, image
depth of 12 bit) were acquired in at least three different viewing positions for any

given culture dish, on three separate acquisition sessions.
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2.5 Flow cytometry
2.5.1 Materials and reagents

All drugs, solvents and inhibitors were obtained from Sigma-Aldrich.

2.5.2 Fluorescence based drug accumulation assay

The flow cytometric based drug accumulation assay was based on the assay
described by Robey et al. (2001a). Cells were seeded at 1x10° cells/ml in phenol-red
free DMEM and incubated with either DMSO (solvent control 0.2% (v/v)) or
mitoxantrone (10uM), pheophorbide A (10uM, or daunorubicin (10uM), in the
presence or absence of the ABCG2 inhibitor, Ko143 (1uM, maximal ABCG2 specific
concentration (Ambudkar et al., 2015)) at 37°C for 30 minutes (preincubation step)
with occasional agitation. Cells were centrifuged to remove excess drug at 350xg, 4
°C for 5 minutes prior to a second incubation at 37°C for 60 minutes, with either
phenol-red free DMEM only or phenol-red free DMEM plus Ko143 (for samples
originally incubated with drug and inhibitor). Cells were centrifuged a further time
(350xg, 5 minutes, 4°C) and resuspended in phenol-red free DMEM prior to analysis

by flow cytometry.

A preincubation of 30mins has previously been demonstrated to be sufficient to
reach steady state kinetics (i.e. equilibrium of drug uptake vs. efflux, represented by

consistent levels of MX fluorescence in cells) (Wong, 2015).
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2.5.3 Flow cytometry acquisition

Data was collected using either an FC500 flow cytometer or a MoFlo Astrios flow
cytometer (Beckman Coulter), depending on the fluorescence parameters of drug
substrate used in the assay and the detection capabilities of the instrument (see
Table 2.4 for more details). GFP fluorescence representative of protein expression
was collected simultaneously to drug fluorescence and was determined using an

excitation wavelength of 488nm and an emission wavelength of 526nm.
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Table 2.4 Drug fluorescent properties.
Excitation Emission Flow cytometer channel

FL4: 633/75 (FC500)
Mitoxantrone 635nm 670nm

488-710/45 (Astrios)
Pheophorbide A 400nm 710nm 355-692/75 (Astrios)

Daunorubicin 490nm 630nm 488-710/45 (Astrios)

Flow cytometer channel settings were applied based on highest fluorescent signal output.
A minimum of 10,000 events (cells) collected for each condition after gating.

2.5.4 Flow cytometry data analysis

Data were analysed using Kaluza analysis version 1.5 (Beckman Coulter). Data was
collected for each mutant variant along with wild type and HEK (untransfected) cell
lines for three difference conditions: DMSO (vehicle control), drug only, and drug
plus inhibitor (Ko143). Both GFP fluorescence (FL1 (FC500) or 488-513/26 (Astrios))
and drug fluorescence (see parameters in Table 2.4) were collected. Dot plots of
forward scatter (FS, particle size) versus side scatter (SS, particle granularity)
allowed for visualisation of particle size and granularity within a sample, allowing
for gating to exclude debris from the cellular population (Figure 2.1 A). A
subsequent dot plot of GFP fluorescence (x axis) versus FS (y axis) (FC500) or FS
area (x) versus height (y) (Astrios) was plotted and gated for cellular population in
Figure 2.1 A. to detect disproportions between cell size and signal, gating was
applied to discriminate outliers’ representative of cellular aggregates. GFP
fluorescence histograms (representative of protein expression (sfGFP-ABCG2) gated
for the monodispersed cellular population were used to identify expression
characteristics. Due to the nature of a heterogeneous stable cell line, some GFP

(protein expression) profiles demonstrated a split in their distribution which were
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denoted low and high (high expression population comparable to wild type
expression) (e.g. S519A Figure 2.1 B). Dot plots of GFP fluorescence versus drug
fluorescence (DMSO, drug only, and drug plus Ko143) (gated for monodispersity)
were plotted, drug fluorescence is proportional to drug accumulation within cells.
The low GFP fluorescence population demonstrates a consistently high level of drug
fluorescence across drug only and drug plus Ko143 (ABCG2 specific inhibitor)
(Figure 2.1 C/D, fuchsia). Whereas, the drug fluorescence in the high GFP
fluorescence population for the drug only sample is reduced (Figure 2.1 C, teal)
compared to the drug plus Ko143 sample (Figure 2.1 C, grey), this difference in drug
fluorescence is representative of Ko143 (ABCG2 specific) inhibitable efflux of drug
substrate and therefore a measure of ABCG2 drug efflux. As the low GFP
fluorescence (protein expression) population showed no function, the high GFP
fluorescence population, comparable to wild type GFP fluorescence, was used in
subsequent analysis. Overlay histograms of drug fluorescence (gated for high GFP
fluorescence) for DMSO, drug and drug plus Ko143 were plotted and the median
fluorescence extracted. The median drug fluorescence value for the drug only and
drug plus Ko143 samples were baseline corrected for DMSO ‘drug’ (background)
fluorescence (e.g. drug only — DMSQO). The relative efflux, the ratio of median drug
fluorescence defined as: (drug plus Ko143 — drug only)/ drug only was calculated as
a measure of efflux (Figure 2.1 E and Figure 3.15 D). As the data shows some
variation in the median GFP fluorescence (protein expression) of the mutant variant

compared to the wild type the ratio between wild type expression and mutant
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expression was calculated (i.e. WT/mutant) and the value obtained for normalised

relative efflux (i.e. relative efflux * ratio (expression)) (Figure 3.15 E).

The expression gating and normalisation ensured that data represented the
function of the mutant protein and not their expression level (implications of

excluding protein expression (GFP fluorescence) analysis discussed in Chapter 3).

The values obtained for WT expression normalised relative efflux were analysed
using Prism 7 (GraphPad), a one-way ANOVA was conducted with a Dunnett’s
multiple comparisons post test against the wild type protein to assess if drug efflux

was significantly perturbed in any mutant.
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Figure 2.1 Flow cytometric data analysis of an ABCG2 variant. A. Plot of forward scatter vs.
side scatter, representing particle size vs. granularity. Ellipse shows gating to discriminate
intact cells from cellular debris. B. GFP fluorescence histogram representing GFP-tagged
ABCG2 protein expression. Mutant protein S519A shows a phenotypic split in protein
expression denoted low (fuchsia) and high (teal, comparable to WT). C/D. Dot plots of GFP
fluorescence vs. drug fluorescence. C demonstrates reduced drug fluorescence (cellular
accumulation) for the high expressing population (teal, lower right quadrant), this
increased upon the addition of Ko143 (G2 specific inhibitor) (D, grey, upper right quadrant).
This is representative of ABCG2 specific drug efflux. The lower expressing population in C/D
shows no efflux (fuchsia, upper left quadrant) so was excluded from further analysis. E.
Overlay of drug fluorescence (gated for high expression) for drug only (teal, a) and drug
plus inhibitor (Ko143) (grey, B). Relative drug efflux is a ratio of the median drug
fluorescence defined as: (B-a)/a. Cells circled (C/E) shows a negligible proportion of high
expressing cells that appear to be functionally impaired. Data is representative of one of
three repeat experiments for an ABCG2 variant S519A.
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2.6 Molecular visualisation and drug docking

All molecular docking studies were performed using a model for ABCG2 based upon
the structure of the homologous ABCG5/G8 (Lee et al., 2016), kindly provided by
Dr. Thomas Stockner (Khunweeraphong et al., 2017). To enable the docking,
coordinates, parameters for mitoxantrone, pheophorbide A, and daunorubicin were
obtained from ChemSpider and both the protein and drug were converted to
PDBQT (Vina executable) files, via AutoDockTools (v1.5.6). A grid box centred on the
approximate geometric midpoint of the TMD of an ABCG2 monomer (residues
517/518) with dimensions 36x20x20 (A) (Figure 2.2) was assigned at this stage as
the search region for AutoDock Vina (Trott and Olson, 2009) molecular docking
software. The exhaustiveness of the search was manually set to 128 (repeats of
docking calculations, increases the chance of finding the global minimum of the
docked drug, 128 used by LaszI6 et al., 2016), all other parameters being the
default, to find the most energetically favourable poise. Binding energy outputs for
each drug were between 5.5 and 7 kcal/mol which is within the range seen by
Laszlo et al., 2016. Visual inspection of the PDBQT output files was accomplished

using PyMOL®© (Schrodinger, LLC).
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Figure 2.2 ABCG2 homology model with grid box assigned. ABCG2 grid box was assigned
using python molecular viewer, the grid box was centred on the estimated geometric
midpoint of the lateral hypothesis residue and enclosed the majority of the TMD. The
figure is representative of both front and a 90° rotation, side view.

2.7 Membrane based assays
2.7.1 Sodium butyrate analysis

Confocal analysis

Cells were seeded at 0.5-1x10° cells/ml (determined using a haemocytometer), into
a poly-L-lysine coated (section 2.4.2) black-walled clear flat-bottomed 96-well plate
(Greiner) in supplemented (10% (v/v) FCS and 100U/ml penicillin and 100ug/ml
streptomycin) DMEM, and incubated at 37°C, 5% CO; for 24 hours. Following the
24-hour incubation cells were washed once with sterile PBS and the media replaced
with phenol-red free DMEM supplemented with increasing concentrations of
sodium butyrate (transcriptional activator) (0, 1, 2, 3, 5, and 10mM). Cells were
visualised at 0 hours and 24 hours post sodium butyrate addition on an
ImageXpress (IX) Ultra confocal plate reader (Molecular Devices), equipped with a

plan-apochromat 40x objective, with an excitation wavelength of 488nm and an
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emission bandwidth filter of 520/50nm (GFP Fluorescence), image acquisition
parameters (i.e. gain) were set based on wild type expression at 0 hours post

incubation with sodium butyrate and kept consistent across all data collection.

Flow cytometry analysis

Cells were seeded at 1.25x10° cells/ml| (determined using a haemocytometer), into
a 6-well plate (Greiner) in DMEM, and incubated at 37°C, 5% CO; for 24 hours.
Following incubation cells were washed once with sterile PBS and the media
replaced with DMEM supplemented with increasing concentrations of sodium
butyrate (0, 1, 2.5, 5, and 10mM). following a further 24-hour incubation (37°C, 5%
CO) cells were washed with sterile PBS and then detached from the plastic-ware by
incubation at 37°C with 0.35ml of 1x trypsin/EDTA for 1-5 minutes. Cells were then
resuspended in phenol-red free DMEM by repeated pipetting and pelleted at 500xg
for 5 minutes to remove trypsin. Cells were finally resuspended in 0.5-1ml iced-cold
phenol red free DMEM and analysed for GFP fluorescence (fluorescence channel:
FL1) using an FC500 flow cytometer (Beckman Coulter). Cells were gated as
described in section 2.5.4 and the median GFP fluorescence extracted for each
sodium butyrate concentration. A percentage increase in protein expression
between the lowest and highest concentration of sodium butyrate was calculated

as follows:

(MGF MGF

L10mM LOmM)

MGF

LOmM

X100

MGF : Median GFP Fluorescence
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2.7.2 Tissue culture

For larger-scale isolation of membranes approx. 8.5x10° cells were seeded into
45cm? culture plates. For ABCG2 expressing cell lines the growth medium (DMEM,
10% FCS) was supplemented with 40ug/ml Zeocin™. The culture plates were
incubated at 37°C, 5% CO; for 36 hours before the addition of 10mM sodium
butyrate (transcriptional activator). The cells were harvested 24 hours later by
detachment of the cells via scraping into sterile PBS. The cell suspension was
washed by centrifugation (350xg, 5 minutes, 4°C) with sterile PBS and the cell pellet
either stored at -80°C or resuspended 5x the cell pellet weight (g) (approximately 1g
from one 45cm? plate) in membrane isolation buffer | (10mM Tris, 250mM sucrose,
0.2mM CaCl,, pH7.4) with the addition of protease inhibitor (EDTA-free protease

inhibitor cocktail set Ill, Calbiochem).

2.7.3 Membrane preparation

Cells were disrupted by nitrogen cavitation (2x 10 minutes at 1000Psi) in a Parr
Instruments 25ml capacity pressure cell. Cellular debris was pelleted by
centrifugation at 1500xg for 15 minutes at 4°C. The resultant supernatant was
subjected to ultracentrifugation at 100,000xg for 1 hour at 4°C to isolate a total
membrane fraction. The membrane pellet (glassy in nature) was resuspended at
100mg (wet weight) per millilitre in modified membrane isolation buffer IV (50mM
Tris, 250mM sucrose, pH8) and syringe homogenised by at least 20 passes through
a 25-gauge needle. The membranes were used immediately or stored in single use

aliquots at -80°C.
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2.7.4 Membrane and protein stability analysis

Chemical and thermal stability of ABCG2 was assessed using NanoTemper
Technology’s differential scanning fluorimetry instrument, Promethus NT.48.
Determination of the most stabilising buffer condition was monitored by measuring
the shift of intrinsic tryptophan fluorescence at emission wavelengths of 330nm
and 350nm upon protein thermal un-folding. Membranes overexpressing sfGFP-
ABCG2 were subjected to a melting curve of 20-95°C in 1°C/ minute intervals. The
integrated fluorescence at 350/330nm was plotted against temperature to obtain

the melting temperature (Tm) of the protein for each buffer condition.

2.7.5 Vesicular transport assay

A vesicular transport assay (VTA) was used to determine ATP dependent ABCG2
specific drug uptake into membrane vesicles. Membrane vesicles (20ug membrane
protein) were combined with either DMSO (solvent control, 0.01% v/v), or 100 uM
lucifer yellow in the presence or absence of the ABCG2 inhibitor, Ko143 (1uM). Each
test condition was supplemented with 5mM of MgS04 only, or with the addition
(5mM) of either AMP or ATP, the reaction volume was made to 10ul with TSN
buffer (50mM Tris, 250mM Sucrose, 150mM NaCl, pH8) prior to a 10 minute
incubation in a 37°C water bath. PCR tubes were used for efficient heat transfer.
Following the incubation, samples were quickly transferred to ultracentrifuge tubes
containing 190ul of ice-cold TSN buffer and the free drug and nucleotide separated
from membrane vesicles by ultracentrifugation at 60,000xg for 5 minutes at 4°C.
The resultant membrane pellet was resuspended in 200ul of TSN buffer and

transferred to a 96-well black-out plate (Greiner) prior to analysis by fluorescence
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spectroscopy. Lucifer yellow excitation wavelength was set at 430nm and emission

collected at 538nm using a SpectraMax® M2 microplate reader (Molecular Devices).

Data was analysed using Prism 7 (GraphPad), where relative drug accumulation
within vesicles was defined as the ratio between ATP (stimulated activity) and AMP
(control) for each experimental condition. The solvent only sample (DMSO)

represented background fluorescence.

2.7.6 ATPase assay

ATPase activity was measured by the release of free orthophosphate (Pi) in a

colorimetric assay, originally described by Chifflet et al., 1988.

Membranes (20ug), were combined with 2X assay buffer (100mM KCI, 5mM EGTA,
2.6mM ouabain, 4mM DTT), 5mM MgS04 and either DMSO (solvent control, 0.01%
v/v) or 100uM lucifer yellow in the presence or absence of 1uM Ko143. The final
reaction volume was made up to 10ul with TSN buffer (allowing for the additional
volume of AMP or ATP). Each test condition was supplemented with either AMP or
ATP, added at regular time intervals (typically 30 seconds), and incubated in a 37°C
water bath for 20-30 minutes. A 5% SDS solution (10ul) was used to stop the
reaction. Each reaction was then transferred to an individual well of a 96-well plate
already containing 50ul/ well of dH,0, followed by 40ul of phosphate detection
reagent (1% (w/v) ammonium molybdate, 0.014% (w/v) antimony potassium
tartrate, 2.5N sulphuric acid) and 20pl of 1% (w/v) ascorbic acid. The plate was then
incubated for 7-12 minutes at room temperature to allow the colour to develop and

absorption read at 880nm using a SpectraMax® M2 microplate reader (Molecular
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Devices). Longer incubation resulted in reduced sensitivity of the phosphate-
detection reagent. Relative Pi release was defined as the absorbance at 880nm
(Assonm) for experimental condition in the presence of ATP minus the background

absorbency in the AMP control (e.g. Assonm G2 Ly ATP - A880nm G2 LY AMP).
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Chapter 3 Generation, expression and functional
characterisation of ABCG2 ‘lateral slice’ mutants

3.1 Development of the ‘lateral slice’ hypothesis

ABCG2 (also known as BCRP) is an efflux ABC transporter that is recognised to
export a wide range of substances. ABCG2 is widely distributed in humans,
predominantly residing within tissues which have protective roles, such as the
blood brain barrier (Allen et al., 2002; Zhang et al., 2003). ABCG2 is known for its
role in drug resistance, particularly to chemotherapeutic agents (Mao and Unadkat,
2015). Despite this significant role in tissue exposure to drugs and xenobiotics,
exactly how ABCG2 binds and transports a large number of structurally unrelated

drug substrates remains unknown.

A significant body of evidence has been accumulated by pharmacological or
mutagenesis studies of ABCG2 with the aim of identifying drug binding sites (Cai et
al., 2010; Clark et al., 2006; Haider et al., 2015; Polgar et al., 2010). Arginine 482 to
glycine/threonine (TMH3) is a classic example of a mutation that does not alter
protein expression levels but has a profound effect on overall substrate specificity
and/ or transport activity. R482G/T shows a gain in the ability to efflux substrates
such as daunorubicin, rhodamine 123, and lyso-tracker green which are not
transported by the wild type protein (Honjo et al., 2001; Robey et al., 2003). The
mutant protein is also able to transport most native ABCG2 substrates, with the

exception of methotrexate (Chen et al., 2003). The R482G/T mutation and its
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behaviour suggests the residue’s importance in substrate recognition and/or

transport activity (Clark et al., 2006).

A later study investigated a series of proline residues conserved across ABCG2
homologues in eukaryotes. Proline residues often form flexible hinge regions,
particularly in a-helices, so are thought to have a fundamental role in dynamic
conformational changes. Alone amongst a series of single proline to alanine
mutations, P485A demonstrated reduced efflux for BODIPY-prazosin by up to 70%
but had no effect on the efflux of mitoxantrone or Hoechst 33342 (Haider et al.,
2015; Ni et al., 2011). Due to the spatial positioning of residue P485 (one turn of a-
helix C-terminal to Arg482) it was suggested that P485 could introduce structural

flexibility in a drug binding pocket (Ni et al., 2011).

Previous research on other ABC MDR transporters has argued that drug recognition
requires involvement from multiple helices (Deeley and Cole, 2006; Loo and Clarke,
2000). In the ABCG2 topology model as described by Wang et al. 2008, T402 in
TMH1 is in an approximate equal topological position with residue R482 (TMH3)
towards the cytoplasmic interface of the transmembrane domains; when threonine
402 was mutated to alanine it also demonstrated differential drug efflux patterns
(Ni et al., 2010a; Polgar et al., 2010). Therefore, this enabled me to hypothesise that
R482 and P485 are a pair of residues that contribute to a drug substrate binding
pocket, and that residues in topologically equivalent positions in transmembrane
helix 1, 2, 4, 5, and 6 may also be incorporated into this binding pocket. Therefore,

in this study a pair of residues from TM 1,2,4,5 and 6 were identified and for
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feasibility of down-stream analysis, a total of 10 single amino acid mutations were

designed (Figure 3.1), including the previously published T402A mutation.

Extracellular

Intracellular

Arg482/
Pro485

Figure 3.1 The lateral slice hypothesis mutations. The previously characterised residues
arginine 482 and proline 485, highlighted in yellow, are located approximately one helical
turn apart, towards the intracellular interface. The 10 residues selected for investigation
now were based on the equivalent topological arrangement to R482 and P485, from the
remaining transmembrane helices (highlighted in white). Schematic based upon the
topology model of Wang et al 2008 as this was the only available experimental topology at
the start of this study.

This chapter will proceed to investigate the effect of single amino acid mutants on
the protein’s expression, localisation and capacity to efflux drug substrate. Several
in vitro technigues were available to investigate transporter variant function,
including assay systems employing isolated membranes and intact cells.
Membrane-based assay systems include ATPase assays and vesicular transport
assays. Baculovirus-infected insect cells (S5f9, Spodoptera frugiperda) have often
been used for membrane-based assays as they express higher yields of protein
expression than mammalian cells (HEK293T) (Murphy et al., 2004). The downfall of

a heterologous expression system such as insect cells, is that protein post
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translational modification may not recapitulate the native modifications (Murphy et
al., 2004). ABCG2 has a glycosylation site in the third extracellular loop which is not
glycosylated in insect cell expression (Clark et al., 2006); however, studies have
shown that glycosylation is not required for localisation to the plasma membrane or
function of the protein (Diop and Hrycyna, 2005). Moreover, insect cells also have
reduced plasma membrane cholesterol content; cholesterol has long been
associated with potential regulatory effects of ABCG2 and therefore protein
isolated from insect cells demonstrate a requirement for cholesterol

supplementation (Pél et al., 2007; Telbisz et al., 2014, 2007).

Homologous expression of ABCG2 in a mammalian cell line (HEK293T), has
demonstrated protein to be expressed at full length, to be localised to the plasma
membrane and to function as an allocrite (transport substrate) exporter (Robey et
al. 2003; Haider et al. 2015). The drawback of this system is that stable protein
expression requires a time-consuming and costly selection process and the yields of
the protein are still reduced compared to a viral delivery method (Figure 3.2). Even
so, homologous expression is favourable and therefore a mammalian expression
system was preferable to other available expression systems and used within this

study (Figure 3.2).
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3.2 Construct information

The mammalian expression plasmid, pcDNA™-3.1/zeo(+) was used in the
generation of the ABCG2 mutant constructs (Figure 3.3). The plasmid contains; a
highly efficient cytomegalovirus (CMV) promoter to enhance the expression of the
gene of interest, multiple cloning sites, and an antibiotic resistance cassette
(ampicillin) for bacterial selection. The pcDNA™-3.1/zeo(+) plasmid also contains a
selectable marker for the cytotoxic agent, Zeocin®, which enables the isolation of

stable mammalian cell lines.

The plasmid was engineered with a super folder green fluorescent protein (sfGFP)
tag, which fuses N-terminally to the protein, to allow for easy visualisation. GFP has
been shown to dimerise at high local concentrations; ABCG2 also forms higher
ordered structures, predominantly dimeric conformations. As the GFP-ABCG2
fusion protein is expressed constitutively the GFP might be driven to form dimers,
potentially stabilising ABCG2 and masking mutations that could demonstrate a
structural effect. Therefore, the GFP used contains a mutation at alanine 206 to
lysine that prevents GFP dimerisation (Von Stetten et al., 2012). The tagging of
ABCG2 with N-terminal sfGFP has previously been shown not to affect localisation

or function (Haider et al., 2015; Wong et al., 2016).
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pcDNA3.1/zeo_sfGFP_ABCG2

Figure 3.3 Plasmid map of pcDNA™.-3.1/zeo(+)_sfGFP_ABCG2. The plasmid contains a
strong promoter for enhanced gene expression, multiple cloning sites, and a bacterial
resistance gene for genetic engineering. The plasmid also contains a GFP fusion tag (GFP-
ABCG2 linker sequence: 5’ TCCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCT 3’) for
visualisation of the protein and selectable marker, Zeocin® for stable expression of the
protein in a mammalian cell line.

3.3 Construct generation

The 10 variants were generated as single amino acid substitutions to alanine.
Alanine was used because the side chain beyond the beta carbon position is
eliminated, but it retains a high propensity to form a-helices, and thus is unlikely to
cause perturbation to overall protein folding (Lefevre et al., 1997). The mutant
constructs were generated by site-directed mutagenesis based on the in vitro
amplification of DNA by PCR method (Sambrook & Russell 2001; summarised in
Figure 3.4) using the pcDNA™-3.1/zeo(+)_sfGFP_ABCG2 vector, kindly provided by

Dr Kelvin Wong (University of Nottingham).
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| GTAGCAACACTrGcC, T6accaTcT6T Forward Primer |
GGTTTCTGTAGCAACACT FCTCs TGACCATCTGTTTTGTGT I
| CCAAAGACATCGTTGTGANGAGT ACTGGTAGACAAAACACA

| CATCGTTGTGAACGG™ ACTGGTAGACA Reverse Primer

I _ 536 538 540 542 544 546
i

Figure 3.4 Schematic representation of the generation of mutant constructs. Primers
containing base mutations anneal to the template DNA via their complementary regions
and PCR elongation incorporates the mutation. The hemi-methylated template DNA is
digested by Dpnl restriction endonuclease. The newly synthesised DNA is then transformed
into DH5a (E. coli) competent cells and the plasmid DNA with the incorporated mutation
isolated.
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Initially the newly generated constructs were digested with a restriction
endonuclease, Pvull, in order to confirm the plasmid size. Pvull cuts in a site-specific
manner (Figure 3.5 A.) resulting in DNA banding at 4486, 1749 and 1421bp for
pcDNA™-3.1/ze0(+)_sfGFP_ABCG2 constructs. The 1643A mutation itself
incorporated an extra Pvull restriction site resulting in banding at 4486, 1749, 1089
and 332bp, the digested plasmids demonstrated the correct banding pattern as can

be seen in Figure 3.5 B.
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A
Pvull T

5 ..CAGCTG...3

3...GTCGAC...5
* 1643A

[CCTCACAATTGECTAC

j0 €42 644
BT A 4 A

[CCTCACAGCTGECTAC
BT A 4 B

B

e =
Ztg: — o weoew  -oew N

3kb =
2kb — -1.8kb
1.5kb = : - 1.4kb
-1.1kb

1kb —

0.5kb =
-0.3kb

Figure 3.5 A. Pvull restriction endonuclease digest. Pvull cuts DNA between the G and the
C of the DNA sequence CAGCTG to create a blunt ended cut. pcDNA™-
3.1/zeo(+)_sfGFP_ABCG2 contains three Pvull recognition sequences two in the plasmid
backbone, and one in the ABCG2 gene sequence, indicated by the scissor icon. The
incorporation of an 1643A mutation inserts a fourth cut site as indicated with an asterisk
and shown in the right-hand panel. B. Agarose gel electrophoresis analysis of mutant
constructs digested with Pvull restriction endonuclease. All constructs demonstrate the
expected banding patterning, wild type through to F640A banding at 4486, 1749, and
1421bp, 1643A additional Pvull site with banding at 4486, 1749, 1089, and 332bp.
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To confirm the incorporation of the specific mutation and no further mutagenesis,

the plasmids were sent for Sanger sequencing across the entire length of the

sfGFP_ABCG2 gene (depicted in Figure 3.6). DNA sequence alignments for a single

mutant are shown in Appendix 1 to demonstrate the data fully.

TGTATGATTGTTATTTICCTCACAATTGCCTACC
636 638 /640 \\ 642 644 6

CMIVIFLTTIAY

TGTATGATTGTTATTGCCCTCACAATTGCCTAC-

CMIVIALTTIAY

Figure 3.6 DNA mutagenesis confirmed by Sanger sequencing. Schematic representation

of the sequencing primers spanning the entirety of ABCG2 and proportion of sfGFP. An

example, SeqF482 sequencing data obtained for the F640A mutation, TT to GC base change

is highlighted.
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3.4 Protein expression

HEK293T cells, a mammalian cell line derived from human embryonic kidney cells
were used in this study for all localisation and functional investigations. The ‘T’ of
HEK293T cells is indicative of the insertion of a temperature sensitive simian
vacuolating virus 40 (SV40) large T-antigen gene, which at 37°C results in larger
amounts of replication competent T-antigen. The presence of an SV40 origin of
replication in the mammalian expression plasmid (pcDNA™-3.1/zeo(+)) highjacks
the HEK293T SV40 T-antigen, which acts as a transcriptional activator, resulting in
constitutive expression of recombinant protein (sfGFP_ABCG2) (DuBridge et al.,

1987).

To determine the expression characteristics of the 10 ABCG2 variants, HEK293T
cells were transiently transfected with the sfGFP tagged constructs alongside the
wild type construct and any additional controls (E211Q, Walker B mutant). Forty-
eight hours post transfection the cell pellets were harvested, lysed in an ice-cold
buffer, then analysed for total protein and ABCG2 specific expression (section 2.2.3
and 2.3.1-2.3.2). Protein (15-20ug of whole cell lysate) was analysed on discrete 8-
10% (w/v) polyacrylamide gels. Total protein expression was visualised by staining
with InstantBlue™ and served as a measure of equal protein loading as seen in
Figure 3.7 below. ABCG2 protein expression was detected by immunoblotting with
a monoclonal antibody, BXP21, which recognises an epitope within the nucleotide
binding domain of ABCG2 (Allen et al., 1999). Immunoblotting detected an
immunoreactive band at approximately 100kDa, consistent with sfGFP (27kDa)

tagged ABCG2 (72kDa), for all mutants. The majority of the mutants also
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demonstrated a secondary immunoreactive band at a slightly reduced molecular
weight, approximately 88kDa (Figure 3.7). This secondary banding could be
indicative of proteolysis or reduced maturation (incomplete glycosylation). To
investigate the nature of this lower molecular weight band, samples were
enzymatically treated with N-glycosidase F (PNGase F) which cleaves between the
asparagine and the inner most GIcNAc. The treatment confirmed the secondary
immunoreactive band as non-glycosylated protein (Figure 3.8) which could be

indicative of immature protein in the trafficking pathway.
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Figure 3.7 Immunoblot analysis of ABCG2 mutant variants. 20ug of cell lysate were
prepared 48 hours post transfection and immunoblotted against BXP-21 antibodies. A. All
mutants demonstrate an immunoreactive band consistent with ABCG2"T (positive control,
+ve) at approximately 100kDa. B. InstantBlue™ stained SDS-PAGE gel of cell lysates confirm
equal total protein loading.
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Figure 3.8 Immunoblot analysis of ABCG2 mutant expression and glycosylation. 15ug of
cell lysate were digested with PNGase F and immunoblotted against BXP-21 antibodies. A.
ABCG2"T demonstrates a single immunoreactive band at approx. 100kDa without PNGase F
digestion which is reduced to around 88kDa upon treatment. A/B. Secondary banding in
majority of the ABCG2 mutants at 88kDa are consistent with non-glycosylated protein.

On reflection, all mutant constructs are able to express full length ABCG2. However,
they do so at varying levels of expression, possibly due to varying efficiencies of
transfection. Therefore, subsequent analysis of mutant constructs was performed
in stably selected cell lines, established as described in section 2.2.4, to minimise

this effect.

3.5 Localisation

Wild type ABCG2 localises to the plasma membrane in order to efflux drug
substrate from the cell. Therefore, confocal microscopy was used to determine
whether the replacement of amino acids with alanine had resulted in perturbation
of protein localisation. Such an observation would suggest an effect on protein
folding, as the latter is intrinsically linked to the release of membrane proteins from

the endoplasmic reticulum (ER) (Ellgaard et al., 2016).
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Confocal analysis revealed that all ABCG2 mutant variants were trafficked to the

plasma membrane (PM).

Mutant variants T402A, L405A, and L540A demonstrated expression at the PM
consistent with the wild type protein, whereas S440A and S519A demonstrated a

slight increase in PM expression.

S443A, S519A and L543A demonstrated mixed expression: high PM (compared to
WT expression) mixed with low cytosolic fluorescence, this may be representative

of free GFP or protein within the trafficking pathway.

M523A also demonstrates mixed plasma membrane expression, with expression
comparable to high expression in approximately 20% of cells, the remaining 80% of
the cells demonstrate a decrease expression level (compared to WT), this could be
suggestive of increased protein turn-over, or transfection efficiency before stable
cell selection (i.e. copy number of plasmid DNA within each individual cell, a mixed

expression stable cell line).

F640A demonstrated low PM expression, only in approx. 40% of cells, the remaining
cells have no apparent expression but were able to confer resistance to the
cytotoxic selection agent. This is perplexing and would suggest either untagged
protein expression (i.e. GFP not transcribed with the protein) or a gain in the ability
of the F640A mutation to efflux zeocin (equilibrium between expression and

cytotoxicity reached over increasing cell passages).

1643A shows a slightly lower level of PM expression compared to wild type.
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E211Q shows PM localisation but looks slightly punctated in the dataset shown in

figure 3.9, this could be representative of increase protein internalisation

suggestive of a stability effect of the mutation (Ellgaard et al., 2016; Kelm et al.,

2004).

Retrospective analysis would include:

Incorporation of a house keeping enzyme (such as GAPDH) to confirm equal
protein loading (/transfer to nitrocellulose membrane).

Western blot analysis of GFP species in the stable cell line, to determine if
cytosolic GFP fluorescence (in confocal analysis) is attributed to free GFP,
GFP-G2 in the trafficking pathway, or GFP-G2 breakdown products.
Densitometry analysis of anti-GFP and anti-G2 blots normalised for a
housekeeping enzyme could give a percentage of G2 that is GFP tagged, this
could confirm the phenotype visualised for F640A in confocal analysis.

If western blot analysis of GFP species is suggestive of protein breakdown,
pulse-chase or cycloheximide-chase (inhibits protein synthesis by blocking
translational elongation) assays could be used to assess protein turnover
rate, evaluating effect of mutation on protein stability (Kao et al., 2015,

2014; Tatematsu et al., 2008).
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visualised for protein localisation by confocal microscopy. All mutants demonstrate the
ability to traffic protein to the plasma membrane. Visualisation of cells was conducted on
an LSM710 confocal laser scanning microscope (Zeiss, Jena, Germany) quipped with a Plan-
Apochromat 63x/1.40 Oil Ph3 DIC M27 objective and argon laser. For detection of sfGFP-
ABCG2, a 2% argon laser power was used with excitation set at 488nm and emission
collected between 500-530nm (FITC channel). Data are representative of one of three
independent repeats. Presented dataset was acquired with identical acquisition settings to
allow comparison of expression levels. Scale bar is representative of 20um.
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Western blot analysis of ABCG2 mutant variants transiently expressed in HEK293T
cells was able to show overall protein expression. Confocal microscopy of ABCG2
mutant variants stably expressed in HEK293T cells showed protein localisation,
confocal microscopy also showed a variation in the protein expression phenotype
from cell to cell. Therefore, it is important to consider a technique for functional
characterisation of the ABCG2 mutant variants, that can account for varying protein

expression phenotypes.

3.6 Functional characterisation

For analysis of the mutant ABCG2 function, a robust, reproducible, and sensitive
method for analysing function was required. Drug accumulation assays in intact
cells usually monitor the accumulation of an isotope-labelled or fluorescent drug.
To monitor protein-specific drug transport, a specific inhibitor is added and the
difference in drug accumulation is attributed to the efflux capacity of the protein
(Robert W Robey et al., 2001a). For ABCG2 there is only one available radiolabelled
drug substrate ([3H]-daunomycin), whereas there are several fluorescent substrates
(Strouse et al., 2013), and so a fluorescence based transport assay was adopted.
Previous investigations have used 96-well plate-based accumulation assays;
however, there are drawbacks for this technique as the protein expression level
cannot be simultaneously monitored on a per cell basis (Hoechst 33342 live-cell
nuclear stain used in the analysis on a cell by cell basis is a substrate of ABCG2 and
therefore not suitable) and cell confluency must be equal to or greater than 95% to

achieve reproducible results (Haider et al. 2015). Flow cytometry was therefore
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selected for analysis of ABCG2 function (Heged(s et al., 2009; Robert W Robey et

al., 2001a).

Flow cytometry is a highly sensitive laser-based technique in which a liquid stream
containing particles passes through a focused beam of light. The signals generated
are converted by an electrical network to values that are proportional to the light
intensity (Figure 3.10) (Longobardi Givan, 2001). In this way, flow cytometry is able
to analyse protein expression (GFP fluorescence) and drug (substrate) accumulation

(fluorescence) simultaneously on a cell by cell basis.
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Figure 3.10 Schematic representation of flow cytometry. Cell suspension enters the flow
cell where the cells are aligned into a single stream, the cells pass through a focused laser-
beam, the results signal provides information on their cell size/shape based on their
forward and side scatter and the fluorescent intensities of each cell defined by the
fluorescent probe used in any given experiment.

3.7 Flow cytometric analysis of ABCG2 mutant expression

Flow cytometric data analysis is built upon the principle of gating. Gates or regions
are assigned to cells with common characteristics, to investigate and quantify
populations of interest (Figure 3.11). Forward scatter versus side scatter gating of

density plots can be used to distinguish the cellular population from debris that
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usually lie in the bottom left of the dot plot. A subsequent dot plot of GFP
fluorescence (x axis) versus FS (y axis) (FC500) or FS area (x) versus height (y)
(Astrios) enables gating to distinguish monodispersed cells from cellular aggregates,
this gating reduces the chance of false positives by removing high fluorescence
outliers (associated with cellular aggregates). The final type of gating is associated
to single channel histograms (the fluorescent channel), gating can be applied to
distinguish protein (GFP) expressing cells versus non-expressing cells, or due to the
nature of mixed cell lines, variation in the protein expression level away from the
wild type profile. This gating can then be applied to drug fluorescence to determine

function (Lugli et al., 2010; Radcliff and Jaroszeski, 1998) (Described in 2.5, Figure

2.1).
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Figure 3.11 Flow cytometric gating parameters. Left to right: Forward scatter (FSC) versus
side scatter (SSC) plot demonstrating gating of cells (inside elipse) from cellular debris.
Forward scatter height versus area plot (Astrios) gating singlets (monodispersed cells,
inside oblong) from cellular aggregates. Single channel histogram for the fluorescence of
wild type protein (sfGFP, green) including the low-level autofluorescence (grey) induced by
untransfected HEK293T cells.

Western blotting and confocal microscopy had previously suggested variation in the
expression level and phenotype of the ABCG2 mutants (Figure 3.7 (transient
expression) and Figure 3.9 (stable expression)). Flow cytometric analysis was used

to quantitatively assess the overall protein expression level across ABCG2 mutant
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cell lines (Figure 3.12). The median GFP fluorescence was extracted for cells gated
for cell size/shape and dispersity across ABCG2 wild type and all mutant variants.
Relative expression was calculated for all mutants compared to the wild type
protein, defined as: the ratio between median GFP fluorescence (MGF.) for the
mutant over the MGF, for wild type protein. A ratio of greater than one suggests an
increase in overall protein expression, whereas a ratio of less than one suggests a
reduction in the overall level of protein expression, with wild type set to 1. T402A,
S440A, and L540A show a significant increase in protein expression compared to
ABCG2"T (P<0.05), whereas E211Q, S443A, S519A, 1543A, and F640A show a

significant decrease in protein expression (P<0.05, compared to WT).
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Figure 3.12 Relative expression of ABCG2 mutant variants stably expressed in HEK293T
cell. The median GFP fluorescence (GFP-ABCG2 expression) for each ABCG2 mutant variant
was obtain by flow cytometry (FC500, fluorescence channel: FL1). The relative expression
defined as the ratio between the median GFP fluorescence (MGF) of the mutant and the
MGF, of wild type was determined. A ratio of >1 suggests an increase in the overall
expression of protein, a ratio of <1 suggests a decrease in protein expression. Data were
subjected to a one-way ANOVA with a Dunnett’s post test against WT expression, asterisk
denotes a P-value *<0.05. Data are representative of N>3 independent repeats.
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Extracting the median for protein expression across the entirety of a cellular
population provides basic quantitative expression analysis. However, it does not
take into account the ‘mixed’ aspect of the cellular population. A closer look at th
protein expression histograms for all ABCG2 mutants demonstrate a phenotypic
split common of a mixed cell population, Figure 3.13 below demonstrates this for

the wild type population, shown by a left skewing of the data representing low

expression.
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Figure 3.13 Protein expression phenotype across total population. Single fluorescence
channel histogram for wild type protein expression (sfGFP) demonstrates a shouldering
region which could be applicable to cells expressing low levels of protein due to the
inherent nature of a mixed cell line. The grey peak is representative of untransfected
HEK293T cells and therefore provides a level of background fluorescence.
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This variation in expression of protein can have consequences in the interpretation
of functional data, shown in Figure 3.14 and Figure 3.15. To put this into context,
there are three main theoretical phenotypes applied to drug efflux of a wild type
substrate: Firstly, an impaired phenotype where a mutant’s ability to efflux a drug
substrate is reduced. Secondly, a wild type phenotype where an ABCG2 variant is
comparable in drug efflux to the wild type protein. Thirdly, an enhanced transport
phenotype, resulting from the ability of an ABCG2 variant to increase the rate in
which it is able to efflux a native drug substrate. A separate phenotype i.e. a gain in
the ability to export a non-native drug substrate would be the equivalent of the

R482G/T ABCG2 isoform (Honjo et al., 2001).

When protein expression varies the functional phenotype can be misinterpreted;
for example, a mutant expressing low levels of ABCG2 with enhanced drug efflux
would appear to have wild type drug efflux capability when compared to wild type
efflux, if differences in protein expression level were not accounted for. This is
described as a false negative data interpretation, as can be seen in Figure 3.14.
Equally, a cell highly expressing protein could have reduced efflux capacity but due
to the increased level of protein results in a masking of this phenotype as total

efflux is the same compared to WT, resulting in a false positive (Figure 3.14).
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Figure 3.14 Implication of expression upon functional data interpretation. Schematic
representation of low, normal, and high-level protein expression and the ratio of efflux for
an impaired, normal (wild type), and enhanced drug efflux. An example of false negative
and false positive interpretation has been highlighted.

In order to demonstrate how relative expression levels were accounted for in
functional data processing, it is pertinent to look at the WT protein and a mutant
example, in this instance F640A (Figure 3.15). The WT ABCG2 cell line demonstrated
a consistent expression level (teal, Figure 3.15 A.), whereas only about half of the
F640A cells demonstrate a WT-level of expression (Figure 3.15 A, purple high). The
remaining cells showed a much lower protein expression level (Figure 3.15 A,
purple low). [GFP fluorescence histograms for all remaining ABCG2 mutants can be

seen in Appendix 2].

Figure 3.15 demonstrates typical data obtained from flow. GFP fluorescence versus
drug fluorescence dot plots coloured for expression gating (expression gating
represented by dashed line in Figure 3.15 A, low expression coloured grey, high
expression coloured teal for WT and purple for F640A) demonstrates that the high
GFP/protein expressing population correlates to functional protein, indicated by the
decrease in drug fluorescence (y-axis) for the drug only sample compared to the

drug plus Ko143 sample. In order to calculate drug efflux, the median drug

101



fluorescence value is extracted for drug +Ko143 (defined as (B-a)/a, where a is the
median drug fluorescence (MDF.) for the drug only sample and B is the MDF, for
drug plus inhibitor (Ko143)). Relative drug efflux values across the whole (GFP
fluorescence) population (ignoring the expression phenotype) erroneously suggests
an impaired drug efflux for F640A (0.7 vs. WT 4.5) (Figure 3.15, D). When the
relative efflux is corrected for the ‘high’ expression gate (Figure 3.15, A), F640A is
demonstrated to have a higher inhibited drug transport (10.2 vs. WT 4.5) (Figure
3.15, D). The mutant protein expression level (median GFP fluorescence) within the
gated parameters still varies compared to the WT (Figure 3.15, E), therefore a
normalisation of drug efflux was performed for the GFP fluorescence in the gated
high expressing cells, this resulted in F640A having an expression normalised efflux

of 8.4, i.e. an enhanced efflux.
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Figure 3.15 Expression normalised drug efflux of WT and F640A variants. A. GFP-tagged
ABCG2 protein expression for WT (teal) and mutant variant F640A (purple). Dotted line
represents expression level gating. F640A’s expression split is roughly 1:1 across the low
and high populations. B/C. Dot plots of GFP (expression) fluorescence versus drug
accumulation. B. WT, Left plot: drug only sample shows the majority of cells in the lower
right quadrant (teal) representative of high protein expression and reduced drug
accumulation. Right plot: drug plus inhibitor sample shows the majority of cells in the
upper right quadrant (teal) representative of high protein expression and high drug
accumulation. The shift in drug fluorescence across the two samples is representative of
ABCG2 specific drug efflux. C. F640A high expressing population (purple) shows the same
efflux pattern as WT upon addition of inhibitor, whereas there is no effect on the low
expressing population (grey). D. Relative efflux values across the whole population
(ignoring the expression phenotype) erroneously suggests an impaired drug efflux
phenotype for F640A (0.7 vs. WT 4.2). When the relative efflux is corrected for the
expression gate in panel A, F640A is demonstrated to have a higher inhibited drug
transport (10.2 vs. WT 4.5). E. Normalisation of drug efflux for the GFP fluorescence in the
gated high expressing cells results in F640A having an expression normalised efflux of 8.4,
i.e. an enhanced efflux. Data are representative of one experiment of three independent
repeats.
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3.8 Flow cytometric functional analysis of ABCG2 mutants

Flow cytometric based drug accumulation assays were performed with three drug
substrates, mitoxantrone (MX), Pheophorbide A (PhA), both well described drug
substrates of ABCG2, and the final drug, daunorubicin (DNR). Daunorubicin is a non-
native drug substrate for wild type ABCG2 but is exported by the R482G/T variants,

therefore was used to access any gain in efflux specificity (Robey et al., 2005, 2003).

All three drug substrates were used at a concentration of 10uM within the drug
accumulation assay. This concentration was used as previous studies for
cytotoxicity assays with increasing drug concentration demonstrated an IC50 (i.e.
concentration at which 50% of cells die) for each drug substrate within the nM
range (MX 107+64nM (Robey et al., 2003), PhA 90+10nM (Robey et al., 2005), DNR
40+1nM (Robey et al., 2003)), therefore a concentration of 10uM should be in
excess (by several orders of magnitude), ensuring protein- (ABCG2) drug substrate

saturation (implying Vmax is reached).

A pilot assay for function used at a fixed concentration of MX (10uM) with varying
concentration of the ABCG2 specific inhibitor, Ko143 (Figure 3.16). A normalised

value for % inhibition of MX efflux was determined for each concentration of Ko143

as follows:
1. Relative inhibition (RI): (MDFLmx plus ko143 - MDF_ mx on|y)/|\/|DFL MX only
2. normalised % inhibition: (Rlmaxiko143] / Rlx{ko143]) * 100

where, MDF_ is the median drug fluorescence and Rlxko1431is the relative inhibition of efflux
at any given concentration.
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The log10lC50 of Ko143 obtained from curve fitting of the data (Figure 3.16) was
-7.342 (95% confidence interval (Cl) from -7.453 to -7.217). This indicates that
45nM of Ko143 is sufficient to cause 50% inhibition of sfGFP-ABCG2wr protein (as
demonstrated by 50% inhibition of MX efflux). Ko143 was used at a concentration
of 1uM in subsequent assays, at this concentration Ko143 is in excess by several
orders of magnitude and was determined as the maximal ABCG2 specific

concentration in studies by Ambudkar et al. (2015).
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Figure 3.16 Inhibition of mitoxantrone (MX) efflux in the presence of various
concentrations of Ko143. HEK293T cells stably expressing ABCG2wr protein were incubated
with 10uM MX only or in the presence of various concentration of the ABCG2 specific
inhibitor, Ko143. The median mitoxantrone fluorescence was measured using an FC500
flow cytometer. Data is representative of the relative inhibition ((MDF_ mx plus ko143 - MDF( mx
only) / MDFLmxonly) percentage normalised for the maximum Ko143 concentration ((Rlmaxiko143]
/ Rlxxo143) * 100) (MDF_is the median drug fluorescence and Rlxko143) is the relative
inhibition of efflux at any given concentration), with fitted curve (using Sigmoidal, 4PL, X is
log(concentration) equation in GraphPad Prism 7.04).
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Functional data analysis for the entire series of mutants with all three drugs was
then performed as described above (sections 2.5 and 3.7 (Figure 3.15)).
Representative overlay histograms of vehicle (DMSO), drug, and drug plus inhibitor
associated fluorescence are shown in Figure 3.17 for three mutants, and the data
for the remaining mutants is in Appendix 3. For each mutant there are drug specific
fluorescence histograms in the absence or presence of the ABCG2 specific inhibitor
Ko143. A leftward shift of the fluorescence in the absence of inhibitor provides a
measure of mutant-specific drug efflux. For the wild type protein this leftward shift
was observed with both MX and PhA but not with DNR, confirming that the WT
protein can transport 2 of the 3 test substrates. For LA05A, the leftward shift is
reduced for MX and almost indistinguishable from the inhibited sample for PhA,
indicating greater accumulation (less efflux) of the drug substrate and thereby
demonstrating a perturbed efflux of drug substrate. The mutant F640A
demonstrates the complete opposite to L405A showing a greater leftward shift in
fluorescence for the drug substrate only sample, this indicates an enhanced efflux
for drug substrate. F640A also shows the ability to export a non-native drug
substrate, showing a leftward shift for DNR. A potential limitation of this drug
accumulation assay is that the mechanism of Ko143 (i.e. competitive vs. non-
competitive action) is unknown. If the binding mechanism is competitive then
mutating residues in a putative drug binding site may also affect the binding of
inhibitor. If the binding of Ko143 had been altered a leftward shift in the
fluorescence for drug plus Ko143 would be anticipated, this phenotype was not

observed for any data set (example of this can be seen in Figure 3.17). Although
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there is a possibility that any effect on Ko143 binding could be masked due as it is
present in molar excess in the accumulation assay. Follow up studies would aim to
investigate the direct substrate and inhibitor (fluorescently labelled) binding via
techniques such as microscale thermophoresis or fluorescence correlation

microscopy (discussed further in Chapter 6).

108



200+

1504

100+

501

150+

501

1504

100+

504

10° 108

10*

103

103 10* 10° 10° 107 10%® 10°

MX PhA DNR
HEK
600+
200+
4004 150
100+
200+
50+
0- (O s e e e 0-
10° 10* 10° 108 10 10* 10° 10° 107 10%® 10° 10 10* 105 10° 107 10%® 10°
WT
5004 200
400 1504
4 3004
100+
2004
50
100+
- 0- 0-
103 104 10° 108 103 10* 10° 10° 107 10%® 10° 10 10* 10° 10° 107 10%® 10°
L405A
500
3 8 250-
400
200+
300+
150
2004 100
100 50
T k (O e e e e e 0-
10% 104 10° 108 10 10* 10° 10° 107 10%® 10° 10 10* 10° 10° 107 10% 10°
F640A
40
° =P}
30
100
20
50
10
0- 0-

10 10* 105 10° 107 10%® 10°

_|omso
Drug
oo + ko143

Figure 3.17 ABCG2 mutants stably expressed in HEK293T cells demonstrate perturbed
drug efflux. Data is representative of Kaluza© single fluorescence channel overlay
histograms for a typical dataset of N>3 independent experiments for mitoxantrone (MX),
pheophorbide A (PhA), and daunorubicin (DNR) (gated for high expression). A leftward shift
in drug fluorescence in the absence of Ko143 is representative of drug efflux (see key, top
left). Statistical significance (arrows, P<0.05) were determined using a one-way ANOVA
analysis of expression normalised relative efflux values (Table 3.1) followed by a Dunnett’s
multiple comparisons test against wild type drug efflux.

109



The flow cytometric based drug accumulation assay and the data processing

described thus far was used to assess the functional effect across all mutations.

A decrease in the ability to efflux drug substrate was seen for several of the
mutants, namely T402A, L405A, S440A, L540A, and 1543A for mitoxantrone (Figure
3.18 A., Table 3.1). Four of these residues, T402A, LA405A, S440A and I1543A, also
showed a reduced efflux of Ko-143 inhibitable efflux of pheophorbide A (Figure 3.18
B., Table 3.1), indicating a potential common interaction/recognition among these
residues (Laszlé et al., 2016). Conversely, L540A demonstrates a decrease for
mitoxantrone but not for pheophorbide, suggesting a potential drug specific
interaction. As the L540A mutant demonstrates a non-significant but slight
reduction in pheophorbide A efflux and given its spatial proximity to I1543A, it is
tempting to speculate that the residues (T402A, L405A, S440A, L540A, and I543A)
could form part of a drug binding cavity with distinct drug binding regions (Clark et
al., 2006). Interestingly, F640A located in transmembrane helix 6 (TMH6)
demonstrates a significant (P<0.001) increase in the efflux of mitoxantrone, it also
demonstrates a marginal (not significant) increase in pheophorbide A efflux (Figure
3.18 B., Table 3.1. F640A alongside M523A (TMH4) gained the ability to efflux a
non-native drug substrate daunorubicin (Figure 3.18 C., Table 3.1), exclusively
documented as a drug substrate for the R482G/T ABCG2 isoform (Honjo et al.,
2001). The data suggests that the replacement of the bulky aromatic group of
phenylalanine for the small aliphatic residue (alanine) could result in multiple
outcomes: altered drug binding by direct binding or access to the active site, an

improved ability to alter conformations of the transmembrane domain during the

110



transport cycle, or an improved TMD communication with the nucleotide binding
domain as the bulky aromatic phenylalanine is replaced by the small aliphatic

residue.
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Figure 3.18 Function of ABCG2 wild type and mutant variants stably expressed in
HEK293T cells. Data is representative of the mean £ SEM for normalised relative drug efflux
for MX (A), PhA (B), and DNR (C) from at least three independent experiments. Statistical
significance (red hatching, P<0.05) was determined using a one-way ANOVA analysis
followed by a Dunnett’s multiple comparisons test against wild type drug efflux.

112



XN[$43 3nap adA} pjim jsuiele

1591 suosiedwod 3|dinjnw s,132uunqg e Aq pamoj|o} sisAjeue YAONY Aem-auo e 8uisn pauiwJa1ap SeM (T00'05d xxx
TO'05d s GO'05d ) 22UBIJIUSIS |BD11S118)S "SIUdWIIRAXS Judpuadapul 934y} 3sed| 1e wouy (YNQ) udigniounep pue
‘(Yud) v apigsoydoayd ‘(XIA) duoJiuexolw J0J XN|4d Snup SAIIR|DJ PISI|EWIOU JOJ |AIJS F Uesaw Y1 JO dAIleIUSaIdal
si eleq *s|199 LE6ZHIH Ul passaidxa Ajgels syuerien yueinw pue adAl pjim g9Jgv Jo uondung T°€ a|qel

¢1'0 LY'0 vZo LT 190 90'v
00 x99 0s0 I Yard 180 *x%x9C°6
700 600 900 %170 LT°0 xxE0'C
700 600 91’0 L6°0 SC0 x[S°C
700 xxxLCT ¢zo S9'1T 620 081y
900 T€0 170 ST'T S9°0 LY
SO0 ¢so v1°0 L8°0 8¥°0 80°¢
T0°0 900 €00 xx617°0 SE0 xx6C'C
T0°0 €00 000 x%xx90°0 120 xxx9T'T
¢00 700 00 xx87°0 620 xxC0'C
¢0'0 T0°0- €00 x%xC0°0" oT'0 x%x67°0
€00 vZo LT°0 vS'T vZo SEY

x%xC0°0" x%xx90°0

AEN Uesiy AEN Uesiy W3S Uesiy

upigniouneq Vv @piqioydoayd 3UOJJUEXOUIA|

113



3.9 Summary

This chapter set out to investigate 10 residues within ABCG2 as part of a ‘lateral

slice’ hypothesis of drug binding.

Single point mutations were generated for the ‘lateral slice’ residues via site-
directed mutagenesis in an sfGFP-ABCG2 fusion construct, suitable for a
mammalian-based expression system and downstream fluorescence
analysis.

All ABCG2 mutants were confirmed to express full length protein by western
blot analysis with BXP-21 antibodies, although a variation in protein
expression levels was observed. A secondary band visible at a reduced
molecular weight on the western blot was attributed to a reduced
glycosylation level, indicative of protein in the trafficking pathway.
Fluorescence based confocal analysis of the mutants demonstrate
predominant localisation to the plasma membrane, confirming that the
mutations resulted in no major structural effect.

A fluorescence-based flow cytometric drug accumulation assay was used to
detect the functional phenotype of the ABCG2 mutant isoforms. Relative
drug efflux gave a measure of drug fluorescence (mitoxantrone,
pheophorbide A, or daunorubicin) in the presence of an ABCG2 specific
inhibitor Ko143, in comparison to the absence of inhibitor. Due to the

variation in ABCG2 mutant protein expression level, GFP fluorescence data
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(sfGFP-ABCG2 expression) was collected simultaneously and mutant protein
efflux data normalised for expression (mutant compared to wild type).

One mutant, L540A demonstrated reduced efflux for mitoxantrone
compared to the wild type protein.

Mutants T402A, L405A, S440A, and 1543A demonstrated reduced allocrite
efflux for both mitoxantrone and pheophorbide A. The results obtained for
T402A was consistent with data published previously (Polgar et al., 2010).
The mutant F640A was the only mutation to show an enhanced efflux
capability, with a significant increase in the efflux of mitoxantrone.

F640A, along with M523A was also able to show a gain in efflux for
daunorubicin, a non-native drug substrate reported to be transported by the
R482G and T ABCG2 variants (Honjo et al., 2001).

The combined data suggests a significant role for the ‘lateral slice’ residues
in allocrite recognition and/or transport, but exactly how remains unknown
without a high-resolution structure for interpretation.

At this point in the current investigations a crystal structure of the
ABCG5/GS8 sterol transporter was published, shortly after an ABCG2
homology model based on the ABCG5/G8 structure was published. These
structures provided novel insights into the domain organisation and
transmembrane helical arrangement of G sub-family proteins.

Moving forwards, | will use the homology model as a framework for which

current data can be interpreted to develop a picture of drug transport.
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Chapter 4 Using the structural revolution to
enhance the understanding of ABCG2 drug
binding

4.1 The structural revolution

In the introduction | described how little was known about the structure of ABCG2
at the start of this project. At the time, only low resolution negative stain cryo-
electron microscopy provided 3D structural data of ABCG2, allowing for
visualisation of an overall shape and oligomeric state (McDevitt et al., 2006;
Rosenberg et al., 2010) and six transmembrane (TM) spanning helices were
identified by topological prediction algorithms, confirmed by hemagglutinin (HA)
epitope insertion experiments (Wang et al., 2008). It was the topological data
presented by Wang et al. that was used in the selection of residues for investigation
in the ‘lateral slice’ hypothesis. This postulated that residues located in
topologically equivalent positions to R482 and P485 in the cytoplasmic halves of
other transmembrane helices would be involved in substrate recognition and/or

binding.

Chapter 3 described data showing that several mutations in the lateral slice had an
impact on the efflux of allocrite. Fortunately, as the data collection was coming to
an end for these residues, new structural data for the ABCG family was published
(Laszlo et al., 2016; Lee et al., 2016). The X-ray structure of ABCG5/G8 described a
compact overall structure with no crossing-over of helices from the TMDs to the
NBDs (Lee et al., 2016). This Type Il exporter fold was in contrast to the Type |

exporter exemplified by Sav1866 (Jackson et al., 2018; Taylor et al., 2017).
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Homology models of ABCG2 based upon this structure predicted the presence of

multiple drug binding sites (Laszlé et al., 2016).

This new fold enabled a structural interpretation of the existing lateral slice
mutations and also enabled a series of new mutations to be designed, to test
predicted binding sites in the homology model. The use of mutagenesis to validate
ABC transporter folds has been shown previously, when mutations were made in
ABCB1/Pgp to test the type | exporter domain swapping (TMH cross-over) shown by

the bacterial homolog, Sav1866 (Zolnerciks et al., 2007).

This chapter describes the construction and analysis of a series of mutations in a
predicted drug binding site. Integration of data from both series of mutants (and
from a fellow PhD student investigating a different region of the TMD) will enable a

later chapter to describe a working model for multidrug binding by ABCG2.

4.2 Structural mapping

The lateral slice mutants M523A and F640A demonstrated, to differing extents, a
perturbation of drug efflux; both mutations demonstrated a gain in the ability to
efflux a non-native drug substrate daunorubicin, by approximately 5 and 7-fold
respectively compared to wild type. When these two particularly interesting
mutations were mapped on to the recently published homology model of ABCG2
(Laszl6 et al., 2016) they were shown to be in close spatial proximity (around 3.5A)
(Figure 4.1). Furthermore, they appear to be located to a pocket at the lipid
interface of the transmembrane domains, this pocket being lined by residues from

transmembrane helices (TMHSs) 4, 5, and 6. This region in the ABCG5/G8 crystal
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structure showed electron density consistent with cholesterol and was proposed as
a potential sterol binding site (Lee et al., 2016). The hypothesis of this chapter is
that this pocket of residues in ABCG2 may form interactions with drug substrates,
acting as a drug recognition site for hydrophobic molecules accessing the protein
via the lipid interface. To test this hypothesis, 6 new single mutations to alanine
(torsionally neutral amino acid) were proposed from residues that appeared to line

the pocket, namely M541, F545, M548, F571, L633, and M636 (Figure 4.1/ Table

4.1).
$519 M523 L540 41 QEEY Fs4 A8 5 T8 Fe40
$519 40 | 45
M523 4.5 4.0 4.9 3.5
L540 4.3
/ 4.5
1543 4.3
A8 4.0 3.7 4.4
4.9 3.7 4.2
4.0 4.6
*l 4.5 4.6 4.2
F640 3.5 44 | 42 4.2

Table 4.1 Table of distances (below 5A) between the residues in the lipid exposed pocket.
Highlighted yellow are residues from the ‘lateral slice’ hypothesis.
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TMH5a TMH5b/c

TMH5b/c

'
PHE-571

MET:-636

TMH5a TMH4

Figure 4.1 Structural mapping of lateral slice residues and proposal of a drug binding
pocket. A. whole ABCG2 model structure (Laszl6 et al., 2016) with functionally significant
lateral slice residues highlighted in yellow. B. A zoomed in region demonstrating the
positioning of several lateral slice residues to a lipid exposed pocket. C. enlarged image of
residues M523 and F640 (gain in function when mutated to alanine) highlighted in ‘pocket’
demonstrating a spatial proximity of 3.5A D. residues highlighted (green) that appear to
line the pocket and are hypothesised to form part of a drug binding region. Figure was
produced using PyMOL®© (Schrodinger, LLC), with the coordinates of ABCG2 obtained from
http://abcg.hegelab.org.
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4.2 Construct generation

The mutants were generated by site-directed mutagenesis based on the in vitro
amplification of DNA by PCR (as described in Figure 3.4 and methodological details

in section 2.1) in the pcDNA™-3.1/zeo(+)_sfGFP_ABCG2 vector.

The newly generated constructs were digested with Pvull, to confirm the correct
plasmid size (Figure 4.2 A.). To confirm the incorporation of the specific mutation
and that no further mutagenesis had occurred, the plasmid was sent for Sanger
sequencing across the entirety of ABCG2 (example in Figure 4.2 B., example of full
sequence in Appendix 1). The sequencing also confirmed the incorporation of the
sfGFP tag N-terminal to the ABCG2 gene sequence.

SR s
S ¥ O
P SO
D M < O N

B SGAAGAATCACGTGGCCTTGHCTTGTATGATTGT
N K N H V AL A CM/IV

SGAAGAATCACGTGGCEGEGHCTTGTATGATTGT
N K N HV A A A C M IV

Figure 4.2 Confirmation of ABCG2 “binding pocket” mutant construct generation. A.
Electrophoretic gel of DNA fragments digested with Pvull restriction endonuclease confirms
correct plasmid size by a distinct banding pattern. Breaks in the gel result from the removal
of lanes for other “putative” constructs for this set of mutants. B. Example
chromatographic sequencing data for mutant L633A demonstrates a leucine (TTG) to
alanine (GCG) mutation with high quality trace sequence.
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4.3 Construct expression and localisation

Stable cell lines (HEK293T) were generated for each of the new mutations as
described in section 2.2.4. For M548, the stable cell line was very difficult to
maintain, with ABCG2 expression declining within 10 passages. Time constraints
precluded an investigation into the reason for this. For all experiments with this
mutant, stably transfected cells were recovered from liquid nitrogen stocks and
used within 5-8 passages. The expression characteristics of the ‘binding pocket’

mutants were confirmed by western blot of cell lysates (10ug). M541A, F545A,

F571A, and M636A all demonstrated an immunoreactive band at around 100kDa,

consistent with sfGFP tagged wild type ABCG2 (Figure 4.3 B). M548A and L633A also

demonstrated an immunoreactive band at 100kDa. However, the expression was

greatly reduced, which could be indicative of reduced protein stability and/or a

potential structural perturbation. L633A also demonstrated moderate expression of

a second immunoreactive band (approx. 90kDa) (Figure 4.3 B), this banding seems

to be of an intermediate weight and may be representative of partial glycosylation

(as was seen for a previous mutant, I573A (Haider et al. 2015)).
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Figure 4.3 Expression of ABCG2wr and mutant variants stably expressed in HEK293T cells.
Cell lysates (20ug) were prepared from stably transfected HEK293T cells expressing mutant
ABCG2. A. 10% SDS-PAGE acrylamide gel instant blue stained for total protein expression
demonstrated equal protein loading. B. western blotting against ABCG2 shows an
immunoreactive band at 100kDa, consistent with sfGFP-tagged ABCG2. M548A has a
reduced expression over the wild type protein, whereas, L633A demonstrated an
immunoreactive band at 90kDa (indicated with an asterisk), consistent with partial
glycosylation (Haider et al., 2015).

As two of the ‘binding pocket” mutations (M548A and L633A) showed a variation in
the expression characteristics by western blot (Figure 4.3), it was necessary to
validate that the mutations could localise correctly to the plasma membrane.
Confocal microscopy was used to assess the localisation of mutant protein by
exciting the sfGFP fluorophore fused N-terminal to ABCG2. Figure 4.4 below,
demonstrates that all mutant protein was able to localise to the plasma membrane,
comparable to wild type, with the exception of L633A, that was intracellularly
retained. Upon closer inspection L633A demonstrated a reticulated patterning in its
localisation which may suggest, combined with the maturation status of the
protein, that it affects protein structure and/or folding (Figure 4.4, (Haider et al.,

2015)).
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Figure 4.4 Cell surface localisation of ABCG2 ‘binding pocket' variants stably expressed in
HEK293T cells. Stably transfected HEK293T cells expressing ABCG2 mutant variants were
visualised for protein localisation by confocal microscopy. All mutants were able to
demonstrate plasma membrane localisation bar L633A which demonstrated intracellularly
retained protein. On close inspection (zoomed image) the protein appears to have a
striated patterning, suggestive of a trafficking issue. Visualisation of cells was conducted on
an LSM710 confocal laser scanning microscope (Zeiss, Jena, Germany) quipped with a Plan-
Apochromat 63x/1.40 Oil Ph3 DIC M27 objective and argon laser. For detection of sfGFP-
ABCG2, a 2% argon laser power was used with excitation set at 488nm and emission
collected between 500-530nm (FITC channel). Data are representative of one of three
independent repeats. Presented dataset was acquired with identical acquisition settings to
allow comparison of expression levels. Scale bar is representative of 20um.

124



4.4 Functional characterisation

Having ascertained that the mutants retained plasma membrane targeting, with the
notable exception of L633A, it was important to assess the functional impact of the
single point mutations on the ability to efflux drug substrate. To be able to obtain
an unbiased measure of drug efflux flow cytometry was used. Flow cytometry
allowed for the collection of multiparametric data (i.e. GFP fluorescence (protein
expression) and drug fluorescence) to allow for expression-based gating and

normalisation of drug efflux (as discussed previously, Chapter 3).

As L633A was not trafficked to the plasma membrane it was excluded from
functional analysis. All other ABCG2 mutant variants showed drug export function
that was statistically different (one-way ANOVA with a Dunnett’s multiple
comparisons to WT efflux, P<0.05) from the ABCG2wr protein, which was
investigated in parallel to these new mutants. M541A differed from WT only in its
ability to export mitoxantrone, which was reduced by about half (1.58 + 0.33
compared to 3.51 + 0.60). F571A also differed from WT only in its ability to export
MX (2.31 + 0.3 compared to 3.51 + 0.60). F545A retained WT levels of MX transport
but reduced pheophorbide A transport by over a half (0.91 + 0.36 compared to 2.39
1 0.91). M636A demonstrates a reduction in MX export (2.30 + 0.3 compared to WT
3.51 £ 0.60) and also shows reduced PhA transport (P<0.05 based on mean
difference in relative efflux, 1.24 + 0.25 compared to 2.39 + 0.91). M548A differs
from WT across all tested compounds; export of mitoxantrone is increased by about
a third (5.08 + 0.44 compared to 3.51 + 0.60), in contrast the transport of PhA is

reduced by about a half (0.99 + 0.35 compared to 2.39 + 0.91). Of particular
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interest, M548A (like M523A and F640A in Chapter 3) gained the ability to export
daunorubicin, a non-native drug substrate (1.60 + 0.11 compared to (WT) 0.33
0.04), such data combined would suggest a pivotal role for M548A in drug

recognition Figure 4.5 and Table 4.2.

126



DNR

_—

4004

300+

2004

1004

e

3004

2004

1004

00+

00+

004

10 10* 10° 10° 107 10%® 10°

=
S

00+

501

004

504

103 10* 10° 10° 107 10% 10°

300

200+

1004

F--—-—

T il - il - al
103 10* 10° 10° 107 10

1504

1004

103 10* 10° 10° 107 10% 10°

400

300+

2004

1004

E

T - - -

al
10 10* 10° 10° 107

300+

200+

1004

103 10* 10° 10° 107 10% 10°

300

2004

1004

E:

T il - il -
10 10* 10° 10° 107

200+

1504

1004

50

103 10* 10° 10° 107 10% 10°

| |omso
.Drug

Blorug + Ko143

127



MX PhA

=
—

|_|omso
.Drug

Blorug + ko143

2004 300 00+

150+ 504

200
100+ 00+

1004

50 50

—
C,

103 10* 10° 10° 10 10* 10° 10° 107 10% 10° 103 10* 10° 10° 107 10% 10°

60
30

401
204

204
104

1° «
i’ v

103 10* 10° 10° 10 10* 10° 10° 107 10% 10° 10 10* 10° 10° 107 10% 10°

400
250

3001 200

150
2004
100+

1004
504

-
S

T
103 10* 10° 10° 103 10* 10° 10° 107 10% 10° 103 10* 10° 10° 107 10% 10°

300
250 ‘ 4007 ‘
200 ]
300 560}
150
200
100 100
100
50
0- T [ e ma R 0-
103 10* 10° 10° 10 10* 10° 10° 107 10% 10° 10 10* 10° 10° 107 10% 10°

Figure 4.5 Function of ABCG2 wild type and ‘binding pocket’ mutant variants stably
expressed in HEK293T cells. Data is representative of Kaluza®© single fluorescence channel
overlay histograms for a typical dataset of N>3 independent experiments for mitoxantrone
(MX), pheophorbide A (PhA), and daunorubicin (DNR) (gated for high expression).
Statistical significance (arrows, P<0.05) were determined using a one-way ANOVA analysis
of expression normalised relative efflux values (Table 4.2) followed by a Dunnett’s multiple
comparisons test against wild type drug efflux.
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4.5 Summary

This chapter aimed to use a new homology model for ABCG2, based on the crystal
structure of ABCG5/GS, to interpret the functional effect of the ‘lateral slice’

residues.

e Structural mapping of the lateral slice located residues T402, L405 (from
TMH1), S440, and S443 (from TMH2) at the entrance to a side chain lined
cavity, sandwiched between predominantly TMHs 3 and 4 (involvement of
TMH3 in drug binding and translocation currently being investigated by
Parth Kapoor, a PhD student from Dr lan Kerr’s research group).

e The remaining lateral slice residues resided within a lipid exposed cavity.
Due to the functional perturbation of these residues upon mutation to
alanine, it was hypothesised that this cavity could be a multidrug binding
cavity (‘binding pocket’) for allocrite translocation via the lipid interface.

® To test this secondary hypothesis a further 6 residues lining this ‘binding
pocket’ were mutated and characterised as previously described.

® One of the ‘binding pocket’ mutants L633A demonstrated immature
(reduced glycosylation) protein expression, which, when analysed by
fluorescence based confocal microscopy, showed intracellular reticular
retention of protein. The results were suggestive of a structural and/or
folding defect.

e All other mutants were able to express full length protein (confirmed by
western blot) and were also predominantly targeted to the plasma

membrane.
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Mutants M541A and F571A demonstrated a reduced efflux capacity for
mitoxantrone only, whilst F545A demonstrated a reduced efflux for
pheophorbide A only.

M636A demonstrated a reduced efflux for both mitoxantrone and
pheophorbide A.

Mutant M548A showed particularly interesting efflux parameters,
demonstrating an enhanced efflux for mitoxantrone and a gain in efflux for
daunorubicin, like the lateral slice mutant F640A. However, M548A also
resulted in a reduced efflux for pheophorbide A, suggestive of a complex
role for M548 in drug recognition.

The results suggest that some residues may coordinate the specific binding
of some allocrites but not others, thus enhancing the possibility of the lipid
exposed cavity being a multidrug binding site. In order to interpret the data
any further (i.e. assess direct drug binding) the translocation cycle needs to
be broken down into its individual catalytic steps.

In the next chapter | will try and elucidate these steps using a membrane-
based ATPase assay. | will also use the structural model to perform
molecular drug docking to assess the feasibility of drug binding to the lipid
exposed ‘drug binding pocket’ and build a picture of how the residues could

be interacting with allocrite.
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Chapter 5 Enhancing the understanding of
ABCG2-mediated allocrite recognition and
translocation

5.1 ‘Gain in function’ mutation still requires the energy from ATP
hydrolysis to drive the efflux of drug substrates

Some ABCG2 mutants demonstrated enhanced allocrite transport. For example,
F640A demonstrated an increased efflux of mitoxantrone (approx. 2-fold difference
compared to wild type) and a 7-fold gain in efflux capacity for the non-native drug
substrate, daunorubicin (Chapter 3, Figure 3.18). To aid in the interpretation of the
mechanistic basis of the effects observed, it is imperative to confirm that the tight
coupling of ATP hydrolysis and allocrite transport is preserved. Indeed, for some
ABC transporters (e.g. MsbA and LmrA) it has been shown that allocrite transport
can occur in the absence of the nucleotide binding cassettes, instead functioning via

a proton coupled mechanism (Singh et al., 2016; Venter et al., 2003).

To confirm ATPase dependent transport, the plasmid containing the catalytically
inactive Walker B mutation, E211Q was introduced into ABCG2s40a through sub-
cloning, via a double restriction endonuclease digest with Bsu36l and PpuMI (Figure
5.1 A/B.). E211 is essential for coordinating the hydrolytic attack of the y-phosphate
of ATP. Therefore mutagenesis to a glutamine produces a catalytically inactive
mutant, as shown by Hou et al., 2009 and Moody et al., 2002 (described in Chapter

1).
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The correct plasmid size and insertion of E211Q containing gene fragment was
confirmed by restriction digest with EcoNI and Pfliml. The E211Q mutation contains
an insertion of the restriction endonuclease EcoNIl which when combined with Pflml
cuts at distinct sites to give a banding pattern of approx. 6.5kb and 1kb (Figure 5.1

C.).

In order to study the expression and functional characteristics of the
ABCG2e211q/r640n double mutant the plasmid was transfected into HEK293T cells and
selected for stable expression using the cytotoxic agent Zeocin™. Expression of the
double mutant was confirmed by western blotting as a single immunoreactive band
at approximately 100kDa, consistent with sfGFP tagged wild type ABCG2 and the
corresponding single mutations, albeit at a higher expression level (Figure 5.1 D.).
ABCG2¢211q/r620n mutant protein was also shown to be located to the plasma

membrane (data not shown).
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Figure 5.1 Generation and expression of E211Q F640A double mutant. A. Schematic
representation of restriction endonuclease digest, with insertion of E211Q containing gene
fragment into the plasmid backbone containing the F640A mutation. B. Restriction digest
products were separated on a 1% (w/v) agarose gel; E211Q present in a 0.5kb fragment
and F640A backbone were extracted and ligated prior to transformation and DNA
extraction. C. Confirmation of double mutant construct by restriction endonuclease digest
with EcoNI and PfIMI which produces a diagnostic banding pattern of approx. 6.5kb and
1kb. D. Protein expression analysed by gel electrophoresis and western blotting
demonstrates equal loading of total protein (upper part) and a single immunoreactive band
for E211Q/F640A double mutant and its control counterparts at 100kDa (lower part),
consistent with sfGFP-tagged ABCG2.
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Drug export and protein expression were measured by flow cytometry as previously
described (section 2.5 and Chapter 3). ABCG2 %A demonstrated a slightly increased
mitoxantrone efflux (17 vs. 13 for wild type (Figure 5.2)), which is broadly
consistent with previously acquired data (Figure 3.17 and Figure 3.18). The
catalytically inactive single mutant control, E211Q, demonstrated no Ko143
inhibitable efflux of mitoxantrone, as expected. When the two mutations were
combined ABCG2 behaved like the E211Q mutation, demonstrating a complete
absence of mitoxantrone efflux. This data is consistent with F640A still requiring

ATP hydrolysis to facilitate drug efflux.

As the F640A mutation previously demonstrated a gain in the ability to efflux a non-
native drug substrate, daunorubicin, this was also functionally investigated for the
E211Q/F640A double mutant. The F640A single mutant demonstrated a gain in
efflux (7-fold change in comparison to wild type) consistent with previous data. The
double mutant produced results consistent with mitoxantrone allocrite efflux, the

combined mutation rendered ABCG2 functionally inactive.
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Figure 5.2 E211Q/F640A double mutant still requires the energy from ATP hydrolysis to
drive efflux. A. Flow cytometric drug accumulation assays demonstrate that both wild type
and F640A are able to efflux mitoxantrone, whereas only F640A can efflux daunorubicin
(P<0.001, when compared to wild type), consistent with prior data. The E211Q/F640A
double mutant behaves functionally like the E211Q mutation, demonstrating that F640A
required the energy from ATP hydrolysis to efflux drug substrate. B. Flow cytometric
overlay histograms of data presented in A., a leftward shift in fluorescence in the drug only
sample (light red) compared to the inhibited (dark red) sample demonstrates the level of
drug efflux. Data are representative of N=3 independent repeats.
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In this type of experiment flow cytometry can report that ATP hydrolysis is required
for allocrite efflux, but the catalytic cycle is made up of many steps (as described in
Chapter 1). Understanding exactly how allocrite binding and/or translocation is
coupled to each step within the catalytic cycle will require in vitro investigations of
protein, either in isolated membranes or purified and reconstituted into
proteoliposomes. Preliminary in vitro investigations with isolated membranes (data
not shown) indicated that for any such investigations the protein expression level
would have to be improved, especially for low expressing ABCG2 mutants.
Therefore, the next section presents investigations conducted to increase the
ABCG2 protein expression level.

5.2 Sodium butyrate increases ABCG2 expression of in vitro
investigation

Sodium butyrate is a histone deacetylase (HDAC) inhibitor which has been reported
to induce gene expression in cultured mammalian cells (Davie, 2003). Inhibition of
HDACs only affects 2% of mammalian genes (Davie, 2003), therefore to test its
effectiveness on ABCG2 gene expression dose response assays were conducted.
sfGFP-tagged wild type ABCG2 and the low expressing mutant M523A, stably
expressed in HEK293T cells, were seeded into a 96-well plate and subjected to
increasing concentrations of sodium butyrate (0-10mM). Cells were analysed
(fluorescence based confocal microscopy) immediately after sodium butyrate
addition and again 24 hours later. This demonstrated a concentration dependent
increase in sfGFP-ABCG2 expression, with no apparent protein localisation or

cytotoxic effect (Figure 5.3 A/B).
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Figure 5.3 Sodium butyrate increases expression of ABCG2 in stably transfected HEK293T
cells. HEK293T cells stably transfected with sfGFP-tagged ABCG2 variants were incubated
with the indicated concentrations of sodium butyrate, and analysed by confocal microscopy
at T=0 and T=24 hours. A concentration dependent increase in sfGFP-fluorescence under
identical image capture conditions was observed, consistent with elevated ABCG2
expression. Images are representative of data collected at T=24, B. At T=0 and T=24
comparison to demonstrate no obvious signs of cytotoxicity. ImageXpress (IX) Ultra
confocal plate reader (Molecular Devices), using a plan-apochromat 40x objective, with
excitation wavelength of 488 nm and emission bandpass filter of 525/50 nm. Data are
representative of N=3 independent repeats. Scale bar represents 50um.

The interpretation of this data was qualitative due to the lack of an appropriate
live-cell nuclear stain; Hoechst 33342 being unsuitable as it is an allocrite of ABCG2.
However, flow cytometry was used to gain quantitative data for several low
expressing ABCG2 mutant cell lines. Flow cytometry demonstrated a rightward shift
in sfGFP fluorescence, associated to protein expression, in a sodium butyrate
concentration dependent manner (Figure 5.4 A). Sodium butyrate at 10mM

enhanced ABCG2 protein expression by up to 80% (in most cases) in comparison to
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untreated cells (Figure 5.4 B.). It was subsequently decided that cells would be
incubated with 10mM sodium butyrate 24 hours prior to cell harvest and
membrane isolation to increase protein yield and subsequently increase the signal

to noise ratio in downstream experiments.
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Figure 5.4 Sodium butyrate increases expression of ABCG2 in stably transfected HEK293T
cells. HEK293T cells stably transfected with sfGFP-tagged ABCG2 variants were incubated
with increasing concentrations of sodium butyrate. A. Example of flow cytometric data for
1643A with increasing concentration of sodium butyrate being represented by darker
shades of teal, the rightward shift in fluorescence is representative of a concentration
dependent increase in protein expression (sfGFP-ABCG2 fluorescence). B. Graphical
representation of percentage increase in protein expression levels from OmM versus 10mM
sodium butyrate. Data demonstrates at least 50% increase in protein expression. Data
representative of N23 independent experiments.
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5.3 Preservation of ABCG2 function in isolated membranes

Increased cellular expression of ABCG2 ‘opens the door’ for in vitro analysis of the
protein. Such analysis requires the optimisation of buffer conditions to preserve
ABCG2 function. Optimisation was assessed with a vesicular transport assay (VTA)
(Methods, section 2.7.5 and overview in Figure 5.5). Due to the hydrophobic nature
of many ABCG2 drug substrates, non-specific vesicular accumulation can occur
resulting in a decreased signal to noise ratio. For this reason, a water soluble ABCG2
drug substrate, Lucifer yellow, was preferentially used in the assay (Hegeds et al.,
2009). Lucifer yellow is a fluorescent drug substrate with an excitation/ emission of
430nm and 538nm respectively. The fluorescence spectra of Lucifer yellow
significantly overlaps with the fluorescence spectra of the GFP tag in the construct
used in the current investigations to date. A construct of ABCG2 (His-SNAP-ABCG2)
that was developed for protein purification in parallel studies (Horsey, 2018), was

used as an alternative.
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Figure 5.5 Vesicular transport assay overview. Vesicles of an inside-out configuration will
accumulate allocrite in an ATP-dependent manner (as seen on the right-hand side of the
figure) expected to be inhibited by Ko143. Right-side out vesicles would not transport drug
(lucifer yellow) as the NBDs could not access the ATP in sealed vesicles.

The initial attempts of the VTA assay in a 10mM Tris, 250mM sucrose pH7.4 buffer
composition demonstrated membrane destabilisation resulting in a visible
precipitation (Figure 5.6 A.). Precipitation was further identified as being Mg?* and
ATP dependent. Trials were conducted to monitor the effect of increasing
concentration of magnesium (MgCl, and MgS04) on membrane precipitation. This
was analysed by both visual inspection of the size and consistency of the precipitant
after pelleting by brief centrifugation and by western blotting, whereby both the
supernatant and pellet were analysed for ABCG2 content. This resulted in a
threshold concentration of 5mM magnesium, above which significant membrane
(i.e protein) precipitation occurred (Figure 5.6 B). Therefore, a maximum

concentration of 5mM MgS04 was carried forward in further assays, as it showed
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the least amount of membrane precipitation for a concentration of magnesium that

would support ATP hydrolysis.

Membrane precipitation upon ATP addition was investigated in the same manner
and was attributed to ATP acidity. ATP was made fresh for every experiment, and
due to the low volume needed, the ATP solution itself could not be pH corrected.
To combat this, ATP was dissolved in a solution with a higher buffering capacity
(50mM Tris) and was used at a maximal concentration of 5mM (matching the
concentration of magnesium) throughout subsequent assays. Figure 5.6
demonstrates the precipitation before (C.) and after (D.) buffer optimisation.
Parallel to these investigations the membranes/protein were subjected to
thermostability assays (Prometheus, NanoTemper), presented in Figure 5.6. The
outcome of these investigations resulted in a final buffer for in vitro examination of
ABCG2 function consisting of; 50mM Tris, pH8, 250mM sucrose (Figure 5.6 E,
circled) with 5mM Mg.ATP added for nucleotide dependent effects. The addition of
NaCl (150mM) had little effect on protein stability (Figure 5.6 E, circled, data points
are representative of 50mM Tris pH8, 250mM sucrose + 150mM NaCl) but
demonstrated a marginal effect on function (Figure 5.7 A.) so was subsequently
included. In VTA experiments, in this optimised buffer, ABCG2 function was
confirmed by ATP dependent, Ko143 inhibited accumulation of Lucifer yellow into

membrane vesicles (Figure 5.7 B.).
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Figure 5.6 Optimisation of buffering capacity and stabilisation of ABCG2 in isolated
membranes. A. Visualisation of membrane precipitation (circled) with original buffer
conditions. B. Western blot analysis of pelleted precipitant and resultant supernatant
(20pg) demonstrated that precipitation was attributed to increasing magnesium
concentrations. C/D. Visualisation of precipitation before (C) and after (D) buffer
optimisation for increasing concentrations of Mg2* and ATP. Precipitation was only
visualised at 10mM (Mg?* and ATP) (circled) in the optimised buffer conditions (50mM Tris,
250mM sucrose, 150mM NaCl, pH 8: TSN). E. Prometheus data investigated the effect of
different buffer compositions (represented by each data point) on protein stability, buffers
of pH 8 (circled) demonstrate the highest protein stabilising effect.
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Figure 5.7 ABCG2 function is conserved in isolated membrane vesicles. A. vesicular
transport assay with the optimised buffer conditions from protein stability assays
demonstrates an ABCG2 dependent fold change (10-15) in lucifer yellow (LY) accumulation.
Data is representative of N=1 independent repeats, SEM is representative of multiple read
points throughout a well of a 96-well plate. B. ABCG2 specific ATP-dependent Ko143
inhibitable accumulation of Lucifer yellow. VTA is representative of at least three
independent repeats with optimised TSN buffer. Data were analysed using a one-way
ANOVA with a Sidak’s multiple comparisons test between the vehicle control (DMSO) and
test conditions (LY and Ko143 plus LY) for each cell line. The asterisks denote a P-value of
0.001 for SNAP-tagged ABCG2 in the presence of LY compared to DMSO.
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5.4 Function of ABCG2 in isolated membrane validated by ATPase
assays

The vesicular transport assay (VTA) validates protein stability and functionality in a
‘cell-free’ environment. However, it provides no more information about the
individual steps of the drug transport cycle than the in-cell flow cytometry-based
assay. Moving forwards, the conditions highlighted by the VTA were applied to an
ATPase assay. The assay used was a modified version of that originally presented by
Ambudkar, 1998, whereby the release of inorganic phosphate (Pi) upon ATP
hydrolysis is monitored using a colourimetric technique, first described by Chifflet
etal., 1988 (see methods section 2.7.6 for further details). However, many
subsequent ABCG2 investigations have struggled to recapitulate this assay (e.g.
Clark et al., 2006; McDevitt et al., 2008) and so implementation of an ATPase assay

to investigate these mutants was not considered a trivial undertaking.

As with the flow cytometry and vesicular transport assays, this assay monitors an
ABCG2 specific response by the addition of an ABCG2 inhibitor, Ko143. HEK293T
membranes (i.e. not expressing ABCG2) were used to determine the background
activity of endogenous ATPase proteins. The experiments presented investigated
the parameters of the assay, and therefore the amount of Pi released was not
quantified by a standard curve, instead raw absorbance values indicated ATP
hydrolysis. HEK293T membranes in the presence of DMSO, Lucifer yellow and
Lucifer yellow + Ko143 displayed a low level of Pi release. ABCG2 expressing
membranes showed a much higher level of Pi release in the presence of either

DMSO or Lucifer yellow, which was completely inhibited by Ko143 (Figure 5.8,
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denoted by asterisk). The vehicle control also showed a high level of Pi release
which suggested that the ABCG2 activity in membranes is already stimulated,
potentially by an endogenous substrate or uncoupled from ligand transport. To
confirm that the Pi release was ABCG2 dependent a further control was to employ
the catalytically inactive mutant E211Q, which showed a Pi release profile the same

as HEK293T membranes (Figure 5.8).
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Figure 5.8 Functional assessment of sfGFP-ABCG2 expressed in HEK293T membranes.
Membranes (20ug protein) were incubated with vehicle control (DMSO), or lucifer yellow
only (100uM) or LY plus Ko143 (1uM), in the presence of 5mM Mg.AMP or Mg.ATP. Data
are representative of relative Pi release define as the absorbance at 880nm (Assonm) for
samples incubated with ATP minus AMP (baseline correction) for N>3 independent
experiments. The results show a low-level Pi release for both the HEK and E211Q control
membranes. The DMSO and LY ABCG2 samples demonstrate a high level of Pi release which
is reduced to a control level when inhibited with Ko143 (denoted by asterisk),
demonstrating ABCG2 specific Pi release (i.e. protein ATPase activity).

The similar ATPase activity for DMSO and Lucifer yellow treated membranes was
not expected, retrospectively, analysis of ABCG2 expressing membranes in the
absence of DMSO could confirm if DMSO is acting as a substrate. Typical ABC
transporters show a ‘basal’ ATPase activity, that is stimulated by allocrites. Previous

research for ABCG2 reported that several drug substrates have a more profound
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effect on ATPase activity (Robey et al., 2003), including the alpha-1 adrenergic
receptor antagonist; prazosin (PRA). The fluorescent derivative, BODIPY-prazosin,
was also established to be a transport substrate of ABCG2 by flow cytometry

(Figure 5.9).
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Figure 5.9 BODIPY-Prazosin is an allocrite of ABCG2. Results represent the fold change in
intracellular (BODIPY-prazosin) fluorescence in the absence compared to the presence of
Ko143 obtained by a flow cytometric drug accumulation assay. HEK293T control samples
demonstrates no relative efflux, in comparison SNAP-tagged ABCG2wr demonstrates a fold
change in drug accumulation/efflux of approx. 15. Data are representative of N=1.
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As for Lucifer yellow, incorporating prazosin into the ATPase assay shows an ABCG2
specific ATPase activity, but the difference between the DMSO vehicle control and
allocrite is insignificant (Figure 5.10).

0.8+

0.6 T

0.2+

Relative Pi release (880nm)
<)
D
L

Figure 5.10 Functional assessment of sfGFP-ABCG2 expressed in HEK293T membranes.
Membranes (20ug protein) were incubated with vehicle control (DMSO), or prazosin only
(10uM) or prazosin plus Ko143 (1uM), in the presence of 5mM Mg.AMP or Mg.ATP. Data
are representative of relative Pi release define as the absorbance at 880nm (Assonm) for
samples incubated with ATP minus AMP (baseline correction) for N>3 independent
experiments. The results show a low-level Pi release for both the HEK and E211Q (sfGFP-
tagged) control membranes. The DMSO and prazosin ABCG2 (SNAP-tagged) samples
demonstrate a high level of Pi release which is reduced to a control level when inhibited
with Ko143 (denoted by asterisk), demonstrating ABCG2 specific Pi release (i.e. protein
ATPase activity).

Throughout the assays conducted thus far Mg.ATP has been used at highest
tolerated level, it was postulated whether at this level ATPase activity was
‘artificially’ stimulated and therefore masked any potential allocrite stimulated
response. To assess this the concentration of Mg.ATP was reduced. The results
showed that at any given Mg.ATP concentration the vehicle control and the

allocrite samples produced a similar response, demonstrating an increase in Pi
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release in a concentration dependent manner (Figure 5.11). The results also clearly

show that the use of 5mM ATP produced the best signal to noise ratio (Figure 5.11).
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Figure 5.11 ABCG2 demonstrates an ATP concentration dependent increase in Pi release.
Membranes (20ug) (see key) were subjected to increasing concentrations of nucleotide.
HEK membranes with both DMSO (vehicle control) and prazosin show a slight increase in Pi
release up to 3mM. G2 expressing membranes demonstrate a steady increase in Pi release,
showing that 5mM ATP produces the best signal to noise ratio. Ko143 inhibited sample at a
fixed ATP concentration of 5mM are consistent with previous data demonstrating full
ABCG?2 inhibition (comparable to HEK only membrane). Data are representative of relative
Pi release (Assonm [atp] - Assonm [amp;) fOr a single experiment.

As all previous attempts at demonstrating an allocrite stimulated response were
unsuccessful, a dose response assay was conducted with prazosin to see if this was
an allocrite concentration related outcome (i.e. allocrite concentration too low). In
such assays the percentage of solvent was kept consistent across all reaction
conditions. The results show a dose dependent response in ATP turnover with
increasing concentration of prazosin, with an ECso of approximately 0.5uM (Figure
5.12). Notwithstanding this, the vehicle only sample still displayed a high level of Pi

release.
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Figure 5.12 Dose response of ABCG2yr membranes with increasing concentrations of
prazosin. HEK293T membranes expressing ABCG2wr protein were subjected to increasing
concentrations of prazosin in the presence of 5mM ATP (stimulated response). The relative
Pi release was calculated as the ratio between ABCG2wr membranes and HEK control
membranes for each concentration. DMSO vehicle control (blue triangular data point on
split x-axis) demonstrates a higher Pi release than some of the ‘stimulated’ conditions
limiting the interpretation of the data. Error bars are representative of the SEM of technical
repeats from one experiment. Curve fitted using a log(agonist) vs. response (three
parameters) equation in GraphPad Prism 7.04.

As the assay was producing a drug dose response (excluding solvent control from
analysis) it was questioned how an ABCG2 mutant may behave. Membranes for the
mutant F640A (sfGFP-tagged), a gain in efflux mutation, were investigated for their
ATPase activity both with fixed concentration drug in the presence or absence of
Ko143 or dose response with prazosin. ABCG2-F640A expressing membranes
demonstrated reduced ATPase activity (Figure 5.13), however wild type protein
expression levels were approx. 3.2x higher than F640A (western blot Figure 5.13 B.).
When corrected for the variation in expression level F640A’s relative ATPase
activity is much higher compared to wild type (Figure 5.13 B.), which is consistent

with other forms of functional data. When analysed in a dose response manner, the
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F640A demonstrated a traditional dose response curve (Figure 5.13) which when
analysed gave an approximate ECso of 1.5uM slightly reduced compared to
ABCG2wt 2uM. This could suggest that the F640A mutation may increase the drug
binding affinity for prazosin, however, the data are only representative of one

experiment and therefore no conclusive results could be determined.

The research described in this section provides a foundation for the analysis of
ABCG2 function by an ATPase assay, but sadly due to the time constraints of the
PhD the ATPase investigations had to come to a close. There is an anticipation that
these studies will be carried forward and help interpret mutagenic data on the
mechanistic properties of ABCG2, with thoughts and ideas explored in the

discussion.
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Figure 5.13 F640A demonstrates reduced ATPase activity. A. HEK293T membranes (20ug)
expressing ABCG2wr or ABCG2rsa0a protein were subjected to increasing concentrations of
prazosin in the presence of 5mM ATP (stimulated response). The relative Pi release was
calculated as the ratio between the ABCG2 expressing membranes and HEK control
membranes for each concentration. A curve was fitted to the data using a log(agonist) vs.
response (three parameters) equation (GraphPad Prism 7.04). B. Relative ATP turnover
(ratio, drug + inhibitor/ drug, for baseline corrected (ATP-AMP) values) demonstrates
reduced ABCG2 specific ATP turnover for F640A in comparison to wild type, however when
corrected for expression (approx. 3.2x lower expression by densitometry of band indicated
ABCG2 on western blot, band marked with an asterisk could be the result of unlabelled
ABCG2) results in an increase in overall relative ATP turnover.
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5.5 Structural interpretation of ABCG2 mutants

In this final results section, | want to combine the experimental efforts presented
across the project with the recent structural data and perform molecular drug

docking, using it as a tool to build a picture of drug binding in ABCG2.

To be able to do this Vina (molecular docking software) was used to dock known
ABCG2 drug substrates (mitoxantrone, pheophorbide A, and an R482G substrate;
daunorubicin) into the protein. Docking was performed using an ABCG2 homology
model based on the ABCG5/G8 structure as it was crystallised in a nucleotide-free
state, which likely corresponds to a high affinity allocrite binding state
(Khunweeraphong et al., 2017; Lee et al., 2016). In contrast, the cyro-EM structures
of ABCG2 were all solved in an antibody inhibited state (Jackson et al., 2018; Taylor
et al., 2017) with unknown consequence for the TMD conformation and, by

extension, for allocrite accessibility within the TMD.

A grid box was assigned to the ABCG2 structural model, enclosing the majority of
one half of the TMD (the half that was modelled against ABCG5 as it contains more
similarities to ABCG2), centred at the estimated geometric midpoint of the lateral

slice hypothesis residues (Figure 5.14).
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Figure 5.14 ABCG2 homology model with grid box assigned. ABCG2 grid box was assigned
using Python molecular viewer; the grid box was centred on the estimated geometric
midpoint (denoted by yellow cross) of the lateral hypothesis residues and enclosed the
majority of the TMD. The figure is representative of both front view and a 90° side view
rotation.

Docking of mitoxantrone, pheophorbide A, and daunorubicin was performed with
high exhaustiveness (time and searches to find a global minimum) and revealed two
putative drug binding sites. One, exclusive to mitoxantrone (MX), is an ‘internal’ site
interfacial to TMH 1b, 2, 3 (major contributions), and 4 of the same TMD. This is
consistent with the hypothesis of TMH 3 being integral to substrate selectivity and
transport (under current investigation by Parth Kapoor, a PhD student in Dr lan
Kerr’s research group). This region includes residues T402, L405 (TMH1), S440, and
S443 (TMH2) from the lateral slice selection, which when mutated demonstrate a
perturbation to drug efflux, with other potential interaction (based on proximity,

<5A) being described in Figure 5.15.
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Figure 5.15 The internal binding site exclusively acts as a docking site for mitoxantrone.
A. PyMol image of ABCG2 homology model with mitoxantrone docked to a site
predominantly lined by residues from TMH1b, 2 and 3, including residues T402, L405, S440,
and S443, highlighted yellow, investigated as part of the lateral slice hypothesis. And TMH3
residues, including R482 and P485, highlighted in cyan, investigated as part of another
functional theory, all demonstrating a functional effect when mutated to alanine. B.
Tabulation of residues at equal to or less than 5A to the docked mitoxantrone (residues are
highlighted to match the colours denoted in the PyMol image).
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The second site is located at the lipid interface between TMH 5a, b, and ¢, and 6a.
This secondary site is able to bind all three drug substrates tested (mitoxantrone,
pheophorbide A, and daunorubicin) and contains all other residues described in the
lateral slice hypothesis and the structurally informed ‘binding pocket’ mutations
(Figure 5.16 and Figure 5.17). For mitoxantrone, the docking orientation within the
binding pocket in multiple poises was very similar in the two distinct sites. For
pheophorbide A and daunorubicin, although the docking site was consistent, the
orientation of the molecules showed variation. Figure 5.17 shows the top binding
poise (in terms of binding energy, around 5.5kcal/mol) for each drug (with other
poises of similar binding energies are shown in Appendix 4. This provides a strong

structural explanation for the experimental data in Chapters 3 and 4.

Both putative binding sites demonstrate partial similarities with other ABCG2 drug
docking studies (including T402, L405, S440, and 1543) and could indicate that the
two sites are distinct drug access sites, or that the two sites could form part of a
translocation pathway (see discussion for further details) (Ferreira et al., 2017;

Laszlo et al., 2016).
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Figure 5.16 Multidrug binding site at the lipid interface of ABCG2. A. PyMol image of
ABCG2 homology model with mitoxantrone docked to a site lined by residues from TMH5
and 6. MX is shown in white sticks with potential interactions from residues shown in line
form (yellow; lateral slice residues, green; binding pocket residues, and grey; other
potential residues. B. Summary of residues at equal to or less than 5A to the docked
substrate (residues are highlighted to match the colours denoted in the PyMol image).
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Daunorubicin Pheophorbide A

Figure 5.17 Daunorubicin and pheophorbide A dock to a lipid exposed surface site. The
figure depicts both daunorubicin and pheophorbide A docked to the ABCG2 homology
model (Khunweeraphong et al., 2017) in multiple binding poises (depicted by A-D), with
potential interacting residues (<5A) summarised in Figure 5.16 shown in spheres.
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5.6 Summary

This chapter set out to extend the interpretations of ABCG2 mutant variants that

show a functional perturbation.

Chapters 3 and 4 showed that a flow cytometric based drug accumulation
assay was a reliable and robust measure of overall drug efflux but provided
no detailing of the individual steps of the catalytic cycle. To be able to
investigate these steps, ‘cell-free’, membrane-based assays such as an
ATPase assay had to be employed.

A histone deacetylase (HDAC) inhibitor, sodium butyrate, was used to try
and increase the protein expression level, with an aim of increasing the
signal to noise ratio in downstream assays. 10mM of sodium butyrate
supplemented to the growth media 24 hour prior to cell harvesting
demonstrated an up to 80% increase in protein expression. Therefore, it was
implemented for membrane preparations.

Buffer optimisation via protein unfolding assays and vesicular transport
assays demonstrated that the optimal conditions for the protein in isolated
membrane preparations were a 50mM Tris, 250mM sucrose, 150mM NaCl
solution at pH8, and that MgSO. and ATP at a maximal concentration of
5mM could be used.

The optimal reaction conditions were carried forward into an ATPase assay
where ABCG2 specific inorganic phosphate (Pi) release was seen, in a drug
and nucleotide ‘dose’ dependent manner. The incorporation of an ABCG2
mutant, F640A, which demonstrated a gain in the ability to efflux
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daunorubicin, raised questions with regards to ABCG2 expression levels
versus Pi release. The ATPase assay still requires optimisation (see
discussion) but has promise of understanding the underlying mechanism of
drug transport (nucleotide linked).

The second part of this chapter covered the structural interpretation of
residues and hypothesised drug binding and/or interaction sites which was
achieved by drug docking. Two putative drug binding sites were revealed,
one exposed to the lipid interface, lined by residues from TMH5a, b, c and
6b, containing lateral slice and binding pocket residues. A second site,
exclusive to mitoxantrone, was observed with major contributions from
TMH3 with other contributions from TMH1b, 2, and 4. The sites could
represent distinct drug recognition sites or form part of a translocation

pathway, which will be deliberated over in the discussion.
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Chapter 6 Discussion

At the beginning of this project | proposed a hypothesis of a ‘lateral slice’ through
the transmembrane domain: that residue pairsin TMHs 1, 2, 4, 5, and 6 in equal
spatial arrangement to R482 and P485 in TMH 3 formed part of a binding pocket for
multidrug recognition and transport. A total of 10 residues were mutated to alanine
as it is torsionally neutral but still has the propensity to form alpha helical
structures, so is unlikely to affect protein folding. Expression and localisation
characterisation of these residues demonstrated characteristics similar to the wild

type protein.

When functionally assessed almost all mutations demonstrated a functional
perturbation, showing a reduction in the ability to efflux either mitoxantrone
and/or pheophorbide A. Two particular mutations: M523A and F640A,
demonstrated wild type like efflux of PhA and an enhanced efflux of MX. Also
observed was a gain in their ability to efflux a non-native drug substrate
daunorubicin, similar to the R482G mutation (Honjo et al., 2001; Robey et al.,
2003). These data supported the original ‘lateral slice” hypothesis, implicating the

importance of the residues in drug transport.

At this time there was an explosion of structural research for ABCG2, starting with
the publication of a structural model of ABCG5/GS8, a close protein family member
to ABCG2. This structure revealed a novel fold for G family proteins and it wasn’t

long before the first homology model of ABCG2 based on the ABCG5/G8 structure

was produced (Laszl6 et al., 2016; Lee et al., 2016). It was at this point that | was
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able to take my data for the ‘lateral slice’ residues and interpret it using the

structural model as a framework.

Structural interpretation revealed that the ‘lateral slice’ residues were split
between two spatially distinct regions of the protein. One, a region sandwiched
between TMHs 1b, 2, 3, and 4, which contains residues T402, L405, S440, and S443.
Indeed, further investigation of this site has continued with a series of TMH3
mutations made by a subsequent PhD student (Parth Kapoor) within the Kerr
research group. A second region, containing the remaining ‘lateral slice’ residues, is
located at the lipid interface with contributions from TMHs 4, 5, and 6, with

residues M523 and F640 residing within approximately 3.5A of each other.

This led to the development of a secondary hypothesis, that the lipid exposed
region could be a putative multi-drug binding site and that residues lining this

region would affect drug recognition and transport.

The secondary hypothesis was validated, as the ABCG2 mutant variants: M541A,
F545A, M548A, F571A, and M636A demonstrated a perturbation in efflux of one or
more of the drugs tested, confirming their importance in drug binding and or
translocation. One mutation from this investigation, L633A resulted in a maturation
defective mutation which demonstrated reticular retention, indicative of a folding

defect.

The project progressed to extend the experimental investigation to better
understand the involvement of residues in the mechanism of transport. This was
conducted in two ways: one, by investigating assays that can break down the steps
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in the transport cycle i.e. by probing the ATP hydrolysis of the protein (ATPase
assay). Two, investigating the ability of drug substrate to dock in the ABCG2
homology model, to gain an insight as to whether the proposed drug binding

pocket(s) have the propensity to bind drug substrate.

This discussion commences by addressing a number of finer points involving
specific interactions or residue pairs of interest and the associated downstream
investigations. The discussion will then proceed to present an overarching
hypothesis for drug transport using the results presented in this study, whilst
drawing links to external research on ABCG2. Following this, directions for further

research are provided.

6.1 Leucine to alanine mutation at position 633 may cause
destabilisation of the re-entry helix

Of all the mutants in this study, only one, L633A, resulted in a folding defect and
structural interpretation of this mutant is warranted. L633A is located at the N-
terminal end of TMH6b. Immunoblot analysis of L633A demonstrated reduced
protein expression of a species with an intermediary molecular weight of
approximately 90kDa. A previously investigated isoleucine to alanine substitution at
position 573 demonstrated similar expression characteristics, being most
comparable to the glycosylation defective mutant, N596Q (Diop and Hrycyna, 2005;
Haider et al., 2015). Peptide: N-glycosidase F (PNGaseF) digestion of the
glycoprotein between the asparagine and the innermost GLcNAC confirmed the
difference in molecular weight to be consistent with core glycosylation (Haider et

al., 2015). Visual analysis of L633A by confocal microscopy is again consistent with
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I573A. Both mutant variants demonstrated protein predominantly localised within a
reticular compartment and co-localisation of I573A with anti-calnexin antibodies
confirmed endoplasmic reticulum retention. As the glycosylation defective mutant
(N596Q) is able to traffic to the plasma membrane and is functionally active, this
mutation is suggestive of a folding defect in early protein processing (Diop and
Hrycyna, 2005). Structural analysis was conducted to assess potential interactions
due to the similarities in the characteristics of L633A to I573A. It was revealed that
I573A is localised to the middle of the ‘V’ within the re-entry helix, between THM5b
and 5c, on average 3.5A apart (depending on the model examined) from L633A in
TMH6b (Figure 6.1). At this distance the residues are likely to form hydrophobic

interactions.

Homology Models CryoEM Structure
| 1
Stockner Hegedd(s Locher

Re-entry helix

4 s ILE<573
ILE-573 |LE§5’§3 {

38"

Figure 6.1 Leucine at position 633 may form inter-helical interactions with isoleucine at
position 573 to stabilise the re-entry helix. Pymol molecular viewing of residues L633 and
1573 in the ABCG2 homology models (based on ABCG5G8) as presented by Stockner and
Hegedds research groups, and cryoEM structure resolved by Locher’s research group show
on average a 3.5A separation of residue sidechains, presumed to form direct hydrophic
interactions due to similarities in expression characteristics (Jackson et al., 2018;
Khunweeraphong et al., 2017; Laszlé6 et al., 2016).

Indeed, structural studies have postulated the ability for cholesterol to bind within
the vicinity of this pair of residues (Ferreira et al., 2017; Jackson et al., 2018).
Cholesterol is a known regulator of protein function (Pal et al., 2007; Telbisz et al.,

2014, 2007) and this raised the question whether mutagenesis caused
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destabilisation of the protein through the loss of an interaction with cholesterol?
However, investigations of cholesterol’s role in ABCG2 function shows no evidence
of providing a fundamental stabilisation role for protein expression or localisation
(Pal et al., 2007; Telbisz et al., 2007). The data presented here on L633, and
previous data on 1573, suggest a significant role of the re-entry helix in the structure

and function of ABCG2.

Testing this hypothesis would require investigations into other residues that could
potentially contribute to re-entry helix stabilising interactions. Investigations could
question whether substitution to more bulky hydrophobic residues (such as
tryptophan etc) could maintain the proposed hydrophobic interaction.
Substitutions of the residues to cysteine, could also assess the potential to form
cross-links and assess the effect on the restriction of the protein’s conformational
changes and therefore the re-entry helix’s impact on allocrite transport.

6.2 Methionine: aromatic interactions may be central to drug
recognition and/or protein stabilisation

ABCG2 mutant variants, M523A and F640A, from the lateral slice hypothesis both
demonstrated expression and localisation characteristics comparable to the wild
type protein. When functionally analysed both mutants conferred the ability to
efflux a non-native drug substrate and resided within the lipid exposed potential
binding cavity as described in chapter 4 and 5. M548A, described as part of the
secondary hypothesis implicating residues lining the pocket to be involved in drug
recognition and transport, also demonstrated the ability to efflux a non-native drug

substrate as well as a reduced efflux for the drug substrate pheophorbide A. These
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residues are of particular interest as the only other mutant to show a gain in efflux
is R482G, a well-known variant implicated in drug recognition (Clark et al., 2006;
Ejendal et al., 2006; Ozvegy-Laczka et al., 2005). However, it is found to reside
within a structurally distinct region to the aforementioned residues and therefore

may have a different role (Laszl6 et al., 2016).

So, the question here is how are the residues producing the observed effect?

Out of all amino acids, Methionine is probably one of the least well understood. It
has the propensity to form hydrophobic interactions, but does it have the
propensity to form further interactions? There is evidence that the sulphur of the
methionine can interact well beyond typical hydrophobic interaction distances with
aromatic amino acids (tyrosine, phenylalanine, and tryptophan), extending
distances to 5-6A. Longer-range methionine: aromatic interactions have been
implicated in providing structural stability and propensity to coordinate ligands, in
tumour necrosis factor (TNF) receptors (TRAIL-DR5 and LTa-TNFR1) (Valley et al.,
2012). There is evidence for thousands of these interactions throughout proteins
which haven’t been fully characterised. Due to this, the residues within the surface
site were evaluated for potential methionine: aromatic (Met: aromatic)
interactions. The interactions are thought to occur between Met and aromatic
groups with preference of a 30-60% rotation around the aromatic ring (Valley et al.,
2012). M523 and F640 fit these parameters with the interaction also being

maintained in the ABCG5 sub-structure (Figure 6.2).
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ABCG5/G8

Figure 6.2 Methionine: phenylalanine interaction between TMH4 and TMH6 is conserved.
Figure depicts a methionine: phenylalanine interaction within ABCG2 which when either
residue is mutated leads to functional perturbation, this interaction is maintained in the
ABCGS crystal structure (PDB: 5D07), suggesting a potential importance for this interaction
across G-protein family. Figure created using PyMol (Scripps Research Institute).

Upon evaluation, the surface site, proposed to be an allocrite binding site, contains
a plethora of these potential interactions with several methionine and
phenylalanine residues being investigated by mutagenesis (Figure 6.3 A.: including
M523, M541, M548, M636 and F545, F571, F640). Interestingly, on an ABCG2-wide
search there appears to be three distinct regions (Figure 6.3) for these potential
interactions that could be pivotal for allocrite association or propagation of
conformation changes with the potential to form interactions at a greater distance,

aiding in the resetting of the protein upon drug translocation?

Future investigations into Met: aromatic interactions would include coevolution
analysis, to determine if these residue interactions are conserved across species.
Molecular dynamic simulations could also assess the propensity of these regions to
propagate signal transduction via conformational changes required for allocrite

efflux.
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Figure 6.3 Methionine: aromatic interactions may be crucial for either ligand: and/or
protein: protein interactions/ stabilisation. ABCG2 structural analysis reveals several
potential inter and or intra-helical methionine: aromatic interactions. A. ‘surface site’
proposed to have the propensity to bind both cholesterol and allocrite, demonstrates a
high proportion of met: aromatic residues within proximity (<6A) to form interactions. B. A
second potential site (extracellular end of TMH4) for met: aromatic residues, intra-helical
interactions could stabilise protein conformations. C. Potential interhelical structural
stabilisation interaction between residues of TMH3 and TMH1b. figure were generated in
PyMol (The Scrips Research Institute) using PDB: 6ETI.

6.3 Hypothesis of an ABCG2 mediated allocrite transport
cycle/mechanism

| would now like to propose a mechanism for allocrite transport based upon the
current experimental data in conjunction with recently published structural data for
ABCG2. Additionally, a summary of the work that would be required to test the

transport mechanism is presented.

At this point it is important to note that; both the potentially stabilising interaction

partnership of 1573 and L633, and the Met:Phe (aromatic) interaction, intertwine
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with an overarching drug transport mechanism hypothesis that may aid in

discussing the initial stages of drug binding and the propagation of movement.

6.3.1 Current investigations and context

To put the current investigations into context, little was known mechanistically
about ABCG2 allocrite transport. Experimental data implicated a hand full of
residues in allocrite transport, however, structural interpretation of the protein was

limited due to the resolution of the structural data.

The past few years have reaped the rewards of a decade’s worth of improvements,
in both cryo-EM detection systems and computing algorithms, combined with an
increased understanding of the role the native lipid environment exerts on the
protein, leading to enhanced protein extraction methods (Bai et al., 2015; Dorr et

al., 2016; Gulati et al., 2014).

6.3.2 Recent structural advances

In 2016, a crystal structure for the heterodimeric sterol transporter ABCG5/G8 was
resolved at 3.9A (Lee et al., 2016). This was the first ABCG family protein to be
resolved at a near-atomic level, providing insights into the transmembrane helical
domain organisation and interfacial contacts. In the same year, a homology model
for ABCG2 was published, based on the ABCG5/G8 crystal structure (Laszlo et al.,
2016). Since then, a further four structural papers have been published to date,
including the first reasonably high resolution cryoEM structure of ABCG2 (Ferreira

et al., 2017; Jackson et al., 2018; Khunweeraphong et al., 2017; Taylor et al., 2017).
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The structures revealed a new protein fold for ABCG proteins. The transmembrane
domains are shorter, and almost entirely contained within the lipid bilayer. There is
also no evidence of domain swapping (i.e. the crossing over of transmembrane
helices from one TMD monomer to the other) implying structural topology similar

to that of a type Il importer (Rice et al., 2014).

Four further notable features of the TMH organisation are;

1) The ‘elbow/ connecting helix’, the topologically predicted transmembrane
helix 1 is split into a and b; TMH1a lies interfacial to the lipid bilayer and
forms part of a tri-helix bundle ‘connecting’ the TMD to the NBD
(Khunweeraphong et al., 2017). TMH1b forms part of the standard TMD
architecture (Khunweeraphong et al., 2017; Lee et al., 2016).

2) The ‘coupling’ helix. ABC exporters usually contain two intracellular loops
per TMD that extend into the NBD, which are thought to propagate signal
transduction between the TMD and NBD to facilitate allocrite efflux
(Dawson and Locher, 2007; Kim and Chen, 2018). ABCG2 only contains one
ICL that is long enough to extend into the NBD (Laszl6 et al., 2016).

3) A region of ‘split’ helices towards the extracellular interface of the protein
which forms a ‘V-like’ structure, termed the ‘re-entry’ or ‘capping’ helix. This
is comprised of residues from both TMH5 and 6, split into 5a, b, and ¢, and
6a and b (letters denoted in bold are regions within the re-entry helix).

4) The protein, resolved in an apo-sate resembles the classic ‘open-inward’

configuration shown by other ABC exporters (Sav1866, Pgp) (Dawson and
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Locher, 2007; Jackson et al., 2018; Taylor et al., 2017). However, unlike
these structures the NBDs are in ‘constant contact’ via an ABCG specific

NPxDF motif (where x is any residue).

6.3.3 Structural evidence of multiple allocrite binding sites

Molecular dynamic simulations and allocrite docking by Laszl6 et al. demonstrate
the possibility of at least four distinct allocrite binding sites (Figure 6.4), consistent
with early allocrite binding studies suggesting multiple binding sites (Clark et al.,

2006).

Figure 6.4 In silico docking of allocrites in an ABCG2 homology model reveals multiple
potential allocrite interaction sites. Figure shows two ABCG2 conformations in which there
are 4 distinct regions where sulfasalazine can dock in multiple poises. Figure taken from
Laszl6 et al., 2016.

Cryo-EM structural data of ABCG2, resolved to a near-atomic resolution (overall
resolution between 3.1 and 3.8A) in the presence of FAB complexes bound to the

extracellular looped region, initially presented a structure in which cholesterol
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could be assigned to a region of electron density within a central cavity (a region
interfacial to the two TMDs, similar to site 3 presented by LaszI6 et al., 2016). Later
structural publications from the same research group, presented a Ko143 (specific
ABCG2 inhibitor) derivative (MZ29) bound in a 2:1 ratio (inhibitor molecule to
protein dimer) or a tariquidar derivative (MB136) bound in a 1:1 ratio within the
central cavity between TMH2 of one monomer and TMH5a of the opposing

monomer (Figure 6.5).

Qut

Figure 6.5 CryoEM structure of ABCG2 with molecules bound to the central cavity. A.
ABCG2 full length structure with Ko143 derivative: MZ29 bound to a central cavity. B.
Enhanced region demonstrating electron density to which the MZ29 was refined,
demonstrating a 2:1 binding ratio and 2-fold symmetry. C. Magnified region showing MZ29
(green), a tariquidar derivative: MB136 (yellow), bound in a 1:1 ratio, and cholesterol
docked (Taylor et al., 2017) (pink). Figure adapted from (Jackson et al., 2018).
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6.3.4 Cox proposed drug binding sites

The work presented in chapters 4 and 5 utilised the ABCG2 structural models as a
framework for interpreting experimental data and designing new experiments. The
three allocrites that were used in the scope of the functional studies in chapter 3
and 4; pheophorbide A, daunorubicin, and mitoxantrone were subsequently used in

the molecular allocrite docking studies in chapter 5.

As the cryoEM structures were obtained in the presence of inhibitory antibodies
and/or small molecule inhibitors, with unknown consequence for the proteins
conformation, the homology model (based on the uninhibited apo-state ABCG5/G8
crystal structure) provided by Thomas Stockner was preferentially used for
molecular allocrite docking (as seen in chapter 5). This resulted in the discovery of

two potential allocrite binding sites contained within a single TMD.

A lipid exposed site orientated just below the ‘re-entry’ helix, was able to bind all
three allocrites tested within this project, encompassing several of the residues
investigated as part of the ‘lateral slice’ hypothesis. Whereas, a second site, buried
between TMHs 3 (TMH3 residues in ongoing studies by Parth Kapoor in Dr lan
Kerr’s research group) and 4 with interactions from TMHs 1b and 2 demonstrated
the ability to only bind mitoxantrone in this project. A number of residues
investigated here demonstrated partial overlap with the aforementioned sites in

the previous section (6.3.3), as summarised in Table 6.1 below.
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Hegedls Site 2 T402 L405 S440 S443
research
group Site 3 S440 S443 M541 F545 L540 1543

Locher
research Cavity 1 L405 S440 1543

group

Table 6.1 Cox proposed drug binding residues that overlap with other ABCG2 structural
publications. Residues highlighted in yellow are residues within a ‘lipid exposed’ surface
site (1543 is in close proximity to this site). All other residues reside within a ‘buried’ site
(Cox et al., 2018; Jackson et al., 2018; LaszIo et al., 2016).

6.3.5 Cox hypothesis of the ABCG2 multi-drug transport mechanism

| propose that these two allocrite binding sites are potential drug recognition sites,
the first is a lipid exposed surface pocket and the second is a slit like cavity
accessible via the cytoplasmic interface. How the allocrites are translocated from

here is open to interpretation, and is an area of hot debate, as discussed below.

Cryo-EM structures resolved by Kaspar Locher’s research group propose a transport
mechanism in which allocrites bind within the central cavity and, is then
translocated to a secondary ‘upper’ cavity via a ‘leucine plug’ (L555), for release. As
they were able to show electron density consistent with cholesterol (a debatable
transport substrate), which is an analogue of a “bona fide” substrate of ABCG2
(estrogen-1-sulphate: E1S) they conclude that the central cavity is a multi-drug

binding site for ABCG2 (Jackson et al., 2018; Taylor et al., 2017).

Whilst this model for transport is appealing it hinges on the central point that
allocrites associate in a lower central cavity that is occluded from an upper ‘smaller’
cavity (designated for allocrite release) by the formation of a leucine plug (L555).
Leucine at position 555 has been experimentally investigated as the residue forms

part of a putative steroid-binding element (SBE). A leucine to alanine mutation at
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position 555 did not demonstrate any structural (expression maintained) or
functional perturbation (vanadate-sensitive ATPase activity reduced, however drug
transport retained in intact insect cells), inconsistent with the results expected for a

residue with a key role in structure and or transport (Telbisz et al., 2007).

| propose an alternative transport mechanism where the recognition of allocrites
occurs before translocation to the central cavity and that this initial recognition
propagates a signal transduction (via conformational changes) from the TMD to the

NBD.

At a more detailed level my hypothesis is a 4-stage cycle (as shown in Figure 6.6),
consisting of drug association to an “access site”, signal propagation resulting in the
binding of ATP simultaneously resulting in the dimerisation of the NBD and
translocation of drug from the “access site” via the central cavity to an extracellular
release site, ATP hydrolysis then provides the energy to force the dissociation of the
allocrite and subsequently reset the protein to a basal state, ADP dissociates starts

the cycle again.

This hypothesis stems from the fact that common drug substrates for ABCG2 are
hydrophobic in nature. In an open-inward conformation the central cavity is
exposed to the intracellular compartment, i.e. an agueous environment. It is
unfeasible to suggest that hydrophobic allocrites would associate to the protein via
this route. It is more likely that that hydrophobic allocrites would interact with the
protein via the lipid interface, i.e. via a lipid exposed transmembrane binding site

such as the two presented within this project.
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The aforementioned methionine: aromatic (phenylalanine) interactions within the
surface site could be altered upon allocrite binding, and thus result in a signal
propagation (via conformational changes and steric interactions) to the NBD via

ICL1.

ICL1 has been recently investigated along these lines and suggested as an allosteric
conduit (“polar relay”) between the NBDs and TMDs, to act as a molecular spring
coupling the domains (Khunweeraphong et al., 2017). | propose that it is this initial
drug binding that alters the affinity for ATP binding to a higher state. Where the
association of ATP then results in the formation of a closed NBD dimer consistent

with the mechanism of NBD dimerisation presented by Smith et al., 2002.

It is this mechanism of dimer formation that | speculate loads the ‘molecular spring’
of ICL1 propagating allosteric movement of TMHs to alter the affinity for allocrites
at the surface site, as indicated by McDevitt et al., 2008, who demonstrated a
reduced affinity for allocrite binding upon the addition of ATP. This subsequently
could promote translocation through the central cavity to an external release site,
in a multi-stage process. The energy derived from the hydrolysis of ATP would drive
the dissociation of the allocrite via NBD dimer dissociation and a resetting of the
protein to an open-inward conformation, aided by the release of the ‘molecular
spring’. | propose this would occur in an asymmetric fashion, consistent with the
sequential hydrolysis of ATP proposed within the constant contact model for efflux

(see Figure 6.6 for a schematic overview).
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Figure 6.6 Schematic model of ABCG2 mediated allocrite efflux. The model presented is
based on the alternate access ‘constant contact’ model for drug efflux. A. Allocrite, (green
hexagons) associated from the previous transport cycle is associated to a secondary site,
with ATP (orange circle) associated to the corresponding NBD. Binding of a second allocrite
(blue hexagons) in the opposing TMD triggers (B.) the binding of a second ATP, causing NBD
dimer formation and translocation of the first allocrite to a release site, and the second
allocrite to a secondary site. C. The hydrolysis of ATP in the ‘first” NBD causes the full
displacement of the first allocrite and (D.) resetting of the protein to an ‘inward-open’
configuration. The cycle re-initiates with allocrite and ATP bound in the opposing TMD/NBD
to the previous cycle. The re-entry helix, situated above the proposed lipid exposed
allocrite binding site, is denoted by a blue V-shape, and may have an involvement in the
translocation pathway.

There are still lots of questions and the only way to gain the answers will be
through further investigations, including; residues mutagenesis using the new
structures as a frame work for the design of new experiments and data
interpretation. The development of techniques to monitor direct drug binding

interactions are also crucial.

6.4 Directions for further research

6.4.1 Mechanism of ABCG2 regulation by cholesterol

Cholesterol has been shown to be fundamental for functional ABCG2, exactly how
cholesterol regulates ABCG2 activity is unknown. It has been recently shown to
have the propensity (via molecular dynamic simulations) to bind in the vicinity of

the putative surface exposed drug binding site; so, one question is whether
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cholesterol could act as a structural ‘place holder’ for allocrite binding? i.e. in other
words, that cholesterol occupies the allocrite binding site until it is displaced prior

to drug transport.

Cholesterol association could be investigated by photon counting histogram (PCH)
analysis with a fluorescent cholesterol analogue (Chen et al., 1999; Sezgin et al.,
2016). The comparable analysis between an allocrite free versus an allocrite
associated protein could ascertain whether allocrite association results in the
dissociation of cholesterol analogue. Investigations could also ascertain residues

involved in direct binding of cholesterol via similar methods.

6.4.2 Role of re-entry helix in structural stability and or transport

As described in section 6.1 residues within the re-entry helix have been implicated
in protein stability. Both cholesterol and allocrites again have been shown to bind
within the vicinity of the re-entry helix (i.e. in the surface site situated below the re-
entry helix). It would be interesting to see if any of the residues within the re-entry
helix show a high-degree of co-evolution and whether substitutions would have

equal effects for intracellular trafficking and folding defects.

6.4.3 Role of methionine: aromatic interactions in allocrite efflux

Met: aromatic residue interactions may contribute to structural stability and or
allocrite binding and or cholesterol regulation, as described in section 6.2. One
region with many potential interactions is the ‘surface site’. As mentioned
previously, this is situated within a region with potential stabilising, regulation, and

allocrite binding importance. Further investigation of these potential interactions
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would require similar approaches to those investigating the re-entry helix: co-
evolution analysis could indicate potential interacting residue pairs and substitution
of these residues would look for functional perturbation. It would also be
interesting if a substitution to another aromatic residue could maintain these
interactions or whether phenylalanine, shown in most of these potential

interactions, is required.

6.4.4 Investigations into residues forming the translocation pathway/ the

transport hypothesis

Combined experimental and structural studies are gradually aiding in developing a
better understanding of an allocrite efflux mechanism as described in section 6.3.
However, at the moment this picture remains incomplete. The understanding of the
mechanism is of great importance in being able to comprehend the protein in the

context of multidrug resistance and the involvement in disease.

Molecular dynamic simulations of ABCG2 could be used to help build a picture of
the residues potentially involved in drug transport, and subsequent substitution of
these residues would be used to investigate their functional importance. A major
current limitation for interpretation of a transport mechanism is the existing
structures are resolved either in the presence of an inhibitory antibody which locks
the protein into a conformation of uncertain significance, and/or the presence of
synthetic Ko143 derivatives. Ideally, structural information for an uninhibited
structure, in the presence of nucleotide, or allocrite would better facilitate the
interpretation of a transport mechanism. Whilst structural biology will provide this

in due course, other direct techniques remain valuable: drug binding studies by
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microscale thermophoresis (MST) and/ or fluorescence correlation spectroscopy
(FCS) of ABCG2 mutants, would enable researchers to separate allosteric
interactions from direct allocrite interactions and gain a better picture of transport.
These techniques would require the optimisation of protein expression and
purification, which has progressed in parallel to this project in a thesis by a

colleague (Horsey, 2018).

6.5 Summary

This project set out to investigate the molecular basis of allocrite polyspecifity in
ABCG2. In undertaking this project, a number of complementary hypotheses were
proposed and subsequently investigated. This confirmed that several of the
investigated residues have significant roles in the transport mechanism of ABCG2,
as presented in Cox et al., 2018. There is significant scope for further investigation
of the hypotheses developed during this project. The premise of which has formed
part of a successful grant application funded by the BBSRC (ref: BB/S001611/1,
“Channelling a path for substrates through a multidrug transporter”) within the

Kerr research group at the University of Nottingham.
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Appendices

Appendix 1 Example sequence alignment for ABCG2¢s10n mutant variant. Example
sequencing data for the F640A ABCG2 mutant (Query) aligned against predicted sequence

(Sbjct). Sequence alignment was performed using NCBI nucleotide Blast, F640A mutation is
highlighted yellow in the F482 primer sequence trace.

F640A R1

Score Expect Identities Gaps Strand
1720 bits(931) 0.0 961/982(98%) 6/982(0%) Plus/Minus
Query 19 CTTTCCTTGCAGCTAAGACATCTAATAACGAAGATTTGCCTCCACCTGTGGGTCCCAGGA 78
Sbjot 1948 CTTICCTIGCAGCTAAGACATCTAATAACGAAGATTTGCCTCCACCIGIGGGICCCAGGA 1869
Query 79 TGGCGTTGAGACCAGGTTTCATGATCCCATTGATATTCGATAATATTTCTTTCTCAACTG 138
Sojot 1888 TGGCGTTGAGACCAGGTTICATGATCCCATIGATATICGATAATATTICITICICRACTG 1829
Query 139  GITTTCGACAAGGTAGAAAGCCACTCITCAGTTITACTCGATAGCAGATGTTATGAAAAC 198
Spjot 1828 GITTICCACAAGOTAGAAAGCCACICTICAGITTTACTCGATAGCAGATGITAIGRARAC 1769
Query 199  TTAACACAGCTCCTTCAGTAAATGCCITCAGGTCATTGGAAGCTGTCGCGGGGAAGCCAT 258
Sbjot 1768 TTAACACAGCICCTICAGIARATGCCTICAGGICATTGGAAGCTGICGCGGGGARGCCAT 1709
Query 259  TGGTGITTCCTTGTGACACTGGGATAAAAACTTCGACATTACTGGAAGACATAGAATTCG 318
Spjot 1708 TGGIGITICCIIGIGACACICGGATARAAACTICGACATTACTGGAAGACATAGRATICG 1649
Query 319  AAGCTTIGAGCTCGAGATCTGAGTCCGGACTTGTACAGCTCGTCCATGCCGAGAGIGATCC 378
Shict 1645 ARGCTIGACCTCGAGATCTCAGTCCCGACTIGTACAGCTCGICCATGLCGAGAGTGATCC 1569
Query 379  CGGCGGCGGTCACGAACTCCAGCAGGACCATGTGATCGCGCTTCTCGITGGGGTCTTTGC 438
Shict 1588 CORCGGCGRTCACGAACTCCAGCAGEACCATGTGATCGCGCTICTCGTTGRGOTCITIGE 1529
Query 439  TCAGTITGGACTGGGIGCTCAGGTAGIGGITGTCGGGCAGCAGCACGGGGCCGTCGCCGA 498
Shict 1528 TCAGTTIGEACTGRGTGCTCAGGTAGTGGITGTCGGACAGCACCACGRCGOCOTCROCER 1469
Query 499  TGGGGGTGITCTGCTGGTAGTGGTCGGCGAGCTGCACGCTGCCGTCCTICGATGTIGTGGC 558
Shict 1465 TGRGGGTGTICTGCTGGTACTGGICEGCGAGCTGCACGETGECGTCCTCGATGTTGIGE. 1409
Query 559  GGATCITGAAGTIGGCCTTGATGCCGITCTTCTGCTTGTCAGCGGTGATATAGACGTTIGT 618
Shict 1408 GGATCTIGAAGTIGRCCTIGATGCCETTCTICTGCTTGICAGCGGIGATATAGACGTIGT 1349
Query 619  GGCTGITGTAGTTIGTACTCCAGCTTGIGCCCCAGGATGTTGCCGTCCTICCTTGAAGTCGA 678
Shict 1345 GGCTGTTGTAGTIGTACTCCAGCTTGTGOCCCAGGATGTTGCCGTCCICCTIGRAGICER 1269
Query 679  TGCCCITCAGCTCGATGCGGTTCACCAGGGTGTCGCCCTCGAACTTCACCTCGGCGCGGG 738
Sbjct 1266 TGCCCTICAGCTCGATGOGGTTCACCAGGRTGTCGOCCICEAACTICACCICGGOGCERE 1229
Query 739  TCTTGTAGGTGCCGTCGTCCTTGAAGGAGATGGIGCGCTCCTGGACGTAGCCTTCGGGCA 798
Sjet 1226 ICTIGTAGGIGCCTCGICCTIGAAGGAGATGTGOGCTCCTGGACGTACCCTICGGACA 1163
Query 799  TGGCGGACTTGAAGAAGTCGTGCTGCITCATGIGGTCGGGGTAGCGGCTGAAGCACTGCA 858
Sjct 1166 TGGCGACTIGAAGAAGICGIGCTGCTICATGTGGICGOCETAGCGACTEAAGCACTGCA 1103
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Query 859  CGCCGTANN-CNGGN-GGNCACGAGGGTGGGCCAGGGCACGGGCAGCTTGCCGGTGGNGC 916
Sbict 1108 CGCCGTAGGICAGEGTGOICACCAGIETGRGCCAGOOCACERECACCTTONMMTARTEE 1048
Query 917  AGATGAN-TTCNNGN-CAGCTTGCCGTTGGTGGCATCGCCCTCGCCCTCNCN-CGCACGC 973
Query 974 TGAN-TTGNGGCCGTTNACGTC 994

FO

Score Expect Identities Gaps Strand
1844 bits(998) 0.0 1014/1025(99%) 3/1025(0%) Plus/Plus
Query 18 TATCGANTATCAATGGGATCATGAAACCTGGTCTCAACGCCATCCTGGGACCCACAGGTG 77
Sbict 1847 TATCGAATATCRATGGGATCATGARACCTGGICTCAACOICATCCIGOGACCOACAGETS 1906
Query 78 GAGGCARATCTTCGTTATTAGATGTCTTAGCTGCAAGGAAAGATCCAAGTGGATTATCTG 137
Sbict 1907 CAGGCARATCTTCOTTATTAGATGICTTAGCTCCARGORRACATCCARGTCEATIATCTS 1966
Query 138 GAGATGTTCTGATAAATGGAGCACCACGACCTGCCAACTTCAAATGTAATTCAGGTTACG 197
Sbjct 1967 CACATGTICTGATARATGGAGCACCACGACCTOCCAACTICARATGTARTICAGGTTACS 2026
Query 198 TGGTACAAGATGATGTTGTGATGGGCACTCTGACGGTGAGAGAAAACTTACAGTTCTCAG 257
Sbjct 2027 TGGTACAAGATGATGITGTGATGGGCACTCICACOSTOACACRRRACTIACAGTICTCAG 2086
Query 258 CAGCTCTTCGGCTTGCAACAACTATGACGAATCATGaaaaaaaCGAACGGATTAACAGGG 317
Sbict 2087 CAGCTCTICOOCTIGCAACAACTATGACGAATCATGARRRRRACGAACGEATIARCAGES 2146
Query 318 TCATTCAAGAGTTAGGTCTGGATAAAGTGGCAGACTCCAAGGTTGGAACTCAGTTTATCC 377
Sbjct 2147 TCATICAAGACTTACGTCTGGATARAGTGGCACACTCCRRGOTTGGRAACTCAGITIATCE 2206
Query 378 GTGGTGTGTCTGGAGGAGAAAGAAAAAGGACTAGTATAGGAATGGAGCTTATCACTGATC 437
Sbjct 2207 GTGGTGTGTCTOOACEACARAGARAAAGOACTAGTATAGOARTCGAGCTTATCACTEATE 2266
Query 438 CTTCCATCTTGTTCTTGGATGAGCCTACAACTGGCTTAGACTCAAGCACAGCAAATGCTG 497
Sbjct 2267 CTTCCATCTTOTTCITGGATGAGCCTACAACTOGCTTAGACTCARGCACAGCARATGETS 2326
Query 498 TCCTTTTGCTCCTGARAAGGATGTCTAAGCAGGGACGAACAATCATCTTCTCCATTCATC 557
Sbjct 2327 TCCTITIGUTCCTGARAAGGATGICTAAGCAGGGACCARCARTCATCTICTCCATICATE 2386
Query 558  AGCCTCGATATTCCATCTTCAAGTTGTTTGATAGCCTCACCTTATTGGCCTCAGGAAGAC 617
Sbjct 2387 AGCCTCOATATICCATCTICAAGITGTTTCATAGCCTCACCITATTGRCCTCACCARGAS 2446
Query 618 TTATGTTCCACGGGCCTGCTCAGGAGGCCTTGGGATACTTTGAATCAGCTGGTTATCACT 677
Sbict 2447 TTATGTTCCACORECCTGCTCAGGAGRCCTICOGATACTIIGAATCAGCTOOTIATCACT 2506
Query 678 GTGAGGCCTATAATAACCCTGCAGACTTCTTCTTGGACATCATTAATGGAGATTCCACTG 737
Sbjct 2507 GTCAGGCCTATAATAACCCTGUAGACTICITCTTGMACATCATTARTGGACATICEACTS 2566
Query 738 CTGTGGCATTAAACAGAGAAGAAGACTTTAAAGCCACAGAGATCATAGAGCCTTCCAAGC 797
Sbjct 2567 CTGTGGCATIARACACAGAAGAAGACTITAAAGCCACAGAGATCATAGAGCOTTCCAAGE 2626
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Query 798  AGGATAAGCCACTCATAGAAAAATTAGCGGAGATTTATGTCAACTCCTCCTTCTACAAAG 857
Shjct 2627 ACCATAMGCCACTCATAGAAMAATTAGCGGAGATITATOICAACTCCTCCTICTACRAAG 2686
Query 858  AGACAAAAGCTGAATTACATCAACTTTCCGGGGGTGAGAAGAAGAANAAGATCACAGTCT 917
Shjct 2687 ACACAAMAGCTOAATTACATCAACTTICCGCGGGTGAGRACAACAAGRAGATCACAGTCT 2746
Query 918  TCAAGGAGATCAGCTACACCACCTCCTTCTGTCATCAACTCAGATGGNNTTCTAANCGTT 977
Sbjct 2747 TCAAGGAGATCAGCTACACCACCTCOTICTGICATCAACTCAGATGGGTTICTARGCGTT 2806
Query 978  CATTC-AAAACTTGCTGGGNAN-CCCCAGGCN-CTATAGCTCAGATCATTGTCACAGTCG 1034
Sbjct 2807 CATTCARAAACTIGCTCGGTAMICOOCAGGCCTCTATAGCTCAGATCATIGICACAGTCG 2866
Query 1035 TACTG 1039

Sbjct 2867 %Aé%é 2871

F2

Score Expect Identities Gaps Strand
1829 bits(990) 0.0 1004/1015(99%) 2/1015(0%) Plus/Plus
Query 20 CTTC-AGTTGTTTGATAGCCTCACCTTATTGGCCTCAGGAAGACTTATGTTCCACGGGCC 78
Sbjct 2403 CTTCARGTTOTTTGATAGCCICACCTIATIGOCCTCACGAAGACTIATGIICCACGOGCE 2462
Query 79 TGCTCAGGAGGCCTTGGGATACTTTGAATCAGCTGGTTATCACTGTGAGGCCTATAATAA 138
Sbjct 2463 TGCTCAGOAGOCCTTGGGATACTITGAATCAGCTOOTTATCACTTCAGGCCTATARTAS 2522
Query 139  CCCTGCAGACTTCTTCTTGGACATCATTAATGGAGATTCCACTGCTGTGGCATTAAACAG 198
Sbjct 2523 COCTOCAGACTICTICTTGGACATCATTAATGOAGATICCACTCTGTGACATIARACAS 2582
Query 199  AGAAGAAGACTTTAAAGCCACAGAGATCATAGAGCCTTCCAAGCAGGATAAGCCACTCAT 258
Sbict 2583 ACAAGAAGACTITARAGCCACAGAGATCATAGAGCCTTCCAAGCAGGATARGOCACTCAT 2642
Query 259  AGAAAAATTAGCGGAGATTTATGTCAACTCCTCCTTCTACAAAGAGACAAAAGCTGAATT 318
Sbjct 2643 ACAAAAATTAGCGGAGATITATGICAACTCCTCCTTCTACAAAGAGACARAAGCTGARTT 2702
Query 319  ACATCAACTTTCCGGGGGTGAGAAGAAGAAGAAGATCACAGTCTTCAAGGAGATCAGCTA 378
Sbict 2703 ACATCAACTTTCCGGGGGTGAGAAGAACAACAAGATCACACTCTTCARGCAGATCAGCTA 2762
Query 379  CACCACCTCCTTCTGTCATCAACTCAGATGGGTTTCTAAGCGTTCATTCAAAAACTTIGCT 438
Sbict 2763 CACCACCTCCTTCIGTCATCAACTCAGATOGGTTTCTARGCGTTCATICARRRACTIONT 2822
Query 439  GGGTAATCCCCAGGCCTCTATAGCTCAGATCATTGTCACAGTCGTACTGGGACTGGTTAT 498
Shjct 2023 GOGTARTCOCCAGGCCTCTATAGCTCAGATCATTOICACAGTCGTACTGOGACTOOTIAT 2882
Query 499  AGGTGCCATTTACTTTGGGCTAAAAAATGATTCTACTGGAATCCAGAACAGAGCTGGGGT 558
Sbjct 2683 AGGTGCCATTTACTITGGGCTARAAAATCATICTACTGORATCCAGAACAGAGCTOOMGT 2942
Query 559  TCTCTTCTTCCTGACGACCAACCAGTGTTTCAGCAGTGTTTCAGCCGTGGAACTCTTITGT 618
Sbjct 2943 TCTCTTCTTCCTGACGACCAACCAGTOTTICAGCAGTOTTICAGCCGTGRARCTCITION 3002
Query 619  GGTAGAGAAGAAGCTCTTCATACATGAATACATCAGCGGATACTACAGAGTGTCATCTTA 678
Sbict 3003 GOTACAGAAGAAGCTCTTCATACATGAATACATCAGCOGATACTACAGAGTGTCATCTTA 3062
Query 679  TTTCCTTGGAAAACTGTTATCTGATTTATTACCCATGAGGATGTTACCAAGTATTATATT 738
Sbjct 3063 ITTCCTTGUARAACTGITATCIGATITATIACCCATCACEATGTTACCARGTATIATATT 3122
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Query 739 TACCTGTATAGTGTACTTCATGTTAGGATTGAAGCCAAAGGCAGATGCCTTCTTCGTTAT 798

FEEEEEE e e et e e e e e e e e e e e e e e e e e
Sbjct 3123 TACCTGTATAGTGTACTICATGTTAGGATTGAAGCCAAAGGCAGATGCCTTCITCGTTAT 3182

Query 799 GATGTTTACCCTTATGATGGTGGCTTATTCAGCCAGTTCCATGGCACTGGCCATAGCAGC 858

FEErrrrrrr e e e e e e e e e e e e e e e e e e
Sbjct 3183 GATGTTTACCCTTATGATGGTGGCTTATTCAGCCAGTTCCATGGCACTGGCCATAGCAGC 3242

Query 859 AGGTCAGAGTGTGGTTTCTGTAGCAACACTTICTCATGACCATCTGTITTTIGTGTTTATGAT 918

FEEEEEErr e e e e e e e e e e e e e e e e e e e
Sbjct 3243 AGGICAGAGTGTGGTTTCTGTAGCAACACTTCTCATGACCATCTGITTIGTGITTATGAT 3302

Query 919 GATTTTTTCNGGTCTGTTGGGTCAATCTCNNAACCATTGCATCTTGGNTGTCATGGNTTC 978

R e
Sbjct 3303 GATTTTTTCAGGICIGIT-GGTCAATCTCACAACCATTGCATCITGGCTGTCATGGCTTC 3361

Query 979 AGTACTTCAGCATTCCACGATATGGATTTACGGCTTTGCAGCNNNATGANTTTTT 1033

FEEEEEEEE e e e e e e e e e e e e I T
Sbjct 3362 AGTACTTCAGCATTCCACGATATGGATTITACGGCTTTGCAGCATAATGAATTTITT 3416

F482 (Mutation highlighted)

Score Expect Identities Gaps Strand
1803 bits(976) 0.0 991/1002(99%) 1/1002(0%) Plus/Plus
Query 17 GCGGATACTACAGAGTGTCATCTTATTTCCTTGGAAAACTGTTATCTGATTTATTACCCA 76

Frrrrrrrrrrerrrrr e rrr e e e e e e e e e e e e
Sbjct 3038 GCGGATACTACAGAGTGTCATCTTATTTCCTTGGAAAACTGTTATCTGATTTATTACCCA 3097

Query 77 TGAGGATGTTACCAAGTATTATATTTACCTGTATAGTGTACTTCATGTTAGGATTGAAGC 136

R S
Sbjct 3098 TGAGGATGTTACCAAGTATTATATTITACCTGTATAGTGTACTTCATGTTAGGATTGAAGC 3157

Query 137 CAAAGGCAGATGCCTTCTTCGTTATGATGTTTACCCTTATGATGGTGGCTTATTCAGCCA 196

R S
Sbjct 3158 CAAAGGCAGATGCCTTCTITCGTTATGATGTTTACCCTTATGATGGTGGCTTATTCAGCCA 3217

Query 197 GTTCCATGGCACTGGCCATAGCAGCAGGTCAGAGTGTGGTTTCTGTAGCAACACTICICA 256

R S
Sbjct 3218 GTTCCATGGCACTGGCCATAGCAGCAGGTCAGAGTGTGGTTTCTGTAGCAACACTICTCA 3277

Query 257 TGACCATCTGITTIGTGTTTATGATGATTITTTTCAGGTICTGTTGGTCAATCTCACAACCA 316

Frrrrrrrrrrerrrrr e rrr e e e e e e e e e e e e
Sbjct 3278 TGACCATCTGITTTIGTGITTATGATGATTTTTITCAGGTCTGTTGGTCAATCTCACAACCA 3337

Query 317 TTGCATCTITGGCTGTCATGGCTTCAGTACTTCAGCATTICCACGATATGGATTTACGGCTIT 376

Frrrrrrrrrrerrrrr e rrr e e e e e e e e e e e e
Sbjct 3338 TTGCATCTTGGCTGTCATGGCTTCAGTACTTCAGCATTCCACGATATGGATTTACGGCTT 3397

Query 377 TGCAGCATAATGAATTTTTGGGACAAAACTTCTGCCCAGGACTCAATGCAACAGGAAACA 436

Frrrrrrrrrrerrrrr e rrr e e e e e e e e e e e e
Sbjct 3398 TGCAGCATAATGAATTTTTIGGGACAAAACTTCTGCCCAGGACTCAATGCAACAGGAAACA 3457

Query 437  ATCCTTGTAACTATGCAACATGTACTGGCGAAGAATATTTGGTAAAGCAGGGCATCGATC 496
R S
Sbjct 3458 ATCCTTGTAACTATGCAACATGTACTGGCGAAGAATATTTGGTAAAGCAGGGCATCGATC 3517

Query 497  TCTCACCCTGGGGCTTGTGGAAGAATCACGTGGCCTTGGCTTGTATGATTGTTATTGCCC 556
Frrrrrrrrrrerrrrr e rrr e e e e e e e e e
Sbjct 3518 TCTCACCCTGGGGCTTGTGGAAGAATCACGTGGCCTTGGCTTGTATGATTGTTATTITTCC 3577

Query 557  TCACAATTGCCTACCTGAAATTGTTATTTCTTAAAAAATATTCTTAAATTGGATTICTAGA 616
Frrrrrrrrrrerrrrr e e e e e e e e e e e e e e e
Sbjct 3578 TCACAATTGCCTACCTGAAATTGTTATTTCTTAAAAAATATTCTTAAATTGGATTCTAGA 3637

Query 617 GGGCCCGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTIT 676

FEEEEEEEEr e e e e rrrrrrrrrrrrrrrrrrrrrrrrrrrrre
Sbjct 3638 GGGCCCGTTTAAACCCGCTIGATCAGCCTCGACTGTGCCTTCTAGTTIGCCAGCCATCTGTT 3697
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Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query

Sbjct

677

3698

737

3758

797

3818

857

3878

917

3938

977

3998

TAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTICATTCTATTCTggggggt

FEEEEErrr e e et e e e e e e e e e e e e e e e e e e
TAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGT

9999t ggggCAGGACAGCAAGGGGGANGATTGGGAAGACAATAGCANGCATGCTGGGGAT

FEErrrrrrrrrr e e rrr e trrr e e e e e e
GGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGAT

GCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCTAGGGGGTATCCC

FEErrrrrrr e e e e e e e e e e e e e e e e e
GCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCTAGGGGGTATCCC

CACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGNTACGCGCAGCGTGACC

FEErrrrrrrr et e e e e e e e e e e e e e e
CACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACC

GCTACACTTGCCAGCGCCN-AGCGCCNGCNNCTTTCGNTTTC 1017

FEEEErrrrrer e e e rrrrrr e
GCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTIC 4039

736

3757

796

3817

856

3877
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Appendix 2 ABCG2 mutants demonstrate a phenotype split in protein expression. Flow
cytometric histograms for GFP fluorescence (sfGFP-ABCG2 expression) for ‘lateral slice’
mutants. Area shaded grey corresponds to expression gating for low expressing cells
(excluded from analysis) and the area shaded green represents wild type like ABCG2
protein expression gating (denoted ‘high’). Data representative of N>3 independent
repeats, figures generated in Kaluza© (Beckman Coulter).
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Appendix 3 ABCG2 mutants demonstrate functional perturbation. Cell lines expressing

ABCG2wr and mutant variants were incubated with either 10uM of mitoxantrone (A),

pheophorbide A (B), or daunorubicin (C) in the prescence (bright red) or absence (light red)

of 1uM Ko143 (ABCG2 specific inhibitor). A left ward shift in MX fluorescence in the
absence of Ko143 (light red) demonstrates ABCG2 drug efflux. Kaluza© single channel
overlay histograms for drug fluorescence (gated for expression) are representative of

merged data sets across N>3 independent experiments.
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Appendix 4 Alternative binding poises for pheophorbide A and daunorubicin docking into
ABCG2. A-D represent the top binding poises (approx. 5.5kcal/mol binding energy) for
pheophorbide A and daunorubicin docked into ABCG2.
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