Dynamics and Oligomerisation
of ABCG2 Investigated Using
Various Fluorescence
Techniques

Kelvin Wong, MPharm.

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

July 2015



Abstract

The human ABCG2 (second member of ABC transporter G-subfamily) is an
important ATP-dependent exporter in the body with broad substrate
specificity including xenobiotics (e.g. anticancer agents) and endogenous
compounds (e.g. sterols and lipids). ABCG2 was first discovered in a multidrug
resistant breast cancer cell line and it is suggested to cause resistance to
chemotherapy in certain cancers such as acute myeloid leukaemia and small
cell lung cancer. Physiologically, ABCG2 is found in the protective sanctuary
sites of the body, for instance the gut and blood-brain-barrier, affecting
pharmacokinetics and treatment efficacies of small molecule drugs.
Structurally, the polypeptide chain of ABCG2 contains a single nucleotide
binding domain and a single transmembrane domain, which is half the
number of domains required for a fully functional ABC transporter. Although
many have suggested that ABCG2 function as dimer or higher order oligomer,
studies so far have been unable to convincingly address the oligomeric state

of ABCG2.

We aim to bridge this knowledge gap by resolving the oligomerisation of
ABCG2 using fluorescence techniques in mammalian cells. The expression and
function of fluorescent proteins tagged ABCG2 were verified using confocal
imaging and fluorescence accumulation assays, prior to the fluorescence
studies. As the membrane dynamics of ABCG2 are unknown, we first
measured the diffusion of ABCG2 in live HEK293T cells using fluorescence
recovery after photobleaching (FRAP) microscopy, in comparison to
membrane localised fluorescent proteins and a full length (i.e 4 domain) ABC
transporter (ABCC4). We also demonstrated oligomerisation of ABCG2 by
measuring a specific increase in fluorescence resonance energy transfer

(FRET) efficiency between CFP- and YFP-tagged ABCG2 expressed in live



HEK293T cells in comparison to non-specific control interactions, including

with the adenosine A3 receptor.

Subsequently, we employed high resolution and single particle fluorescence
techniques to resolve the oligomeric organisation of ABCG2. First,
fluorescence fluctuations of tagged ABCG2 within a confocal volume,
positioned on the upper plasma membrane, were measured using
fluorescence correlation spectroscopy (FCS) at “single molecule” resolution.
Photon counting histogram (PCH) analysis of the FCS measurements was
performed to determine the molecular brightness of the fluorescent species
detected within the confocal volume. Using CD86 and CD28 as monomer and
oligomer controls respectively, PCH analysis demonstrated higher order
oligomer formation of ABCG2, with increased brightness (up to 4-fold)
observed for both ABCG2 and CD28, compared to CD86. For validation of the
oligomeric organisation of ABCG2, we acquired a series of single particle
photobleaching images of cells expressing fluorescent protein tagged ABCG2
using total internal reflection fluorescence (TIRF) microscopy at the lower
plasa membrane, and employed a step detection algorithm to identify the
number of photobleaching steps within the distinguished fluorescent spots.
Statistical modelling of the photobleaching step frequency histogram
provided credible evidence of tetrameric organisation of ABCG2 in the plasma
membrane. The findings and methodology presented in this study have
provided further insights into the membrane dynamics and oligomerisation of
ABCG2. This could lead to future studies to explore new pharmacological

avenues that target the oligomerisation interfaces of ABCG2.
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Chapter 1 Introduction

1.1 The ABC protein superfamily

ABC (ATP-binding cassette) proteins were first discovered in the 1980s when a
group of ATP binding proteins in bacteria were found to possess related
functions in membrane transport (Higgins et al., 1986). The ABC proteins are
now established as one of the largest protein superfamilies distributed across
the prokaryotic and eukaryotic genomes. There are three main functional
categories of ABC systems — exporters (class 1), soluble ATPases (class 2) and
importers (class 3) (Dassa, 2011). The ABC proteins that are established to
function as exporters (in both prokaryotes and eukaryotes) and importers
(potentially exclusively in prokaryotes) are also known as the ABC
transporters (Hyde et al., 1990). The number of ABC proteins varies across
different species. In Escherichia coli, almost 5 % of its entire genome was
reported to encode for proteins of ABC systems, most of which act as
transporters in the uptake of nutrients and elimination of waste products
(Linton and Higgins, 1998). In man, 48 ABC proteins have been identified and
they are further classified into seven different families (A-G). Depending on
their distribution in the human body, the ABC proteins are known to perform
a wide range of important physiological roles, e.g. transport of endogenous
compounds (urate and cholesterol), expelling toxic molecules (antibiotics and
anticancer agents), and translational roles (see section 1.2 later; (Dean et al.,

2001)).



1.1.1 Composition of ABC transporter — the four core domains

The organisation of four core domains is established as the minimal
prerequisite for functional eukaryotic (and some prokaryotic) ABC
transporters (Hyde et al.,, 1990). Typically two nucleotide binding domains
(NBD; and NBD;) and two transmembrane domains (TMD; and TMD,) are
required for substrate transport by an ABC transporter (Figure 1.1). The NBD
contains sequences that bind and hydrolyse ATP and it is located in the
cytoplasm. Each membrane-spanning TMD of an ABC protein normally
consists of four to eight a-helices, joined together by intracellular and
extracellular loops. The sequence and number of TMDs vary across the ABC
families or even members within the same family (see discussion on ABCC
proteins later) (Dassa, 2011). This divergence suggests that the TMDs are
likely to be important for substrate or function specificity. The four (or more)
core domains of an ABC transporter may be formed from a single polypeptide
chain such as the human ABCB1 and ABCC1, or multiple polypeptide chains,
for instance the bacterial ribose transporter (Davidson et al., 2008) and the
human transporter associated with antigen processing (TAP1 and TAP2;
(Gadola et al., 2000)). Certain ABC transporters are known to require
additional domains for effective function. For example, the extracytoplasmic
solute binding proteins (SBPs) are important for the function of bacterial ABC
importer systems by recognising substrates (mostly nutrients) with high
affinity, for example the bacterial maltose and vitamin By, importer systems
(Davidson et al., 2008). While most bacterial ABC importer systems require
SBPs for function, the energy-coupling-factor (ECF) transporters are a group
of ABC importers that does not employ SBPs for substrate recognition.
Instead, ECF transporters are comprised of a conserved module — a
transmembrane protein (EcfT) and two homologous NBDs (EcfA and EcfA’) for
core transport activity, while utilising different S-components for substrates
recognition (Rodionov et al., 2009). The S-components are thought to be
typically 20-25 kDa in size with 4-6 hydrophobic membrane spanning

segments such as the biotin transporter BioMNY (Hebbeln et al., 2007),



riboflavin transporter RibU (P. Zhang et al., 2010) and thiamine transporter
ThiT (Erkens et al., 2011). In man, several members of the ABCC transporter
family (class 1 exporters, e.g. ABCC1) contain an additional transmembrane
domain (the TMDq) at the N-terminus of the transporter preceding TMD;.
These members of the ABCC family therefore consist of five domains (TMD,-
TMD;-NBD;-TMD,-NBD) in a single polypeptide chain. Also, the cystic fibrosis
transmembrane conductance regulator (CFTR, or ABCC7) contains the four
core domains (TMD;-NBD;-TMD,-NBD,) with an additional regulatory domain
inbetween the NBD; and TMD, identified as a region required for its function

as an ion channel regulator (Riordan et al., 1989; Winter and Welsh, 1997).

Sequence alignments have identified at least seven conserved motifs present
in the NBD of ABC transporters (Hyde et al., 1990; Lawson et al., 2008; Linton,
2007), shown in Figure 1.1. Unsurprisingly, two well known ATP binding
sequences were identified — the Walker-A and Walker-B motifs (Walker et al.,
1982). The Walker-A motif is a glycine-rich sequence (GXXXXGK{S/T}, X = any
residue) that is important for nucleotide binding through formation of
hydrogen bond interactions between the glycine residues and the phosphate
moieties of ATP. The serine or threonine residue coordinates the binding of
Mg?* ion whilst the basic residue, lysine, is thought to have a catalytic role
through neutralisation of the negatively charged oxygen atom between the -
and y- phosphate groups (Matte and Delbaere, 2010). The Walker-B motif
(hhhhDE, h = any hydrophobic residue) contains an aspartate residue for the
coordination of Mg?* binding or to act as a base to abstract hydrogen atoms
from the water molecules during ATP hydrolysis (Hanson and Whiteheart,
2005; Walker et al., 1982). The glutamate residue within the Walker-B motif
was also found be important for ATP hydrolysis in ABC proteins, see next
section. Other conserved motifs identified are the aromatic residue, ABC
signature motif (also known as the linker peptide or Walker-C motif), and the
Q-, D-, and H-loops (containing glutamine, aspartate, and histidine residues

respectively). The roles of these residues in ATP hydrolysis will be discussed in



the next section. These NBD motifs are unique to the ABC transporter family
and they are frequently used for identification or delineation purposes
(Higgins, 1992; Higgins et al., 1986). The seven ABC families (A-G) in human
(and other eukaryotes) are further classified based on their domain
organisation (see section 1.2) and amino acid homology, as suggested in an
initial phylogenetic analysis performed on yeast Saccharomyces cerevisiae

ABC proteins (Decottignies and Goffeau, 1997).
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ABCB1 .SYPHGNSGCGKST SQE LSGGQ .ILLLDEA'I'SALD AHR
Sav1866' QYN: :GMSGGGKSTHQQD" LSGGOQ; IILILDEATSALD AHR
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Y . e o ]

Aromatic Walker-A Q- ABC Walker-B
loop signature

Figure 1.1: The four core domains of ABC transporter. Top panel: Schematic representation
of a typical ABC transporter consisting of two transmembrane domains (TMDs) and two
nucleotide binding domains (NBDs). Bottom panel: Alignment results of human ABCB1,
Staphylococcus aureus Sav1866, and Vibrio cholera MsbA sequences highlighting the seven
conserved motifs within the NBD of ABC proteins. Sequence alighment was generated using
the Clustal Omega alignment tool (Sievers et al., 2011). The sequence of ABCG2 (protein of
interest in this study) was not shown in the alignment due to poorly conserved sequence in
the NBD of ABCG2.

1.1.2 Roles of NBD motifs in ATP hydrolysis

The NBD motifs identified in Figure 1.1 are all implicated by structural or
mutagenesis studies as crucial for NBD function and coupling to the TMDs in
ABC systems (Lawson et al., 2008). Mutations within the Walker-A and
Walker-B sequences have been studied extensively. Various studies have

demonstrated that the lysine residue (GKST, Figure 1.1) within the Walker-A



motif is critical for ATPase activity, however the importance of this residue in
the binding affinity of ATP is not yet conclusive (Azzaria et al., 1989; Henriksen
et al., 2005a; Lerner-Marmarosh et al., 1999; Miiller et al., 1996; Urbatsch et
al., 2003). For example, in CFTR, mutations of the lysine residues within the
Walker-A motif of either NBD; or NBD, in CFTR reduced the ATPase activity of
the ion channel (Ramjeesingh et al., 1999; Smit et al., 1993). The glutamate
residue (DEAT, Figure 1.1) within the Walker-B motif was also shown to be
important for NBD function. Substitution of this glutamate residue with its
neutral form, glutamine, has resulted in generation of non-functional mutants
of ABC proteins with tightly bound nucleotide within the NBDs (Hou et al.,
2009; Janas, 2003; Procko et al., 2006; Smith et al., 2002; Tombline et al.,
2005). It was suggested that the highly conserved glutamate residue acts as a
“catalytic carboxylate” that is responsible for cleaving of the phosphate bond
during ATP hydrolysis. Mutation of this residue to glutamine resulted in
trapping of the NBD in an “occluded state” in which the ATP is tightly bound
but not hydrolysed (Tombline et al., 2005).

The ABC signature motif (LSGGQ, Figure 1.1, (Hyde et al., 1990)) has also
been regularly shown to be important for transporter function and ATPase
activity. Mutations in the leucine and second glycine residues of the LSGGQ
motif were shown to reduce ATPase activity compared to the wild type
protein, in isolated membrane preparations of ABCB1 from insect cells (Bakos
et al., 1997). In addition to the leucine and glycine residues, the serine residue
has also been demonstrated as important for the function of ABC proteins.
Mutation of serine residues (in both NBDs) of ABCB1 resulted in further
reduction of ATPase activity (compared to single mutation), suggesting
possible synergistic action between the two NBDs (Tombline et al., 2004).
Elsewhere, the activity of the ion channel CFTR was inhibited when the serine
residue within the ABC signature motif was replaced with a cysteine (Cotten
and Welsh, 1998). Another functional study demonstrated that replacing the

second glycine residue within the signature motif in the NBDs with aspartate



affected the function of ABCC1 whilst the substitution of the leucine residue
with arginine did not (Szentpétery et al., 2004). Mutating the ABC signature
motifs of TAP1 (LSGGQ) and TAP2 (LAAGQ) to LAGAQ and LAAAQ respectively
has also shown to abolish peptide translocation activity completely (Hewitt
and Lehner, 2003). Furthermore, structural studies of NBD-NBD dimers (see
Figure 1.2) also indicated that the ABC signature motif forms the ATP binding
interface with the Walker-A motif of the opposing NBD (Procko et al., 2006;
Smith et al., 2002).

Amongst the other conserved motifs highlighted in Figure 1.1, the aromatic
residue was also believed to contribute to the binding of ATP potentially
through n-mt stacking interaction with the adenine of ATP, as shown in several
structural studies (Dawson and Locher, 2006; Hung et al., 1998; Smith et al.,
2002). Mutational studies have also demonstrated that the aromatic residue
is required for ATPase activity and transporter function, as only a tyrosine or
phenylalanine residue (20-30 amino acids N-terminal to Walker-A motif) in
ABCB1 showed maximal ATPase activity (Ambudkar et al., 2006; Carrier et al.,
2007; Kim et al., 2006). The D-loop (ALD, Figure 1.1) is also present near the
binding interface of the “head-to-tail” NBD dimer (see Figure 1.2) and it was
proposed to mediate communication between active sites in the two NBDs
(Hopfner et al., 2000; Jones and George, 1999; Procko et al., 2006). A recent
molecular dynamics simulation study also suggested that the D-loop may be
involved in coordinating the water attack during ATP hydrolysis and modulate
the formation of the “occluded state” of NBDs (Jones and George, 2012). The
Q-loop was proposed to act as a flexible role for NBD and TMD
communication. Mutations of the glutamine residues (SQE, Figure 1.1) in the
NBDs of ABCB1 to alanine or glutamate were shown to reduce drug-
stimulated transport activity, but did not affect ATP binding (Urbatsch et al.,
2000). Structural and molecular dynamics studies also suggested a highly
flexible structure of the Q-loop, and it was shown to be closely located to the

intracellular loop-2 in a homologue structure of ABCB1, indicating a potential



role of the Q-loop in NBD and TMD communication (Jones and George, 2002;
Lawson et al., 2008; Smith et al., 2002). Elsewhere, mutations in the H-loop
have caused reduced ATPase activity in multiple bacterial ABC systems, e.g.
the histidine permease (HisP subunit; (Shyamala et al., 1991)), maltose
transporter (MalK subunit; (Davidson and Sharma, 1997)) or haemolysin B
transporter (HIyB subunit; (Zaitseva et al., 2004)). Further structural studies of
the H662A mutant of HIyB in E. coli revealed that the H-loop could act as an
important ‘linchpin’ that holds the y-phosphate group of ATP while acting as a
catalyst during ATP hydrolysis (Zaitseva et al., 2005). Although the exact roles
of the Q-, D-, and H- loops are yet to be identified universally, evidence
presented thus far suggests that they are likely to act as important switch
regions and mediate the signalling process between the NBD catalytic sites

and the TMD active sites (Jones and George, 2004).

NBD “head-to-tail” dimer conformation

While it was predicted that the two NBDs interact with each other in a “head-
to-tail” conformation (Jones and George, 1999), early structural studies
presented conflicting data as only the monomeric structure of NBD was
generated (Hung et al.,, 1998). UV-induced photocleavage of vanadate
trapped NBD subunits of the maltose transporter (MalK) produced highly
specific cleavage fragments that indicated formation of ATP binding site by
the Walker-A and ABC signature motifs of the opposing MalK subunits (Fetsch
and Davidson, 2002), suggesting that the NBDs of ABC transporter could share
a common dimer conformation as reported in the structural data of DNA
repair ABC protein Rad50 (Hopfner et al., 2000). Neutralisation of the Walker-
B glutamate residue (as discussed above) has successfully generated ATP-
bound NBD dimeric X-ray crystal structures (Procko et al., 2006; Smith et al.,
2002), as shown in Figure 1.2A. This arrangement is consistent with the
formation of ATP binding and hydrolytic sites at an interface that is comprised
of the Walker-A motif of one NBD and the ABC signature motif of the
opposing NBD (Figure 1.2B), as suggested in the earlier studies. The aromatic

residue was shown to be located closely to the ATP molecule in Figure 1.2B.



As discussed earlier, the Q-, D- and H- loops are also shown to form part of
the NBD dimer interface in Figure 1.2B (Smith et al., 2002). The relevance of
this “occluded” NBD dimer state (Figure 1.2A) in the function of ABC protein
systems was demonstrated in a study where additional mutations to the Q-
loops and Walker-A motifs (serine and lysine residues) of ABCB1 affected the
ATP binding of the tightly “occluded” Walker-B ABCB1 mutant
(E552A/E1197A) (Tombline et al., 2005).

Figure 1.2: “Head-to-tail” dimer arrangement of NBD dimer. A — X-ray crystal structure
(ribbon representation) of the MJ0796 in E. coli (E171Q mutant) shows that the NBD subunits
organised as a sandwich dimer in the “head-to-tail” manner. B — Enlarged image of ATP
binding site in A showing the ATP molecule (yellow) and the different NBD motifs highlighted
as follows: aromatic (brown), Walker-A (red), Q-loop (blue), ABC signature (green), Walker-B
(purple), D-loop (cyan), and H-loop (orange) (Smith et al., 2002). PDB: 1L2T. Figure was
generated using PyMOL.



1.2 The human ABC transporters

The majority of the 48 known human ABC proteins are localised at the
membrane, with the exception of ABCE and ABCF protein families, which are
involved in translational control, and do not contain any transmembrane
domains (Dean et al, 2001). The general roles of several ABC
transporters/proteins found in man are summarised in this section and in
Table 1.1 below. Further attention will be given to the three key multidrug

efflux pumps (ABCB1, ABCC1 and in particular ABCG2) in the next section.

1.2.1 Cholesterol transport and regulation

The ABCA transporters are established as “key players” in the homeostasis of
cellular phospholipid and cholesterol. ABCA1 especially is known as one of the
main regulators in the metabolism of cellular high-density lipoprotein (HDL)
(Langmann et al., 1999). The polypeptide of ABCA1 contains all four domains
required for a functional ABC transporter (TMD;-NBD;-TMD,-NBD,). It has a
highly conserved hydrophobic region at the N-terminus and two large
extracellular loops (approximate total of 800 amino acid residues, 550 and
250 respectively) in between transmembrane helices 1 and 2 of the two TMDs
(Schmitz and Langmann, 2001). The absence of functional ABCA1 in patients
with Tangier disease causes impaired cholesterol efflux and reduced ABCA1
binding of apolipoprotein A1 (component of high density lipoprotein, HDL) in
the liver and intestine, leading to undesired accumulation of cholesterol in
the peripheral tissues (Brunham et al., 2006; Timmins et al.,, 2005).
Additionally, there is growing evidence that suggests ABCA1 is found in the
brain and is involved in the indirect regulation of amyloid-B production

(Hirsch-Reinshagen et al., 2008; Kim et al., 2011).

Two members within the ABCG family, ABCG5 and ABCGS, are also implicated
in cholesterol transport. The polypeptide chain of ABCG subfamily proteins

only consists of a single NBD and single TMD (NBD;-TMD;), therefore they are



also known as “half transporters” (Kerr et al., 2011). In contrast to the ABCA
subfamily, ABCG proteins do not contain the large extracellular loops or the
conserved hydrophobic regions. Reduced expression of these transporters
causes sitosterolaemia, where impaired efflux of plant derived sterols into the
bile in the liver results in cholesterol or sitosterol accumulation in the body
(Berge et al., 2000; Lee et al.,, 2001). Further studies suggest that these
proteins may form heterodimers for the efflux of wide range of dietary sterols

(Graf et al., 2003).

1.2.2 Immune response

The TAP1 and TAP2 (transporter associated with antigen processing) are two
members of the ABCB family, each containing a single TMD and single NBD
(TMD;-NBDy). They are known to form heterodimers within the membrane of
endoplasmic reticulum (ER) and are involved in cellular immune responses.
The TAP1 and TAP2 heterodimers recognise and transport peptides that act
as major histocompatibility complex (MHC) class | antigens from the
cytoplasm into the lumen of the ER, for binding with MHC class | molecules.
This process facilitates subsequent antigen presentation in the cells for the
recognition by T-lymphocytes for further immune responses (Momburg et al.,
1994; Neefjes et al.,, 1993). Improved functionality of TAP1 and TAP2
transporters in defective mice has also been shown to reduce tumour
malignancies through increased self-defence immune response by the T-
lymphocytes (Agrawal et al., 2004). The diffusion of functional TAP complex
(investigated using fluorescence recovery after photobleaching, FRAP, see
section 4.1) was found to decrease in the presence of peptide substrates
during translocation (Reits et al., 2000). Truncated TAP1 (transmembrane
helices 2-6, TM2-6) and TAP2 (TM1-4) did not reduce the mobility of TAP
complex when co-transfected with full length TAP1 (TM1-6) or TAP2 (TM1-5),
providing evidence for alignment of TAP1 and TAP2 in a head-to-head and

tail-to-tail orientation (Vos et al., 2000).
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1.2.3 lon channel activity and regulation

Within the ABCC family, several members were found to perform a unique
role as ion channels or channel regulators. The CFTR (or ABCC7) is a cAMP-
activated chloride ion channel (Sheppard and Welsh, 1999). It contains the
four core domains (TMD;-NBD;-TMD,-NBD,) linked together by an additional
regulatory (R) domain inbetween the NBD; and TMD, (Riordan et al., 1989).
The TMDs are proposed to form a chloride anion selective pore whilst the ATP
hydrolysis by the NBDs are suggested to regulate channel gating. Increased
levels of cAMP causes activation of protein kinase A, which in turn
phosphorylates several serine residues within the R domain, thereby
activating the ion channel for efflux of chloride ions (Sheppard and Welsh,
1999). Genetic defects in CFTR, most commonly the deletion of Phe-508
amino acid residue (A F508), are the primary pathology in cystic fibrosis (CF)
(Cutting, 2005). Dysfunctional CFTR causes a reduction in chloride anion and
water conductance at the epithelial surfaces, resulting in the thickening of
mucous (Frizzell, 1999). Therefore, patients with CF are often found to have
viscous mucous at the epithelial surfaces of lungs and pancreas. Accumulation
of fluids in the lungs and inadequate secretion of pancreatic enzymes (due to
organ dysfunction or pancreatic duct blockage) often result in bacterial chest
infections and lack of nutrition in CF patients (Dean et al., 1990; Riordan et al.,
1989). Studies have demonstrated that the AF508 mutant of CFTR showed
reduced expression at the plasma membrane (Kalin et al., 1999; Lukacs et al.,
1993; Ostedgaard et al., 2007) and small molecule compounds (such as VRT-
325) have been identified as chemical chaperones that improve AF508 CFTR
expression at the plasma membrane for the treatment of cystic fibrosis

(Brown et al., 1996; Molinski et al., 2012; Pedemonte et al., 2005).

On the other hand, the sulphonylurea receptors (SUR1 in B-cells of pancreas,
and SUR2A in cardiac and skeletal muscles) within the ABCC family (ABCC8
and ABCC9 respectively) are known to associate with the inward-rectifying K*

channel subunits (Kir6.1 or Kir6.2) to form the ATP-sensitive K" (Karp)
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channels. Similar to ABCC1 as discussed earlier, the SUR1 and SUR2A also
have five core domains including the additional transmembrane domain
(TMDg). Inactivating polymorphisms in the SUR1 and Kir6.2 genes are
associated with persistent hyperinsulinaemic hypoglycaemic of infancy, in
which the Karp channels are closed leading to membrane depolarisation and
uncontrolled insulin secretion (Dunne et al.,, 1997; Kane et al., 1996). In
contrast, spontaneous mutations in SUR1 or Kir6.2 genes that cause increased
opening of Karp channels (reduced calcium ion influx and insulin secretion) are
linked with permanent neonatal diabetes (Polak and Cavé, 2007; Stgy et al.,
2007). The sulphonylurea drugs used in type Il diabetes mellitus are known to
inhibit the activity of Katp channels in the B-cells of pancreas through the
binding to SUR1, resulting in increased insulin secretion in diabetic patients
(Aguilar-Bryan et al., 1998). It has been suggested that SUR1 and Kir6.2 form a
hetero-octamer with 1: 1 molar ratio in functional and structural studies
(Clement et al., 1997; Inagaki et al., 1997; Mikhailov et al., 2005; Shyng and
Nichols, 1997). A domain organisation study using the changes in
fluorescence resonance energy transfer (FRET; see section 5.1) signal
suggested that the C-terminus of Kir6.2 was centrally located within the Katp
channel and the NBD; of SUR1 is located closer to the C-terminus of Kir6.2
than the N-terminus (Wang et al., 2013). The activity of the Karp channels is
controlled through relative levels of intracellular ATP and ADP, where an
increase in the ATP/ADP ratio is thought to result in the closure of Karp
channels (Miki et al., 1999). Although it has been suggested that the SUR1
and SUR2A may regulate the Karp channels by detecting changes of ATP levels
within the cells (Aguilar-Bryan et al., 1995; Inagaki et al., 1996), the exact
relationship between ATP hydrolysis and channel-gating is yet to be
established (Miki et al., 1999).
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Table 1.1: Summary of different members within the ABC transporter families and their
general function and clinical significance.

ABC
family

ABCA

ABCB

ABCC

ABCD

ABCG

Example
members
identified

ABCAl

ABCA4

ABCB1
(P-gp)

ABCB2/
ABCB3
(TAP1/2)

ABCB4/
ABCB11

ABCC1
(MRP1)

ABCC7
(CFTR)

ABCC8/
ABCC9
(SUR1/2)

ABCD1

ABCG2
(BCRP)

ABCGS5/
ABCGS8

Expression
sites

Ubiquitous

Rod cells

Brain,
intestine,
liver,
kidney

All organs

Liver

All organs

Most cells

Pancreas,
heart,
muscle

Most cells
(peroxis-
omes)

Brain,
intestine,
kidney,
placenta

Liver,
intestine

Function and clinical
significance

Cholesterol transport,
atherosclerosis

Amyloid formation, Azheimer’s
disease

Transport of retinyldene-
phosphatidylethanolamine
Stargardt disease

Exporter of multiple substrates
Organ defence and multidrug
resistance

Transport of major
histocompatibility class |
peptides

Immune response

Secretion of
phosphatidylcholine and bile
salts

Intrahepatic cholestasis

Exporter of multiple substrates
Organ defence and multidrug
resistance

Chloride ion conductance
Cystic fibrosis, pancreatitis

Sulphonylurea receptors
Hyperinsulinaemia in infant,
type Il diabetes

Transport of long chain fatty
acids
X-linked adrenoleukodystrophy

Exporter of multiple substrates
Organ defence and multidrug
resistance, development of
gout

Elimination of plant sterols
Sitosterolaemia and
atherosclerosis

References

(Kaminski et al.,
2006; Kim et al.,
2011; Yvan-
Charvet et al.,
2010)

(Quazi and
Molday, 2014;
Shroyer et al.,
2001)

(Alfred H, 1999;
Cascorbi, 2011;
Leslie et al., 2005;
Steinbach and
Legrand, 2007)

(Momburg et al.,
1994)

(Dixon et al.,
2000; van
Helvoort et al.,
1996)

(Cole, 2014; Leslie
et al., 2005)

(Andersson et al.,
2002; Riordan et
al., 1989)

(Goksel et al.,
1998; Thomas et
al., 1995)

(Wanders et al.,
2006)

(Dehghan et al.,
2008; Eisenblatter
et al., 2003;
Gedeon et al.,
2006; Gutmann et
al., 2005)

(Berge et al.,
2000; Wilund et
al., 2004)
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1.3 The multidrug efflux pumps

In cancer treatment, one of the biggest challenges is the development of
multidrug resistance (MDR) to chemotherapy in cancer cells. Solid tumours
localised at the original site can be treated with surgery or radiotherapy.
However, in systemic cancers (e.g. leukaemia and lymphoma) and metastatic
cancers spread from solid tumours, chemotherapy remains the treatment of
choice. The development of chemoresistance is known to reduce the long-
term survival rate in leukaemia or metastatic cancers (Gottesman and Pastan,
1993; Leith et al., 1997). Overall, several major mechanisms of drug resistance
in cancer have been established (Krishna and Mayer, 2000), for example, 1)
reduced vascularisation in the growth pattern of non-dividing solid tumours
induces resistance to drugs that target cell proliferation, 2) reduced cellular
damage through glutathione (GSH) S-transferase mediated cellular
detoxification and repair, 3) alterations to drug targets (e.g. topoisomerase
(Drake et al., 1987) and apoptosis regulation (e.g. reduced p53 transcriptional
activity and bcl-2 expression (Reed, 1995)). Another common mechanism by
which chemoresistance develops in cancer cells is the increased ATP-
dependent efflux of hydrophobic cytotoxic drugs, a process mediated by the
ABC transporters. The ABCB1, ABCC1, and ABCG2 are three main multidrug
efflux pumps of ABC transporters known to perform such function and are

implicated in the MDR of cancer cells (Szakacs et al., 2006).

1.3.1 ABCB1 - the P-glycoprotein

The ABCB1, or P-glycoprotein (P-gp), was the first human ABC transporter
identified, comprising of two TMDs (12 transmembrane helices) and two
NBDs within its polypeptide chain (TMD;-NBD;-TMD,-NBD,) (Juliano and Ling,
1976). It is known to confer resistance in cancer cells through the ATP-
dependent export of various cytotoxic agents, such as doxorubicin and
vinblastine (Sharom, 2011; Ueda et al., 1987). ABCB1 was first associated with

poor treatment outcomes in acute leukaemia by causing chemoresistance in

14



cancer cells (Marie et al., 1991). Increased expression of ABCB1 was also
associated with poorer clinical outcomes in breast cancer (Trock et al., 1997)
and soft tissue sarcomas (Abolhoda et al., 1999). Physiologically, ABCB1 is
highly expressed in various sanctuary sites of the human body, such as the
blood-brain-barrier, intestine, liver bile ducts, placenta and kidney proximal
tubules; acting as a protective efflux mechanism in these tissues by removing
xenobiotics into the blood (Cascorbi, 2011; Cordon-Cardo et al., 1989; Leslie
et al., 2005; Schinkel, 1999). In addition to cytotoxic agents, other compounds
have also been identified as ligands of ABCB1, these include calcium channel
blockers, anti-arrhythmics, antibiotics, (Gottesman and Pastan, 1993) and also
fluorescent dyes (e.g. Hoechst bisbenzamide 33342 (H33342) (Shapiro et al.,
1997)). ABCB1 was also implicated in the transport of synthetic and natural
opioid compounds (Callaghan and Riordan, 1993). Loperamide is an opioid
compound that was identified as a much better substrate of ABCB1 compared
to other opioid compounds such as morphine and fentanyl, and it only
exhibits peripheral opioid effects (anti-diarrhoeal) due to the increased efflux

of loperamide by ABCB1 at the blood-brain-barrier (Wandel et al., 2002).

1.3.2 ABCC1 — the multidrug resistant associated protein 1

The ABCC1, also known as the multidrug resistant associated protein 1
(MRP1), was first identified in a MDR lung cancer cell line (Cole et al., 1992).
In contrast to ABCB1, it has a distinct 5-domain organisation including the
additional TMDg as discussed earlier, consisting of 17 transmembrane helices.
Although the role of the extra domain TMDy is still unclear, it has been
suggested to be important in ABCC1 dimerisation (Yang et al., 2007). ABCC1 is
suggested to be clinically relevant in chemoresistance of cancer cells (e.g.
non-small-cell lung cancer, prostate cancer, and breast cancer) through the
efflux of cytotoxic agents (e.g. etoposide, doxorubicin, and vincristine)
(Deeley et al.,, 2006; Slot et al., 2011). In neuroblastoma (a common
extracranial solid tumour in children), poor clinical outcomes were associated

with high expression levels or single nucleotide polymorphisms of ABCC1
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(Haber et al., 2006; Pajic et al., 2011). In the human body, ABCC1 is important
in the efflux of numerous endogenous or xenobiotic GSH conjugates in phase
Il metabolism (Cole and Deeley, 2006). Leukotriene C4-GSH conjugate is the
most well known endogenous metabolite transported by ABCC1, as
demonstrated in in vitro and in vivo studies (Leier et al., 1994; Schultz et al.,
2001; Wijnholds et al., 1997). Similar to ABCB1, ABCC1 is also found in most
normal tissues in the body (with increased distribution in lungs and testes)

and contributes to tissue defence from toxic xenobiotics (Cole, 2014).

1.3.3 ABCG2 - a “half MDR transporter”

The ABC transporter of interest in this study, ABCG2, is another known
multidrug efflux pump implicated in chemoresistance. It is a 655-amino acid
polypeptide chain, also known as the breast cancer resistant protein (BCRP)
first discovered in a MDR breast cancer cell line (MCF-7), which did not
express ABCB1 or ABCC1 (Doyle et al., 1998). As a “half-transporter”, the
polypeptide chain of ABCG2 only consists of half the number of domains
(single NBD and single TMD) compared to the expected number of domains
for a full-length ABC transporter (e.g. ABCB1). Clinically, ABCG2 is known to be
important in cancer chemoresistance, drug pharmacokinetics, and the

development of gout.

Substrates of ABCG2

Thus far, hydrophobic cytotoxic agents, such as mitoxantrone, methotrexate,
and tyrosine kinase inhibitors (e.g. erlotinib), are all identified as substrates of
ABCG2 (Clark et al., 2006; Dohse et al., 2010). Using radiolabelled daunomycin
as the trace ligand and insect cell membranes expressing ABCG2 (R482G
mutant, see section 1.5), Clark et al. established the binding affinities of
several substrates of ABCG2 in competition binding experiments.
Mitoxantrone (substrate for both wild type and R482G ABCG2) was shown to
be more potent than unlabelled daunomycin in displacing radiolabelled

daunomycin. However, the displacement of the total binding was incomplete
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(approximately 60 %). Together with the incomplete displacement result
when H33342 was employed (less potent than mitoxantrone), Clark et al.
suggested multiple daunomycin binding sites in ABCG, i.e. mitoxantrone and
H33342 could displace the radioligand from one binding site, but not the
other. The slow and incomplete dissociation of radiolabelled daunomycin in
the presence of mitoxantrone and H33342 is also indicative of ‘stabilisation’
of one of the daunomycin binding sites, leading to suggestions of potential
allosteric communication between the two drug binding sites (Clark et al.,
2006). Apart from anticancer agents, other classes of drugs such as the
calcium channel blockers (e.g. nifedipine), antibiotics (e.g. ciprofloxacin) and
the HIV protease inhibitors (e.g. abacavir) have also been shown to be
transported by ABCG2 (Merino et al., 2006; Shukla et al., 2006; Weiss et al.,
2006).

ABCG2 in cancer multidrug resistance

Perhaps the most interesting aspect of ABCG2 in the clinic is its ability to
confer resistance to chemotherapy as a multidrug efflux pump. Extensive
investigations have been performed in leukaemia patients, and mixed
evidence has been presented thus far. For example, high levels of ABCG2 and
ABCB1 in samples from patients with acute myeloid leukaemia (AML) were
shown to be associated with poorer prognosis (Benderra et al., 2004, 2005).
Similarly, Uggla et al. showed that AML patients with the highest expression
of ABCG2 had significantly shorter overall survival compared to those with
lowest expression (Uggla et al., 2005). In contrast, flow cytometry detection
of ABCG2 expression and determination of ABCG2 gene expression did not
show clear up-regulation of ABCG2 in relapse cases of AML (Galimberti et al.,
2004; van der Kolk et al., 2002). The importance of ABCG2 and ABCB1
expression in the multidrug resistance of AML was however reinforced in a
recent review, and the authors concluded that accurate determination of the
multidrug efflux pump expression in AML patients is important for finding the
optimal cancer treatment (Xia and Smith, 2012). A recent study further

demonstrated that resistance to anticancer agents (e.g. daunorubicin,
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imatinib, and nilotinib) strongly depends on the expression levels of ABCG2
and ABCB1 in human leukaemia cells (Kosztyu et al., 2014). In addition to
AML, presence of ABCG2 was also reported in other cancers (Diestra et al.,
2002). High expression of ABCG2 in biopsy specimens of patients with small
cell lung cancer was shown to be associated with poorer clinical response and
progression free-survival, but not for the other multidrug efflux pumps (e.g.
ABCB1 and ABCC1) (Kim et al., 2009). However, the importance of ABCG2 in
other solid tumours is inconclusive and for example, studies have shown that
chemoresistance caused by ABCB1 could be more clinically relevant in breast

cancer compared to ABCG2 (Burger et al., 2003; Kanzaki et al., 2001).

The pharmacological targetting of ABCG2 or indeed ABCB1 remains
unachievable thus far in the clinic. Although inhibitors such as tariquidar (Fox
and Bates, 2007) were shown to be effective in in vitro and in vivo studies,
increased toxicity and lack of multidrug efflux pump expression have often
halted their progress in clinical trials (Nobili et al., 2006; Tamaki et al., 2011).
A promising specific ABCG2 inhibitor, Ko143, structurally related to the first
ABCG2 inhibitor (FTC, fumitremorgin C), was developed and reported to be
less neurotoxic compared to FTC (Allen et al., 2002) but its effectiveness in
the clinic is not yet demonstrated. Recently, the phosphodiesterase-5
inhibitor sildenafil was shown to increase intracellular accumulation of
mitoxantrone and fluorescently labelled prazosin in ABCG2 overexpressing
cells, suggesting that it may be useful as an adjuvant in chemotherapy (Shi et
al., 2011). Thus far, limited success in the search for pharmacological agents
targetting ABCG2 in cancer suggests that further understanding of the
multidrug efflux pumps (expression, structure, functional mechanism) is
required to improve the current drug design or chemotherapy treatment

strategies.
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ABCG2 in drug pharmacokinetics

Similar to ABCB1 and ABCC1, ABCG2 is also found in many organs, including
the blood-brain-barrier, adrenal glands, lungs, mammary glands, intestines,
testes and kidneys (Gutmann et al., 2005; Maliepaard et al., 2001; Mao and
Unadkat, 2005; Zhang et al., 2003). Owing to its wide substrate specificity and
distribution, physiologically, ABCG2 is suggested to be important for tissue
defence through the export of xenobiotics. Brain perfusion studies in Abcb1-
knockout mice indicated increased radiolabelled prazosin and mitoxantrone
uptake into brain in the presence of ABCB1/ABCG2 inhibitor, GF120918.
Further quantitative reverse transcription-PCR investigations demonstrated
the expression of ABCG2 in the brain microvessels, thereby confirming a role
for ABCG2 in tissue defence at the blood-brain-brarrier (Cisternino et al.,
2004). In addition to organ defence, clinically, ABCG2 plays an important role
in the pharmacokinetics of medicinally active compounds, affecting their
bioavailability. For example, a single nucleotide polymorphism at nucleotide
position 421 (cytosine to adenine) in the ABCG2 coding region, which results
in Q141K mutation in the amino acid sequence, has been shown to increase
the bioavailability and clinical efficacy of topotecan (Sparreboom et al., 2005).
The same polymorphism was also reported to significantly affect the
pharmacokinetics of atorvastatin and potentially influence the efficacy and
toxicity of rosuvastatin (Keskitalo et al., 2009). In recognition of this, the Food
and Drug Administration recommended that new drug molecules should be
tested for their interaction with ABCG2 during the drug development process
(Giacomini et al., 2010). Recently, a comprehensive genomic study reported
that the same single nucleotide polymorphism is important in the
development of gout. In this study the Q141K ABCG2 variant was shown to
cause 53 % reduction of urate transport in the kidney, resulting in the
increase risk of gout. Clinical data suggested that at least 10 % of gout cases in
whites can be attributed to this polymorphism (Woodward et al., 2009). The

effects of this polymorphism will be discussed in detail in section 1.5.
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ABCG2 is shown to have “contrasting” physiological roles in pregnancy and
breastfeeding. High expression of ABCG2 was reported at the apical
membrane of the placenta. Jonker et al. first demonstrated that foetal
penetration of topotecan was 2x higher in the vehicle treated, Abcbl-
knockout pregnant mice, compared to the ABCG2/ABCB1 inhibitor GF120918-
treated mice (Jonker et al., 2000). An ex vivo perfusion study using a human
placenta model also revealed that inhibition of ABCG2 using nicardipine (a
calcium channel blocker) resulted in significant increase in glibenclamide
(antidiabetic) concentration in the foetal circulation (Gedeon et al., 2006).
These studies suggested that ABCG2 may protect the foetus by exporting
harmful compounds back into the maternal circulation (Gedeon et al., 2006;
Jonker et al., 2000; Pollex et al.,, 2008). At the mammary glands however,
ABCG2 was shown to export harmful substances including dietary carcinogens
and other xenobiotics out of the maternal body and into the breast milk and
may be harmful to the infant (Herwaarden et al., 2006; Jonker et al., 2005;
Merino et al., 2005; Olsen et al., 2007). Alfred Schinkel’s lab identified that
several compounds such as dietary carcinogens, PhIP (heterocyclic amine)
and aflatoxin B1, along with the anticancer agent topotecan, were
concentrated in the milk of wild type mice but not Abcg2-knockout mice

(Herwaarden et al., 2006; Merino et al., 2005).

1.4 Structure and mode of action — ABC exporters

The MJ0796 NBD structure shown in Figure 1.2 above does not represent the
full details of a native ABC transporter, as it only shows the dimeric NBD
subunits of an ABC system. The significance of ABC exporters in human,
particularly in cancer as discussed above, has prompted various efforts to

obtain full length ABC exporter structures.
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1.4.1 Structures of ABC exporters

To date, several crystal structures of ABC exporters have been identified, as
summarised in Table 1.2. Overall the structural investigations showed that
ABC transporters can either adopt an inward facing (ABCB1) or outward
facing (Sav1866) conformation, as shown in Figure 1.3A. This fits well to the
widely recognised mechanism of action for ABC exporters, the ATP switch
model (see next section) and the “head-to-tail” NBD dimer formation as
shown in Figure 1.1 above (Higgins and Linton, 2004). The structure of
homodimeric Savl866 was the first accurate ABC transporter structure
reported and is still the highest resolution multidrug resistance-type ABC
exporter structure resolved to date (Figure 1.3A) (Dawson and Locher, 2006).
This structure first revealed the topology of the six transmembrane helices
(TM), in which the bundle of the dimeric helices forms two discrete “wings”
that point towards opposite extracellular directions (Figures 1.3B), and each
wing consists of TM1-2 of one NBD subunit and TM3-6 of another (Figures
1.3B and 1.3C). The transmembrane helices are joined together by long
intracellular loops (ICL) and short extracellular loops. The intracellular loops
were suggested to extend the transmembrane helices beyond the membrane,
approximately 25 A into the cytoplasm (Figure 1.3A). Both ICLs in Sav1866
were proposed as “coupling helices” and primary contact to the NBD of
opposing subunit was demonstrated in the structure, suggesting possible
involvement in conformational changes during substrate transport and ATP
hydrolysis (Dawson and Locher, 2006), consistent with data from mutational
studies of the predicted ICLs of ABC exporters elsewhere (Cotten et al., 1996;
Currier et al., 1992). The first Sav1866 structure was resolved in the presence
of ADP (Dawson and Locher, 2006), and the authors concluded that it was
likely to be affected by the crystallisation conditions, rather than the presence
of ADP. A subsequent outward facing structure bound to a non-hydrolysable
ATP analogue was resolved, suggesting this could be one of the
conformations adopted by ABC exporters in ATP-bound state (Dawson and

Locher, 2007). Although the structure of mouse ABCBla represents an
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important breakthrough due to its high sequence similarity to human ABCB1

(96 %) and the presence of substrate in the reported X-ray crystal structure, it

has been reviewed recently and substantial changes to the structure were

proposed, following comparison with the C. elegans ABCB1 structure (Li et al.,

2014; Ward et al., 2013).

Table 1.2: Summary of the main ABC exporters structures reported to date.

ABC
transporter
Sav1866

MsbA

ABCB1la

ABCB1

ABCB10

McjD

TM287/288

Species

S. aureus

E. coli

Mouse

Mouse

C. elegans
Human
(mitochondria)

E. coli

Thermotoga
maritima

Resolution
(A)

3.0

3.7
3.8t04.2
3.8

3.4

2.9

2.7

2.9

References

(Dawson and Locher,
2006, 2007)

(Ward et al., 2007)
(Ward et al., 2013)
(Li et al., 2014)
(Jinetal.,, 2012)
(Shintre et al., 2013)
(Choudhury et al.,

2014)
(Hohl et al., 2012)

PDB code

2HYD, 20NJ

3B60

4KSB, 4KSC,
4KSD

4M1M, 4AM2S,
4M2T

4FAC
4AYT, 4AYX,
4AYW, 3ZDQ

4PLO

3QF4
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Possible
T™MD membrane
spanning region
NBD

N-terminus

NBD

Figure 1.3: Crystal structures of ABC transporters. The outward facing dimeric S. aureus
Sav1866 (PDB: 2YHD) and inward facing C. elegans ABCB1 (PDB: 4FAC) structures are shown
in ribbon representation. Non-hydrolysable ATP analogue (AMP-PNP) in Sav1866 is shown as
red balls. The different protomers in Savl866 and two halves of ABCB1 are differentiated
using yellow and gold colour (A). The topology of ‘wing’ conformation of the transmembrane
helices is schematically represented in (B). Top-down view of the Sav1866 dimeric structure
showing the two “wings” separated by a black dotted line (C) (Dawson and Locher, 2006). In
(A), the substrate binding residues (blue) identified in mutational studies of human ABCB1
(primarily in (Loo et al., 2004, 2006)) were mapped onto the two structures as reviewed in
(Wong et al., 2014). Sequence alighment (Figure S1.1) was performed using Clustal Omega
(Sievers et al., 2011) and figures were generated using PyMOL.
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Investigation of these crystal structures shows that conformational changes in
the ABC transporters (from inward facing to outward facing) could potentially
alter the hydrophobicity of the binding pockets in the TMDs. In Figure 1.3A,
the sequences of Savl866 and C. elegans ABCB1 were aligned against the
human ABCB1 sequence (Figure S1.1 in Appendix) and the residues
corresponding to the substrate binding sites identified biochemically
(mutational studies) in human ABCB1 was highlighted in blue. Studies of
sequential cysteine introductions in a cysteine-less human ABCB1 (Loo and
Clarke, 1995) using thiol-reactive compounds such as methanethiosulphonate
analogues and dibromobimane have identified various potential substrate
binding sites in human ABCB1 (Loo and Clarke, 2000; Loo et al., 2004, 2006),
as reviewed in (Wong et al., 2014). The binding sites were seen as clustered in
the inward facing conformation and dispersed in the outward facing
conformation (Figure 1.3A). Surface-accessibility calculations performed also
reported a reduction in the overall hydrophobicity of the drug binding pocket
in the outward facing conformation (Wong et al., 2014). As the binding sites
were also seen high up in the TMD regions of both structures in Figure 1.3A, it
supports the “hydrophobic vacuum cleaner” or “flippase” models suggested
previously, in which substrates could gain entry into the binding sites of ABC
transporters through the membrane lipid bilayer (Higgins and Gottesman,

1992).

In summary, crystallisation of membrane ABC transporters has proven to be
extremely challenging in recent years due to the complexity of purifying
membrane proteins and obtaining suitable crystals, as suggested in the
relatively few successful structures reported so far. A high-resolution crystal
structure of human ABC exporter remains highly desirable for in-depth study
of ABC exporters but it is yet to be discovered. Also for ABCG2, although 3D
structural data were generated using electron microscopy analysis of single
particles of ABCG2 protein samples purified from insect cells, the final

resolution was too low and only the overall shape and the estimated
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oligomeric organisation of ABCG2 were deduced from the final data
(McDevitt et al., 2006). Nevertheless, the current structures have provided a
general knowledge of the different conformational states and possible
substrate binding pockets for the ABC exporters (e.g. ABCB1 modelled in
Figure 1.3A).

1.4.2 Homology modelling of ABCG2

The high sequence similarities of human ABCB1 with Sav1866 (Kerr et al.,
2010) and C. elegans ABCB1 (46% identical overall) allowed the mapping of
drug binding sites on the structures as shown in Figure 1.3A and reliable
determination of various homology models that can be validated by
biochemical data (Becker et al., 2009; McDevitt et al., 2008a; O’'Mara and
Tieleman, 2007; Stockner et al., 2009), see Figure S1.1 in Appendix for
sequence alignment. However, in ABCG2, sequence similarity is low, e.g. 23 %
and 6 % identical with the NBD and TMD of Sav1866 respectively, implying
that the homology models reported thus far (Hazai and Bikadi, 2008;
Rosenberg et al., 2010) are unlikely to be reliable, as suggested in (Kerr et al.,

2010).

1.4.3 The ATP-switch model for ABC exporters

The exact functional mechanism for ABC exporters is not yet established
universally and the mechanism of action may vary among different ABC
transporters (e.g. importers versus exporters). However, biochemical and
structural evidence from both ABC importers (Chen et al., 2003; Locher et al.,
2002) and exporters presented thus far support a widely accepted ATP-switch
model that can be used to describe the ABC exporter functional mechanism
(Figure 1.4), and some features in this model may well be similar to those of
the ABC importer mechanism. It is also not inconceivable that some of the
human ABC systems, for example the ion channels/regulators (e.g. ABCC7,

SUR1/2) and half transporters (e.g. ABCG2) may adopt a slightly different
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mechanism in their mode of transport. The ATP-switch model is proposed
based on a fundamental theory where the NBDs form a close dimer (outward
facing conformation) upon binding of ATP molecule, and dissociate to an
open dimer (inward facing conformation) after ATP hydrolysis and the release

of ADP and P; (inorganic phosphate) (Higgins and Linton, 2004).

Step 1: Transport cycle initiation. Thus far, evidence suggests that substrate
binding to the high affinity binding pocket in the TMDs is the first step to
initiate the transport cycle, in which the transporter is likely to adopt an initial
inward facing conformation (C. elegans ABCB1 structure in Figure 1.3A). This
was demonstrated when the ligand-independent mutants of bacterial
histidine and maltose transporters were shown to possess increased ATP
hydrolytic activity, compared to wild type transporters in the absence of
substrate, indicating that substrate binding is required to initiate the
transport cycle of ABC transporter (Davidson et al., 1992; Petronilli and Ames,
1991). Tryptophan quenching experiments in purified ABCB1 (reconstituted in
liposomes) also indicated possible small conformational change in the NBDs
after ATP hydrolysis, and ABCB1 may adopt different conformations upon
binding of transport substrate in the presence and absence of ATP (Sonveaux
et al, 1999). Pharmacological assays with radiolabelled ligands also
demonstrated increased binding affinity of vinblastine to ABCB1 (purified in

membrane vesicles) in the absence of ATP analogues (Martin et al., 2001).

Step 2: Closure of NBD dimers. Substrate binding is currently proposed to
enhance the binding of ATP to NBDs and reduce the energy required for a
closed dimer formation. ATP binding then acts as the “switch” that induces
the formation of a closed dimer, as shown in the NBD structural studies
(Procko et al.,, 2006; Smith et al.,, 2002), (see section 1.1.2). This
conformational change converts the high affinity substrate binding pocket to
a low affinity state, and the transporter now adopts the outward facing

conformation (e.g. Sav1866 structure in Figure 1.3A), resulting in the release
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of substrate. Martin et al. showed that presence of the non-hydrolysable ATP
analogue (AMP-PNP) resulted in a 9-fold reduction in the binding affinity of
radiolabelled vinblastine to ABCB1 (Martin et al., 2001). Comparable findings
were also reported in ABCG2 and ABCC1 where binding of ATP or AMP-PNP
resulted in reduced binding of radiolabelled substrate daunomycin and
oestrone sulphate (in the presence of glutathione), respectively (McDevitt et
al., 2008b; Rothnie et al., 2006). Furthermore, structural data for ABCB1 also
suggested that binding of AMP-PNP causes considerable conformational
change in the TMDs that requires repacking of the transmembrane a-helices
(Rosenberg et al., 2003). At present, the exact number of ATP molecules
hydrolysed during each transport cycle is still not fully known. It is generally
assumed that the binding of two ATP molecules is required for the
stabilisation of the closed NBD dimer system, as seen in the NBD crystal
structures of MJ0796 and MalK subunits (Chen et al., 2003; Smith et al,,
2002). However, in terms of ATP hydrolysis, it is unclear if both ATP binding
pockets in the NBDs hydrolyse the bound ATP molecules at the same time or
the hydrolysis of ATP molecules occurs in an alternating fashion, as reviewed
in (Higgins and Linton, 2004). Also, a single functional NBD subunit has been
shown to be sufficient for ATP hydrolysis and function in bacteria histidine

permease (Nikaido and Ames, 1999).

Step 3: ATP hydrolysis. Upon release of the substrate, the transporter is likely
to undergo another conformational change that triggers the hydrolysis of
ATP. It was initially thought that hydrolysis of ATP would trigger the change of
transporter back to the outward facing basal conformation in Step 1.
However, studies have consistently shown that the NBDs remain in the closed
state after hydrolysis of ATP. Using vanadate to trap ABCB1 transporters in
their catalytic transition state (a complex consisting of MgADP and vanadate)
that mimics the MgADP and P; after the hydrolysis of ATP, studies have
demonstrated that ABCB1 remained in its low affinity state (Martin et al.,

2001; Ramachandra et al., 1998). Elsewhere, low substrate binding affinities

27



were also reported for ABCG2 (radiolabelled daunomycin) and ABCC1
(radiolabelled oestrone sulphate in the presence of glutathione) when the
transporters were trapped in the post-hydrolytic state by vanadate (McDevitt
et al.,, 2008b; Rothnie et al.,, 2006). The crystal structure of the maltose
transporter with a closed NBD conformation, consisting of the SBP, one
maltose molecule, and two bound ATPs, suggests that the ABC importers and
exporters may share a “common” ATP hydrolysis coupling mechanism, in
which ATP hydrolysis triggers the substrate release from SBP to the importer

and from the exporter to the extracellular medium (Oldham et al., 2007).

Step 4: Restoration. The release of P;and ADP finally triggers the restoration
of the transporter to its basal, inward facing conformation with high substrate
affinity, as the closed NBD dimer conformation is disrupted. This proposal was
based on the initial vanadate-trapping experiment where the MgADP
remained in the system to form the MgADP-vanadate complex in ABCB1 as P;
was replaced by vanadate, leading to suggestion that P; was released before
the ADP (Senior et al., 1995). Martin et al. showed that the ABCB1 complex
covalently crosslinked with 8-azidoADP (not containing vanadate) restored its
high affinity state for radiolabelled vinblastine, suggesting that the release of
ADP may not be the main trigger for this restoration step and binding of
vinblastine may occur before the release of ADP. As binding of non-
hydrolysable ATP analogue to ABCB1 causes a reduction in substrate binding
affinity, this is also indicative of a possible passive role of ATP in the opposing
NBD; hence, Martin et al. proposed that an alternating catalytic cycle could be
responsible for the transport of vinblastine in ABCB1 (Martin et al., 2001).
This final step and the several other mechanisms within the catalytic cycle of

ABC exporters, is therefore yet to be fully characterised.
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Figure 1.4: ATP switch model showing the transport cycle for an ABC exporter. Substrate
binding initiates a conformational change in the ABC transporter and results in the increase of
NBD affinity to ATP (Step 1). ATP binding then induces a conformational change from inward
facing to outward facing conformation with reduced affinity to substrate. Substrate is
released at this stage (Step 2). ATP hydrolysis within the NBD close dimer occurs (Step 3).
Release of inorganic phosphate (P;) and ADP triggers another conformational change and ABC
transporter is restored back to its basal inward facing conformation with high substrate
affinity, ready for the next cycle (Step 4). Figure adapted from (Higgins and Linton, 2004).
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1.5 Mutational effects on ABCG2

Thus far, various mutations in ABCG2 that affect its function, localisation and
post-translational modifications have been reported and these are
summarised in Table 1.3 below and will be discussed in this section. Further
discussion on possible mutations in ABCG2 that may affect its oligomerisation

will be discussed in the following section.

1.5.1 Function

Unsurprisingly, mutation of the lysine residue at the Walker-A motif of ABCG2
(see section 1.1), K86A (GPTGGGKSS) resulted in impaired ABCG2 function, as
first demonstrated in (Ozvegy et al., 2002). Immunohistochemistry analysis
demonstrated reduced expression levels and impaired membrane trafficking
of this ABCG2 variant, compared to wild type (Henriksen et al., 2005a). The
E211Q mutation in ABCG2 (SILFLDEPT; glutamate to glutamine mutation in
the Walker-B motif as described in section 1.1), was also reported to abolish
ATPase activity of purified ABCG2 mutant reconstituted in membrane vesicles
(Hou et al., 2009). Additionally, mutation at the neighbouring aspartate
residue to asparagine (D210N) was shown to result in non-functional ABCG2
mutant (Bhatia et al., 2005). Surface expression of both E211Q and D210N

ABCG2 mutants was not affected compared to wild type.

The arginine residue at position 482 (R482) was identified as important for
substrate specificity in ABCG2. Honjo et al. first reported efflux of doxorubicin
and rhodamine in R482T and R482G variants of ABCG2 but not the wild type,
and all three variants (R482T, R482G and wild type) demonstrated transport
activity for mitoxantrone (Honjo et al., 2001). Cytotoxicity assays showed that
cells expressing the ABCG2 mutants (R482T and R482G) produced higher
resistance to cytotoxic agents such as doxorubicin, daunorubicin, and
epirubicin compared to wild type, whereas novorubicin was found to be a

more effective ABCG2 inhibitor in cells expressing the wild type variant
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compared to the mutants (Robey et al., 2003). An extensive study of six
different R482 mutations (R482G, R482H, R482K, R482P, R482T, and R482Y)
reported different ~ ATPase  activities in  the presence  of
[***Iliodoarylazidoprazosin (IAAP). The authors reported that all the R482
mutants (including those that showed impaired transport and ATPase
function) were able to bind [*1]IAAP. This implies that the R482 residue may

function in other roles such as signalling in the transmembrane domain or

conformational changes during substrate transport (Ejendal et al., 2006).

Table 1.3: Summary of mutational effects on ABCG2.

Mutation Location Effects on ABCG2 References
Function:
K86M Walker-A motif Reduced surface expression  (Henriksen et al.,
and ATPase activity 2005a; Ozvegy et
al., 2002)
D210N Walker-B motif Abolished transport activity ~ (Bhatia et al., 2005)
E211Q Walker-B motif Abolished transport activity ~ (Hou et al., 2009)
R482X Transmembrane Altered substrate specificity ~ (Ejendal et al.,
segment 3 2006; Honjo et al.,
2001; Robey et al.,
2003)
Expression and localisation:
G406L/G410L  Transmembrane Reduced surface expression  (Polgar et al., 2004,
(T402L) segment 1, GXXXG and transport activity 2010)
motif
Q141K NBD Reduced surface expression  (Morisaki et al.,
and transport activity 2005)
F142 A NBD Reduced expression and loss  (Saranké et al.,
of ATPase activity 2013; Woodward et
al., 2013)
Phosphorylation by Pim1-kinase:
T362A NBD Reduced expression and (Xie et al., 2007)
function

Glycosylation:

N596A Extracellular loop-3  Reduced glycosylation (Diop and Hrycyna,
2005)
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1.5.2 Localisation

The LIXXGVXXGVXXT motif was first identified in the dimerisation interface of
transmembrane helices in glycophorin A (Lemmon et al., 1994). Further
statistical analysis (TMD sequences in Protein Data Bank) reported common
occurrences of the GXXXG motif in transmembrane helices while another in
vitro selection study (using a vector that generates hybrid proteins with
random substitutions in a transmembrane helice backbone) suggested
possible global role of GXXXG motif in transmembrane helix interactions (Russ
and Engelman, 2000; Senes et al., 2000). Polgar et al. analysed the role of
GXXXG motif in the transmembrane segment 1 of the predicted topology of
ABCG2 and found that mutations of the glycine residues to leucine
(G406L/G410L) resulted in impaired function and reduced surface expression;
however no effect was observed in the G406A/G410A mutant. Both mutants
were reported to have no effect on ABCG2 oligomerisation using non-
reducing SDS-PAGE and western blot analysis (see next section) (Polgar et al.,
2004). Further mutations of the Thr-402 residue next to the GXXXG motif did
not have any significant impact on the expression or function of ABCG2 wild

type or double mutant G406L/G410L (Polgar et al., 2010).

Early in vitro studies of the gout-causing single nucleotide polymorphism
(Woodward et al., 2009) revealed that the Q141K mutation resulted in
reduced function (ATP activity and drug efflux) and impaired surface
expression of ABCG2, as demonstrated using transport and ATPase assays and
immunohistochemistry fluorescence (Kondo et al., 2004; Mizuarai et al.,
2004; Morisaki et al., 2005). Recently two other studies suggested that the
processing defect caused by Q141K mutation could be rescued using the
histone deacetylase inhibitor 4-phenylbutyrate, which is known to protect
misfolded proteins from endoplasmic reticulum degradation (Sarankd et al.,
2013; Woodward et al., 2013). Treatment of HEK293T cells expressing the
Q141K variant of ABCG2 with VRT-325 (effective corrector molecule of the

CFTR AF508 mutant) indicated improved ABCG2 expression and reduced uric
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acid accumulation (Woodward et al.,, 2013). The deletion of Q141
neighbouring residue Phe-142, homologous to F508 in ABCC7, was also
shown to significantly reduce the expression level of ABCG2, suggesting that
this deletion causes major folding defects and loss of ATPase function in

ABCG2 (Saranko et al., 2013; Woodward et al., 2013).

1.5.3 Post-translational modifications

Three asparagine residues with the consensus sequence of Asn-X-Thr/Ser
were established as acceptor sites for N-glycosylation in ABCB1. Mutations of
these three asparagine residues to glutamine resulted in the migration of
ABCB1 protein sample at a lower molecular weight compared to wild type
before N-glycanase treatment in SDS-PAGE and western blot analysis
(Schinkel et al., 1993). In ABCG2, three potential asparagine residues with the
consensus sequence were identified in the extracelluar loops 1 and 3. The
N596 residue in extracellular loop-3 was identified as an acceptor site for the
N-linked glycosylation of wild type. The N596Q ABCG2 mutant migrated at
lower molecular weight compared to wild type without N-glycosidase F
treatment and at identical molecular weight as wild type after treatment.
However, the cell surface expression and function of the N596Q mutant were
indistinguishable from wild type ABCG2 (Diop and Hrycyna, 2005), consistent
with results reported in ABCB1 and ABCC1 (Bakos et al., 1997; Schinkel et al.,
1993), implying that the N-linked glycosylation may not be important for cell

surface expression and function of ABC transporters.

The phosphorylation of ABCG2 has also been subjected to investigation.
Takada et al. first showed that treatment with phosphatidylinositol 3-kinase
(PI3K) inhibitors resulted in the internalisation of ABCG2 when expressed in
LLC-PK1 cells, detected using immunohistochemical staining. Further analysis
also suggested a potential role of protein kinase B (Akt) in the modulation of

ABCG2 cell surface expression (Takada et al., 2005). Activation of Akt was
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previously demonstrated as one of the components that induces transcription
of pim-1 promoter (Krishnan et al., 2003). The pim-1 proto-oncogene encodes
for two isoforms of a serine/threonine kinase — the 33 kDa and 44 kDa Pim-1
kinases (Saris et al.,, 1991), and they are thought to be important in the
regulation of cancer development and progress. For example, reduced
expression of Pim-1 kinase is related to significantly poorer patient outcome
in prostate cancer (Dhanasekaran et al., 2001) and the use of a Pim kinase
inhibitor (SGI-1776) has been shown to improve the effectiveness of taxane-
based chemotherapies on resistant prostate cancer cells (Mumenthaler et al.,
2009). A study on the mechanism of 44 kDa Pim-1 kinase (Pim-1L) showed
increased expression levels of Pim-1L and ABCG2 in mitoxantrone and
docetaxel resistant prostate cancer cell lines. An immunoprecipitation assay
using anti-phosphothreonine-362 of ABCG2 indicated that the T362A
mutation could affect the phosphorylation of ABCG2 by Pim-1L. Cells
expressing Pim-1L and T362A variant of ABCG2 also showed increased
viability upon treatment with docetaxel (compared to wild type), suggesting
that the Pim-1L-induced chemoresistance in prostate cancer cells may be

mediated through the phosphorylation of ABCG2 (Xie et al., 2007).

1.6 Oligomerisation of ABCG2

As discussed above, ABCG2 is a “half transporter”, and it is recognised that it
has to function as a dimer or higher order oligomer. The dimerisation of
ABCG2 was first detected in non-reducing SDS-PAGE and western blot analysis
(in the absence of reducing agent DTT (dithiothreitol)), in which ABCG2
migrated at molecular weights of approximately 160 kDa compared to 80 kDa

(monomer) in reducing conditions (Litman et al., 2002; Xu et al., 2004).

1.6.1 Oligomeric state of ABCG2

Xu et al. further characterised the oligomeric state of ABCG2 using varying

concentrations of denaturing (SDS) and non-denaturing agents (perfluoro-
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octanoic acid, PFO and Triton-X) in combination with PAGE, gel fitration and
gradient sedimentation methods, and ABCG2 samples extracted from
membrane preparations from a multidrug resistant cell line
(MCF7/AdrVp3000). The techniques employing non-denaturing detergents
revealed higher order oligomer formation of ABCG2, such as tetramers and
dodecamers. Furthermore, SDS-PAGE (reducing conditions) analysis of ABCG2
treated with crosslinking agent DSS (disuccinimidyl suberate) in live cells prior
to sample preparation also showed possible existence of monomeric, dimeric,
trimeric and tetrameric species of ABCG2. The authors suggested that ABCG2
is likely to exist as a minimal stable complex of homotetramer and proposed a
possible dodecameric formation between the tetrameric subunits (Xu et al.,
2004). Elsewhere, 3D structural data of purified ABCG2 expressed in insect
cells revealed a possible octameric complex of ABCG2 formed by four dimers,
using single particle electron microscopy analysis and modelling methods
(McDevitt et al., 2006). However, the study was inconclusive due to
insufficient resolution and samples were purified from insect cells expressing
high levels of ABCG2 following infection with high recombinant baculovirus. In
another study of purified ABCG2 protein samples from both insect and
mammalian cells (FIp-In-293), the final blue native gel electrophoresis (which
showed a single band between 140 kDa and 440 kDa) and electron
microscopy analysis of ABCG2 samples (extracted from Flp-In-293 cells)

suggested that tetrameric organisation of ABCG2 is likely (Dezi et al., 2010).

1.6.2 Residues or domains responsible for ABCG2 oligomerisation

Other studies have focussed on establishing the residues or domains that
could be responsible for oligomerisation of ABCG2. In particular the roles of
three cysteine residues identified in the extracellular loop-3 of ABCG2
predicted topology — Cys-592, Cys-603, and Cys-608, have been extensively
studied. Mutations at the Cys-603 residue to seven different amino acids (D,
H, R, S, Y, A and W) resulted in the increased migration of ABCG2 as

monomers (instead of dimers) in SDS-PAGE analysis under non-reducing
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conditions (Henriksen et al., 2005b; Kage et al., 2005). These results suggest
that the Cys-603 residue is required for the formation of an intermolecular
disulphide bridge. However, both studies reported that all the Cys-603
mutants remained functional, indicating that the intermolecular disulphide
bridge is not essential for ABCG2 expression and function. Two independent
fluorescence studies using bimolecular fluorescence complementation (BiFC)
and fluorescence resonance energy transfer (FRET) techniques also
demonstrated that the C603A mutation did not affect oligomerisation of
ABCG2 in mammalian cells (Haider et al., 2011; Ni et al., 2010), see chapter 5
for further discussion on ABCG2 oligomerisation investigated using the

fluorescence techniques employed in these two studies.

The roles of Cys-592 and Cys-608 are less well understood as contradictory
evidence has been presented. Henriksen et al. reported that the function of
the ABCG2 double mutants (C592A/C603A and C603A/C608A) were impaired
whilst the expression of triple mutant C592A/C603A/C608A was non-
detectable (Henriksen et al., 2005b). In contrast, studies elsewhere have
shown that the triple alanine (or serine) mutations, C592A/C603A/C608A, was
non-detrimental to the function of ABCG2 (Bhatia et al., 2005; Shigeta et al.,
2010), although reduced surface expression of the triple serine mutant was
observed (Shigeta et al., 2010). The roles of Cys-592 and Cys-608 therefore
remain inconclusive and it is possible that they are involved in the folding and
localisation of ABCG2 but only to a certain extent — and may not have
significant effect on its oligomerisation or function. Another study generated
various truncated ABCG2 mutants (e.g. NBD only, TMD only, and
transmembrane helices 5-6) and studied the potential roles of different
domains in the oligomerisation of ABCG2 using co-immunoprecipitation pull
down assay. Although the membrane localisation of truncated ABCG2
mutants was not convincingly demonstrated, the authors proposed that the
transmembrane helices 5-6 (TM5-6) contain residues implicated in the

formation of ABCG2 oligomers (Xu et al., 2007). Further analysis of the TM5-6
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construct using identical non-denaturing protein analysis methods (described
earlier in (Xu et al., 2004)) demonstrated consistent dodecamer formation of
the transmembrane helices 5-6, supporting the suggestion by the authors

that ABCG2 could exist as homododecamers (Xu et al., 2007).

The precise determination of ABCG2 oligomeric state is important, as it will
provide further understanding of the function of the ABCG transporter family
and could lead to new drug development strategies that target the
oligomerisation of these transporters. However, the studies discussed in this
section show that the oligomerisation of ABCG2 is not well understood.
Results from most studies were inconclusive (in particular the oligomeric
state) and limited by either the use of biochemically purified ABCG2 protein
samples (affected by choice and concentration of detergents) or the use of
techniques that could not reliably determine the protein oligomeric state (e.g.

low resolution electron microscopy analysis).

1.7 Fluorescence microscopy

Fluorescence techniques are heavily employed to investigate the dynamics
and oligomerisation of ABCG2 in this study. The background and theory of
each of these fluorescence techniques will be described in the beginning of
the respective results chapter. In this section, the basics of fluorescence

microscopy and fluorescent proteins will be described.

1.7.1 Principles of fluorescence

The process of light emission as a result of the electronic transition of excited
state to ground state in any substance is termed as luminescence, which is
divided into phosphorescence and fluorescence. In phosphorescence, this
transition is slow and light emission typically lasts for milliseconds to seconds,

as seen in glow-in-the-dark toys.
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In fluorescence, the transition of the excited valence electron (of a
fluorophore) back to its ground state is much faster, usually in nanoseconds
or less. Amongst the first autofluorescent molecules (fluorophores) identified
were quinine (blue), fluorescein (green) and rhodamine (red). These small
molecules typically contain 1 or more aromatic groups. Following the initial
observation of fluorescence in quinine, the process of light absorption and
emission in fluorescence is now commonly described using the Jablonski
diagram, schematically represented in Figure 1.5. As high energy light (shorter
wavelength) from an incandescent lamp or laser source excites a fluorophore,
a valence electron within the fluorophore moves up to its higher energy
states. Light of lower energy (longer wavelength) is subsequently emitted as
the electron returns to its ground state; a process that usually lasts for
nanoseconds in fluorescence. The energy emitted from this process is lower
than the excitation or absorption energy, because energy is lost as the
valence electron moves in the high energy states, e.g. from A to B in Figure
1.5. This difference between the absorption (or excitation) and emission

energy is known as the Stokes shift.
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Figure 1.5: A schematic Jablonski diagram. When a fluorophore is excited by high energy
light (purple), a valence electron (orange) moves to its higher energy states. Upon returning
to its original state, lower energy light is emitted (green).

The range of wavelengths of light over which a particular fluorophore can be

excited by is known as the excitation spectrum whilst the subsequent
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wavelengths range of light emitted by the fluorophore is known as the
emission spectrum (Figure 1.6). The excitation spectrum ensures that the
wavelengths of light can be chosen to excite selectively the fluorophore of
interest using appropriate filter sets (incandescent lamp) or the right laser
wavelength. Conversely, the use of appropriate range of filters according to
the emission spectrum of the fluorophores ensures that fluorescence signal
can be selectively detected and separated from the excitation illumination
and potential background fluorescence. The fluorophores will continue to
fluoresce in a cyclical manner wupon continuous excitation until
photobleaching occurs. Photobleaching is a quenching phenomenon whereby
continuous high intensity or long duration of excitation light source results in
irreversible chemical conversion within the fluorophore and loss of

fluorescence.
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Figure 1.6: Schematic representation of excitation and emission spectra for a typical green
fluorophore.

1.7.2 The green fluorescent protein

Fluorescent proteins are now routinely employed in various biological
applications, particularly as a genetic fusion partner to the protein of interest,
making visualisation of the protein of interest possible. The resulting fusion

protein that retains the protein’s normal function and localisation then can be
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studied using a wide range of fluorescence techniques, several of which were

employed in this study and will be presented in the coming chapters.

The green fluorescent protein (GFP) was first discovered as a 23 kDa protein
by Shimomura during the purification of aequorin from the Aequorea victoria
jellyfish (Shimomura et al., 1962). It is now known that aequorin itself
generates blue light and activates the GFP in a resonance energy transfer
process, giving rise to the greenish colour of the jellyfish, a process known as
bioluminescence (Morin and Hastings, 1971). The GFP chromophore, the
molecule responsible for its fluorescence, was later resolved as the 4-(p-
hydroxybenzylidiene)-imidazolin-5-one  molecule (Cody et al., 1993;
Shimomura, 1979), see Figure 1.7. The major breakthrough of GFP came in
the 1990s when the cDNA of GFP was cloned (Prasher et al.,, 1992) and
expressed in C. elegans (Chalfie et al., 1994) — leading to the possibility of GFP
being employed as a marker for the studies of proteins in living cells. Further
understanding of GFP was gained when the X-ray crystal structure of GFP was
solved by two independent research groups (Ormo et al., 1996; Yang et al.,
1996). GFP is a 238-amino acid protein, with a structure that has four a-
helices in either end of the protein and eleven B-pleated sheets that forms a
cylindrical B-barrel. The chromophore of GFP is found in the only a-helix that
runs through the centre of the B-barrel, shown in Figure 1.7A (Ormo et al.,
1996). The current accepted mechanism of the formation of chromophore in
GFP by three specific amino acid residues, is illustrated in Figure 1.7B, based
on various evidence as reviewed in (Tsien, 1998). First, a folding process is
required to achieve the conformation as shown in the initial chemical
structure in Figure 1.7B. Successful folding will then facilitate the nucleophilic
attack of the amide group of Gly-67' on the carbonyl group of Ser-65,

followed by a dehydration process to form the imidazolinone ring, indicated

Y The position of the GFP amino acid residues described in this section refers to the original
GFP sequence, which does not contain an extra valine residue that is present at the start of
the GFP sequences employed today for enhanced expression.
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as the cyclisation process in Figure 1.7B. Finally, a subsequent oxidisation
process generates the C=C bond (highlighted in Figure 1.7B) inbetween the
aromatic and the imidazolinone rings, resulting in the formation of a
conjugated system between the two chemical groups. The chromophore is
only fluorescent when this final molecule is formed. As fluorescent GFP has
been successfully expressed in various organisms, the formation of mature
GFP chromophore is thought to be spontaneous or dependent on ubiquitous
enzymes or other naturally occurring molecules. Heim et al. showed that the
oxidisation process is not dependent on any enzymes but requires the
presence of oxygen molecule (Heim et al.,, 1994). The kinetics of GFP
chromophore formation was also extensively characterised in (Reid and Flynn,
1997) where the final oxidation step was proposed as the rate-limiting step of
the chromophore formation, with a half time of approximately 76 minutes at

room temperature.
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Figure 1.7: X-ray crystal structure of GFP and formation of its chromophore. Crystal
structure (ribbon representation) of GFP with the chromophore molecule shown as blue in
the centre of the B-barrel, PDB: 1EMA (Ormo et al., 1996). Figure generated using PyMOL (A).
A mature GFP chromophore molecule (green) is formed through the cyclisation and oxidation
(highlighted C=C) processes of three amino acid residues (Ser-65, Tyr-66 and Gly-67) (B).

In the past two decades, extensive research has been performed on GFP to
establish suitable fluorescent proteins that can be employed in various
conditions and have different excitation and emission properties. The
different types of GFP are classified according to the structural mutations of
residues within/close to the chromophore that generated fluorescent
proteins of unique properties, as summarised in Table 1.4 (Tsien, 1998). As
the wild type GFP of Aequorea victoria has slow maturation rate and low

fluorescence signal at higher temperatures (37 °C) (Kaether and Gerdes,
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1995), the F64L/S65T (Ser-65 in Figure 1.7B) GFP variant was developed with
30-fold enhanced fluorescence signal detected at 30 °C, indicating improved
folding efficiency of the GFP chromophore (Cormack et al., 1996; Heim et al.,
1995). Currently, most studies employ a modified version of fluorescent
protein, in which its cDNA is specially designed for high expression of GFP in
mammalian cells. This was achieved with base substitutions in the wild type
GFP cDNA to produce codons more commonly seen in the mammalian
genome and facilitate the protein translation process (Zolotukhin et al.,,
1996). To date, this modified GFP variant F64L/S65T (known as the enhanced
GFP, EGFP) is one of the most widely used fluorescent proteins in biological

studies.

The Thr-203, structurally adjacent to the phenolate anion of Tyr-66 in the
chromophore, was verified as a key residue to generate yellow fluorescent
proteins. Mutation of Thr-203 to polar aromatic residues such as tyrosine and
tryptophan produced non-covalent aromatic interactions (it — 7t stacking) with
the Tyr-66 residue in the chromophore and resulted in shifting of the
emission peak to > 520 nm (Ormo et al.,, 1996). The enhanced version of
yellow fluorescent protein (abbreviated as YFP in this study) is subsequently
established as the GFP variant containing three key mutations,
S65G/S72A/T203Y (Miyawaki et al., 1997; Nagai et al., 2002). Mutation of the
Tyr-66 residue to tryptophan (Y66W) generated a new group of fluorescent
proteins with blue emission, known as the cyan fluorescent proteins (Heim et
al.,, 1994). The enhanced cyan fluorescent protein with improved fluorescent
properties was established with 7 mutations, F64L/S65T/Y66W/N1461/M153T
/V163A/N164H (Heim and Tsien, 1996; Miyawaki et al., 1997). Further
improvement of the enhanced cyan fluorescent protein with three additional
mutations (S72A/Y145A/H148D) generated the cerulean fluorescent protein
(abbreviated as CFP in this study), which has 2.5-fold improved brightness
compared to the cyan fluorescent proteins and was shown to produce

substantially improved signal-to-noise ratio in fluorescence resonance energy
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transfer (FRET) experiments (Rizzo et al., 2004). The enhanced yellow and the
cerulean fluorescent proteins (YFP and CFP) described here are employed as
the acceptor and donor fluorescent proteins in the FRET experiments of this

study (Chapter 5).

Table 1.4: Summary of the different mutations and properties associated with the
fluorescent proteins. A.,: Excitation wavelength. A..,: Emission wavelength.

Folding and
Mutation Aex (nm) Aem (NM)  maturation Reference
properties
Green fluorescent proteins:
Wild type 395,475 503 Low fluorescence (Kaether and
(3-fold detected at high Gerdes, 1995)
lower) temperatures, e.g.
37°C
F64L/S65T 488 507 Increased (Cormack et al.,
fluorescence signal  1996; Heim et al.,
detected at 30 °C 1995)
Yellow fluorescent proteins:
T203Y 514 528 - (Miyawaki et al.,
1997; Nagai et al.,
2002; Wachter et
al., 1998)
Cyan fluorescent proteins:
Y66 W 405, 458 480 - (Heim and Tsien,
1996; Miyawaki
et al., 1997)
S72A/Y145A/H148D 405, 458 480 2.5-fold improved (Rizzo et al.,
(Cerulean) brightness 2004)

The main fluorescent protein employed in this study is a modified superfolder
variant of GFP (abbreviated as sfGFP in this study), as described in section
2.1.1. The initial superfolder GFP variant was first described in Pedelacq et al.
where mutations to the initial EGFP template (F64L/S65T) significantly
improved the folding robustness of GFP (formation of the B-barrel) and
increased resistance of GFP to urea denaturation at 37 °C in E. coli (Pedelacq
et al., 2006). The sfGFP variant employed in this study contains the additional
S30R/Y39N/M153T/V163A mutations from the EGFP template. Amongst the
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superfolder mutations described in (Pedelacq et al., 2006), the S30R mutation
contributes most to improving GFP folding and resistance to urea
denaturation, by mediating an ionic network formation that offers
stabilisation effect to the B-barrel. The Y39N mutation provides an additional
hydrogen bond with the side chain of D36, stabilising the a-helical chain
found between the second and third B-pleated sheets (Pedelacq et al., 2006).
The M153T and V163A mutations were shown to improve the fluorescence
signal of GFP in two earlier independent studies (Crameri et al., 1996; Heim
and Tsien, 1996). Using a DNA shuffling method in E. coli for three cycles of
initial screening, Crameri et al. generated a version of GFP mutant (containing
the M153T and V163A mutations) that produced up to 40-fold increase in
fluorescence signal detected in mammalian cells using fluorescence
spectroscopy (Crameri et al., 1996). Simultaneously, Heim and Tsien also
identified that the M153T and V163A improved the brightness (quantum
yield) of Y66W cyan fluorescent proteins (Heim and Tsien, 1996). Another
mutation, A206K was also introduced to the sfGFP template employed
throughout this study. GFP has high tendency of forming dimers, as seen in
the dimeric GFP X-ray crystal structure (Yang et al., 1996). Zacharias et al.
suggested that replacing the hydrophobic residues (Ala-206, Leu-221, Phe-
223) found at the dimer interface to positively charged residues such as lysine
could reduce the dimerisation of GFP. The GFP containing A206K mutation
was suggested as “extremely monomeric”, and the determination of the
dissociation constant of a hypothetical dimer was not feasible (reported as 78
mM) compared to the wild type GFP with a reported dissociation constant of

0.11 mM (Zacharias et al., 2002).

1.7.3 Confocal microscopy — how it works

Confocal microscopy produces sharp fluorescence images by excluding light
emitted from the sample that is not from the focal plane. Confocal laser
scanning microscopes are routinely employed today for high quality imaging

in fluorescence studies. In addition to imaging, various biophysical
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applications can also be employed to study the fluorescent proteins of
interest using confocal microscopes, some of which will be described in this

study.

The principle of confocal was first invented by Marvin Minsky and it was
patented in 1957 (Minsky, 1988). Minsky invented a microscope that has a
pinhole in front of the light source and generated point-by-point images, by
focusing the point of light sequentially on the sample whilst moving the
sample, removing any out-of-focus light in the process. As Minsky’s set up
could not produce high quality images and the biological samples had to be
moved during data acquisition, its application was not favourable at that
time. Since then, the improvement in the technology of light detection and
image generation using computers has greatly improved the confocal
microscope set up, although the concept of confocal invented by Minsky is

still applied to date.

The modern confocal microscope combined with fluorescence microscopy is
schematically represented in Figure 1.8. In today’s confocal microscope, a
laser beam is typically employed as the source of excitation of the
fluorophore. The laser beam is first reflected to the sample through the
objective by a dichroic mirror. The scanning mirror within the microscope
system allows laser to be scanned across the sample (without moving it).
Light emitted from the excited sample then passes through the dichroic
mirror. The dichroic mirror only allows the emission light, which is of longer
wavelength, to pass through and blocks the passage of the excitation light. As
the emitted light propagates towards the detector, filters are also present to
ensure that only the desired wavelengths of emitted light are being detected.
The confocal pinhole allows only light emitted from the focal point of the
system (the focal plane) to reach the detector whilst removing all the out-of-
focus light emitted from the sample. The detector consists of a

photodetection device (e.g. photomultiplier tube), which converts the light
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source (photons) into an electronic signal. Finally, a computer attached to the
detector records this electronic signal and generates the high resolution

image one pixel at a time.
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Figure 1.8: Schematic representation of a confocal laser scanning microscopy set up. Blue
arrow: excitation laser beam. Solid red line: in-focus light emitted from sample. Orange
dotted line: out-of-focus light emitted from sample.

1.8 Aims of study

To date, our understanding of the oligomerisation of ABCG2 and the dynamics
of the transporter, either self assembly or interaction with other components
in the membrane or cell cytoskeleton is far from complete. The main purpose
of this research is to first characterise the dynamics and oligomerisation of
ABCG2 in the plasma membrane of mammalian cells — determining if there

are any changes upon presence of substrates and mutations. Second, we aim
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to establish the oligomeric organisation of ABCG2 to resolve the current
proposals as discussed in section 1.6, primarily using fluorescence techniques.
A better understanding of ABCG2 dynamics and oligomerisation may offer a
new therapeutic strategy that targets ABCG2-ABCG2 interactions using
protein-protein interactions inhibitors (Mullard, 2012), providing potential
new avenues in the on-going research of multidrug resistance in cancer

chemotherapy.

To do so, we aim to first genetically tag ABCG2 with fluorescent proteins and
characterise the ABCG2 fusion fluorescent proteins when expressed in
mammalian cells. Subsequently, our goal is to characterise and demonstrate
the dynamics and oligomerisation of ABCG2 in live cells using three different
fluorescence techniques that complement each other, including the
fluorescence recovery after photobleaching (FRAP), fluorescence resonance
energy transfer (FRET), and fluorescence correlation spectroscopy (FCS).
Finally, we propose to establish the oligomeric organisation of ABCG2 using
photon counting histogram (PCH) analysis and total internal reflection
fluorescence (TIRF) microscopy combined with stepwise photobleaching
analysis. In these fluorescence studies, we also aim to employ suitable
membrane proteins tagged with identical fluorescent proteins (compared to

ABCG2) as reliable controls.

In the next chapter, the experimental methods employed in this work will be
described, followed by a description of the generation of the fluorescent
protein fusion constructs. The results of ABCG2 investigations using the
different fluorescence techniques will then be presented in the subsequent
chapters along with the background and theory of the respective
fluorescence techniques. A final discussion will also be provided at the end of

this thesis.
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Chapter 2 Methods

2.1 Molecular biology

2.1.1 Materials and reagents

The starting DNA vectors were obtained from sources as listed in Table 2.1
below. The main backbone employed in this study was the pcDNA3.1 vector
containing eukaryotic neomycin (neo) or zeocin™ (zeo) resistance genes. All
the vectors contain the prokaryotic ampicillin resistance gene for selection
purposes. The fluorescent proteins encoded in the respective vectors that
were employed in this study are the enhanced yellow fluorescent protein
(YFP), the super-folder green fluorescent proteins (sfGFP; enhanced GFP
containing mutations M153T, V163A, S30R, and Y39N, from the template
described in (Pedelacq et al., 2006)), and the cerulean fluorescent protein
(CFP). GAP (growth associated protein-43) or kRas (Kirsten rat sarcoma
oncogene encoded GTPase transductor protein) represent the membrane
targetting sequences obtained from these proteins, which facilitates
localisation of the attached sfGFP to the raft (GAP) or non-raft (kRas) regions
of the plasma membrane (see section 4.2 for more details). The tandem-
sfGFP vector contains two sfGFP molecules joined together with a two amino
acid linker (Leu-Glu). Construct generation in this study is illustrated in
chapter 3 and characterisation of the fusion proteins employed can be found

in the relevant results sections (chapters 4, 5, and 6).

All molecular biology reagents were purchased from New England Biolabs
(NEB, Hitchen, UK) and other reagents were obtained from Sigma-Aldrich

(Poole, UK), unless stated otherwise.
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Table 2.1: List of the starting vectors employed in this study. The “vYNL” within the
ABCG2_C603A vector represents the N-terminal half of venus YFP (2-173) as described
previously (Haider et al., 2011). C603A represents the mutation of ABCG2 at position Cys-603
to alanine (section 1.6.2). The “nostart” within the pcDNA3.1zeo_nostart-sfGFP indicates the
absence of the start ATG in the vector. CD28 and CD86 were provided in the mammalian pHR
sin vector containing the prokaryotic ampicillin resistance gene. The “Halotag” and “SNAP”
represent sequences present in the vector for specific labelling using small molecule
fluorescent compounds. These were not employed in this study.

DNA vectors Source

pcDNA3.1neo_YFP-ABCG2
PcDNA3.1zeo_SNAP-ABCG2 Dr lan D. Kerr, University of
pcDNA3.1zeo_vYNL-ABCG2_C603A Nottingham

pcDNA3.1zeo_ABCC4-sfGFP

pcDNA3.1zeo_nostart-sfGFP
pcDNA3.1zeo_GAP-sfGFP Dr Nicholas D. Holliday, University
pcDNA3.1zeo_sfGFP-kRas of Nottingham

pcDNA3.1zeo_CFP

pcDNA3.1zeo_sfGFP Marleen Groenen, University of

pcDNA3.1zeo_sfGFP-sfGFP (tandem-sfGFP) Nottingham
pcDNA3.1_adenosine A3-YFP Dr Steve J. Briddon, Univsersity of
Nottingham

pHR_CD28-Halotag (CD28 truncated at R185) Professor Simon J. Davis, University

pHR_CD86-Halotag (CD86 truncated at R277) of Oxford

2.1.2 Cloning
Restriction digest

Restriction digest reactions of DNA vectors were set up as Table 2.2 below.
For double digest reactions, the optimal buffer conditions for both enzymes
were selected. Where this was not feasible, sequential digest was employed.
The restriction digest reactions were usually performed at 37 °C for 1 h (2 h
for a sequential digest). 6x DNA loading dye (0.25 % (w/v) bromophenol blue,
40 % (w/v) sucrose) was then added to the reaction and the final mixtures
were loaded on 1 % (w/v) agarose gels containing 0.1 mg/mL ethidium
bromide (from Thermo Fisher Scientific, Loughborough, UK). Electrophoresis

was performed in TBE buffer (90 mM Tris, 90 mM boric acid and 2 mM EDTA
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pH 8.0). Digested DNA bands on the agarose gels were visualised using a 312
nm ultraviolet transilluminator and compared against 1 kb molecular weight

marker loaded alongside the DNA samples.

Table 2.2: Composition of restriction digest reaction.

Materials Quantity

Water Made up to 15 plL
DNA vector 200-500 ng
Enzyme 1 5-10 units
Enzyme 2 (if necessary) 5-10 units

10x enzyme buffer 1.5puL

10x BSA (bovine serum albumin) 1.5puL

Ligation

The desired bands on the agarose gels were excised with clean scalpels. The
DNA (vector or insert) was recovered from the agarose bands by purification
(melting of agarose) using the QIAquick Gel Extraction kit from QIAGEN
(Manchester, UK) or the NucleoSpin Gel and PCR Clean-up kit from
MACHEREY-NAGEL (Diren, Germany) according to the manufacturers’
instructions. Aliquots of purified DNA were analysed with agarose gel
electrophoresis (as described above) to confirm the presence of the correct
band size DNA and to estimate the vector: insert ratios. Purified vectors
(plasmid backbones) were routinely incubated with 2.5 units of shrimp
alkaline phosphatase (Promega, Southampton, UK) at 37 °C for 30 min and
the phosphatase was deactivated by a following incubation at 65 °C for
20 min. This step was performed to prevent self-ligation of the vectors, by
removing the 5’ end phosphates. Ligation reactions were set up as Table 2.3
below using an estimated 1: 3 vector: insert molar ratio. Ligation reactions

were performed overnight at 16 °C or 2 h at room temperature.
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Table 2.3: Composition of ligation mixtures and vector only control. Amount of vector and
insert used was estimated at a vector: insert molar ratio of 1: 3 for optimal ligation

conditions.
Materials Ligation mixture Vector only control
Water Made up to 20 plL Made up to 20 plL

Dephosphorylated vector
Insert
T4 DNA ligase

10x T4 ligase buffer

X puL
Y uL
400 cohesive end units

2 uL

X puL
0
400 cohesive end units

2 uL

2.1.3 Transformation and preparation of competent cells

For transformation, 100 uL competent DH5a E. coli was first thawed on ice.
DNA was then added to the competent cells (5 pL of ligation reaction or 100-
500 ng of circular DNA). The competent cells were left on ice for 30 min,
treated at 42 °C for 90 s (heat shock), and left on ice for a further 2 min. 900
uL of Luria-Bertoni (LB) medium (1 % (w/v) NaCl, 1 % (w/v) tryptone, 0.5 %
yeast extract) was added to the competent cells and left in a shaker incubator
for 60 min at 37 °C. The transformed competent cells were then plated on
pre-warmed LB supplemented agar plates (1.5 % (w/v) agar; containing 100
ug/mL ampicillin). For ligated products transformation, /10 and °/1 of the
transformation reaction volumes were plated. For circular plasmid
transformation, /100 of the transformation reaction volume was plated.
Transformed competent cells were grown on the agar plates overnight at

37 °C.

2.1.4 Plasmid preparation and long-term storage

For DNA extraction, single DH5a E. coli colonies were picked from the
transformed agar plates and inoculated into 5 mL of LB medium containing
100 pg/mL of ampicillin. Bacterial cultures were grown overnight at 37 °C,
with orbital shaking at 180-220 rpm. For long-term storage, glycerol stocks
were made up with 500 pL of grown cultures and 500 pL 30 % (v/v) glycerol

and these were stored at -80 °C. For plasmid preparation, cultures were

52



centrifuged (2000-4000 g, 10 min) and DNA was extracted from the bacterial
pellets according to the manufacturers’ protocols in QlAprep Miniprep kit
(QIAGEN) or NucleoSpin Plasmid kit (MACHEREY-NAGEL). Briefly, bacteria
pellets were lysed under alkaline conditions before the bacterial
chromosomal DNA was co-precipitated with insoluble complexes (salt,
detergent, and protein) as the lysate solution was neutralised and adjusted to
high-salt conditions. Lysates were then cleared by centrifugation and double-
stranded DNA products were adsorbed to the silica columns. DNA products
were then washed with ethanol-containing solution and finally eluted in low-
salt buffer. The concentration and purity of DNA products were determined
by measuring the sample absorbance using Nanodrop 2000 (Thermo Fisher
Scientific). This was determined using the knowledge that 50 pug/mL double
stranded DNA has an absorbance of 1.0 at 260 nm (Ae0). The purity of the
DNA was assessed using the Ayeo/Asso ratio, where the A,z measures the
protein concentration within the samples (due to absorbance by
phenylalanine and tyrosine aromatic rings). Only DNA samples with Aye0/Azs0
ratios of 1.7-1.9 were used for transfection in the HEK293T cells. For further
DNA preparation, glycerol stocks were streaked on agar plates (containing
selection antibiotics), inoculated in LB medium and extracted as described in

this section.

2.1.5 Primer design for mutagenesis and amplification

Various oligonucleotide primer pairs (forward and reverse; Table 2.4) were
designed for the generation of DNA constructs described in chapter 3. These
primers were designed to insert the desired mutation or cloning sites into the
amplified sequences from the template DNA. Primers sequences were
analysed using Netprimer (Premier Biosoft) for the prediction of primer
properties. The percentage of GC (guanine cytosine content) in the
oligonucleotides was kept to 40-60 % and the sequences were modified to

minimise chances of dimer and hairpin formation. The BLAST local alignment
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tool (Altschul et al., 1990) was also employed to ensure binding of the primers

to unique positions on the template DNA.

2.1.6 Polymerase chain reaction — mutagenesis and amplification

Polymerase chain reaction (PCR) was employed for the mutation of
nucleotides in template DNA (mutagenesis) and for amplification of
constructs of interest for further cloning purposes. Table 2.5 below shows a
general reaction set up for PCR experiments performed in this study. Phusion-
HF DNA Polymerase (Thermo Fisher Scientific) was used in the majority of the
PCR experiments, unless stated otherwise. The high-fidelity (HF) version of
the polymerase was employed to ensure accurate insertion of nucleotide with
the presence of a 3’ = 5’ proof reading exonuclease domain, which removes
any incorrectly incorporated nucleotide during the polymerisation process.
PCR cycles (Table 2.5) were performed in a Thermocycler (SensoQuest,
Gottingen, Germany) using thin-wall polypropylene PCR tubes to ensure

optimal heat transfer to the samples.
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Table 2.4: List of primers designed in this study for DNA construct generation. The
restriction/mutation sites involved in cloning/mutagenesis are indicated as lower case in the
primer sequences. The number of base pairs (bps), melting temperature (Tm), % GC (guanine
cytosine content) component and the restriction sites involved for the primers are also
indicated in the table. The Tm shown here does not correspond to the annealing
temperatures used in PCRs, as the optimum annealing temperatures for the reactions are
generally lower than the Tm of primers.

Length Tm % Cloning

Primers Sequence (5’2 3’) .
bps °C GC site
A206K_F GCACCCAGTCCaaaCTGAGCAAAGAC 26 69 54 -
A206K_R GTCTTTGCTCAGtttGGACTGGGTGC 26 69 54 -
|kozak-sfGFP_F  CCAGCACAGTGGgctagcatgGAGGTGAGCAAG 33 81 61 Nhel/ATG
start
|kozak-sfGFP_R  GGGCCCTCTtccggaCTTGTACAGCTC 27 72 60 BspEl
T362A_F GAAGAAGATCgcaGTCTTCAAGG (Xie et al., 23 60 48 -
2007)
T362A_R CCTTGAAGACtgcGATCTTCTTC (Xie et al., 2007) 23 60 48 -
CFP-nostop_F  GAGgctagcATGGTGAGCAAGGGC 24 70 62 Nhel
CFP-nostop_R  GGGCCCTCTtccggaCTTGTACAGCTC 27 72 60 BspEl
NBD_F GACTCAGATctcgagCTCAAGCTT 24 50 62 Xhol
NBD_R CGGGTctctagaTTACTGGGGATTACCCAGCAA 33 75 50 Xbal
TMDs_F TCCTTCctcgagAGCAACTCAGATGGGTTTCT 32 77 53 Xhol
TMDs_R ATTAGGAAAGGACAGTGGGA 200 54 45 -
TMD,_F TCTTTCctcgagAGGGTTATCACTGTGAGGCC 32 75 53 Xhol
TM1-2_R CGCCGCtctagaTTAAGATAACAGTTTTCC 30 68 43 Xbal
TM1-4_R CGCCGCtctagaTTAAGAAACCACACTCTG 30 71 50 Xbal
CD28_F TTCACCgaattcACCATGCTCAGGCTGCTC 30 78 53 EcoRl
CD28_R GTAAATCctcgagCCTGCTCCTCTTACTCCT 30 69 50 Xhol
CD86_F TTAATCggatccACCATGGAGCCCCAGTGCACT 33 80 55 BamHI
CD86_R TCATGACtcgagCCGAGGCCGCTTCTTCTT 30 79 57 Xhol

Table 2.5: Standard composition of PCR experiments.

Materials

Quantity

Water

DNA template
DNA polymerase
5x enzyme buffer
Forward primer
Reverse primer

10 mM dNTP mix

Made up to 50 plL
100 ng

2 units

10 plL

50 pmoles

50 pmoles

lpl
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Site-directed mutagenesis

For mutagenesis reactions, PCR cycling protocols were modified in
accordance with guidance in the Stratagene QuikChange Site-Directed
Mutagenesis manual (Table 2.6). A lower number of PCR cycles (16-20) was
employed in the mutagenesis PCR to prevent undesired additional second site
mutation. PCR products generated for mutagenesis were incubated with Dpnl/
enzyme at 37 °C for 1 h for the digestion of parental (methylated) DNA,
leaving behind only non-methylated PCR products as circular DNA is required
for efficient transformation. 5 uL of digested PCR products were then

transformed into competent DH5a E. coli as described above.

Table 2.6: PCR cycling protocol for site-directed mutagenesis reaction. Denaturation
temperature (step 1) was set at 95 °C and extension temperature (step 4) was lowered to
70 °C where KOD Hot-Start Polymerase (Thermo Fisher Scientific) was employed.

Step Cycles Temperature (°C) Time

1 1 98 30s

2 98 10s

3 18 52-60 20s

4 72 =1 min/kb
5 1 72 5 min

6 1 4 Hold

Amplification

Typical PCR conditions for amplification of cDNAs are indicated in Table 2.7
below. The PCR products were purified using QlAquick PCR Purification kit
(QIAGEN) or the NucleoSpin Gel and PCR Clean-up kit (MACHEREY-NAGEL)
according to the manufacturers’ instructions. The resultant amplified
constructs were digested and ligated into the desired vectors using the

cloning methods as described above (section 2.1.2).
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Table 2.7: PCR cycling protocol for amplification reaction. The extension time (Step 4) was
determined as 30 s per kb, depending on the size of the predicted products.

Step Cycles Temperature (°C) Time
1 1 98 30s

2 98 10s

3 30 52-60 20s

4 72 30-90s
5 1 72 1 min
6 1 4 Hold

2.1.7 DNA sequencing

Once the sizes of the DNA products were confirmed using restriction digests,
the constructs were sent to Source BioScience Life Sciences (Nottingham, UK)
for DNA sequencing. Gene-specific sequencing primers employed in this study
are listed in Table 2.8 below. The majority of the constructs generated were
sequenced using the T7F promoter primer to confirm the start of the
constructs. SegF0, SegF2, and Seq482 were forward primers designed to fully
sequence the ABCG2 construct. SeqR1 is a reverse primer designed to
sequence any early ABCG2 sequence that could not be read by T7F or SeqFO.
SeqGFP-rev is another reverse primer design to read the reverse sequences
from the middle of fluorescent proteins. DNA chromatograms from the
sequencing data were analysed using Chromas Lite 2.1.1 or 4Peaks and
sequence data were aligned with the predicted sequences using the BLAST

local alignment tool (Altschul et al., 1990).

Table 2.8: ABCG2 sequencing primers. The ABCG2 nucleotide positions to which the primers
bind to in the ABCG2 sequence are indicated.

Primers Sequences

SeqR1 339 - TCGTGGTGCTCCATTTAT — 322
SeqFO0 147 — GAGTGGCTTTCTACCTTGTC — 166
SeqF2 699 — GCAGGGACGAACATTC - 714
Seq482 1337 — AACTCTTTGTGGTAGA — 1352
SeqGFP-rev GCTGTTGTAGTTGTATCCAG

57



2.2 Tissue culture

2.2.1 Cell lines and reagents

HEK293T cells (ATCC code CRC-1573) were used as the tool for expression of
recombinant proteins. They were chosen primarily due to their human origin,
high transfection efficiency, and preferable growth pattern (flat and single-
layered, which facilitate fluorescence imaging). All reagents were obtained
from Sigma-Aldrich unless stated otherwise. Transfection agent
polyethyleneimine (PEI) was obtained from Polysciences Inc. (Warrington,
USA). Stable cell line selection agent zeocin™ powder was obtained from
Melford Laboratories (Ipswich, UK). Foetal bovine serum (FBS) was obtained

from Life Technologies (Paisley, UK).

2.2.2 Cell passage maintenance and storage

HEK293T cells (and stable transfectants) were grown in DMEM (Dulbecco’s
Modified Eagle Medium, containing 4.5 g/L D-glucose, 0.11 g/L sodium
pyruvate and 0.58 g/L L-glutamine) supplemented with 10 % (v/v) FBS and
100 units/mL penicillin and 100 pg/mL streptomycin, in either T25 or T75
flasks at 37 °C and 5 % CO,. When cells were 80-100 % confluent, medium
was removed and cells were washed once with PBS (phosphate buffered
saline, containing 137 mM NaCl, 10 mM Na;HPQ4, 2.7 mM KCl, and 2 mM
KH,PO,4, adjusted to pH 7.4) and incubated with 0.5-1 mL of 1x trypsin/EDTA
made up in PBS at 37 °C for at least 1 min. Detached cells were then removed
from the flasks in 5 mL of medium and cells were centrifuged at 2000-4000 g
for 5 min. Pellets were resuspended in medium and passaged depending on

. 1 1 .
circumstances (normally “/10 or */0) into new flasks.

For storage, cells pellets were first suspended in ice cold freezing medium
(10 % DMSO in FBS). Cell aliquots (typically 1 x 10° cells/1 mL in cryotubes)

were then frozen in -80 °C using a freezing container filled with isopropyl
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alcohol to ensure approximate cooling rate of 1 °C/minute. When frozen, cell
aliguots were transferred into liquid nitrogen for cryopreservation of the

HEK293T cell lines.

2.2.3 Seeding cell count and transfection

Cells were seeded in various plates or dishes for different purposes (assays or
fluorescence experiments). Table 2.9 below shows the approximate number
of cells (determined using a haemocytometer) seeded on the plates or dishes
and the amount of DNA and PEl used in transfection. Transfection was
performed 24 h after seeding and cells were incubated with 5 % (v/v) FBS
supplemented medium for 2 h prior to transfection. During transfection, PEI
was added to DNA (approximate 15: 1 nitrogen: phosphate ratio (Boussif et
al., 1995)) and the transfection mixtures were left to stand for 6-8 min for the
formation of PEI/DNA complexes. Transfection mixtures were then added
drop-wise to the cells. Cells were further incubated for 24 h before they were

harvested for protein assays or used for other experiments.

Table 2.9: Seeding cell count and transfection set ups for the different plates or dishes used
in this study. Uncoated 35 mm glass-bottom-dishes were obtained from MatTek Corporation
(Ashland, USA) with product code P35G-1.5-14-C. Nunc™ Lab-Tek™ 8-well chambered cover
glasses were obtained from Thermo Fisher Scientific.

Growth DNA PEI
Plates / dishes area Cells/well 10 mM

(cm?) (ng) (uL)
6-well plate 9.5 250,000-350,000  2-4 9-18
12-well plate 3.8 100,000-150,000  1-2 4.5-9
96-well plate 0.32 10,000-20,000 0.1-02 0509
Glass-bottom-dish (MatTek) 9.5 250,000-350,000  2-4 9-18
?ewk%'ﬂ')‘:hamber (Nunc™ Lab- 0.8 10,000-20,000 0305 1523
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2.2.4 Poly-L-lysine coating of cover glass

Poly-L-lysine was employed to ensure HEK293T cells attachment to any
untreated growing surfaces, e.g. glass-bottom-dishes, 8-well chambered
cover glasses, and round coverslips (13 mm diameter, 0.08-0.12 mm
thickness, from Thermo Fisher Scientific). Poly-L-lysine powder
(hydrobromide, MW > 300,000) was prepared as a 5 mg/mL aqueous solution
and stored at -20 °C. The final working solution (0.1 mg/mL), obtained by
dilution with sterile distilled water was further filter sterilised, prior to coating
of the growth surface by immersion for at least 30 min. Excess poly-L-lysine
solution was removed by washing twice with PBS before cells were seeded.
Poly-L-lysine coating was also employed in experiments that involved

extensive washing (e.g. functional assays) to enhance cell attachment.

2.2.5 Cell fixing and mounting

For cell fixing, 4 % (w/v) paraformaldehyde (PFA) in PBS was used. Live cells in
medium were first washed once with PBS, treated with 4 % PFA for 10 min
then washed twice with PBS. For imaging, cells grown on round coverslips
were also mounted onto microscope slides using FluoroGel mounting

medium (GeneTex, Hsinchu City 300, Taiwan).

2.2.6 Stable cell line selection

For generation of stable HEK293T cell lines expressing various constructs,
zeocin™ was employed as the selection agent. Successfully transfected
HEK293T cells in 6-well plates were transferred into two T25 flasks by
detachment with trypsin. Cells were left to settle overnight before medium
was replaced with selection medium containing 200 pg/mL of zeocin™. When
confluent, cells were transferred into T75 flasks and maintained in selection
medium for the successive 10-15 days, with the medium replaced every 2-3
days. Once healthy colonies were observed after the selection period, cells

were maintained and passaged as described in section 2.2.2 above with
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DMEM containing zeocin™ at 20-40 pg/mL. Stable cell lines were frozen at

-80 °C and stored in liquid nitrogen as described above.
2.2.7 Dilution cloning to obtain low expressing cell lines

For the selection of low expressing clones from the stable cell lines, a dilution
cloning method was first used to isolate single cell derived colonies. A stock of
10,000 cells/mL was diluted into 20 mL of 10 cells/mL, which was further
diluted into 20 mL of 1 cell/mL. The two different diluted cell suspensions
were plated into 96 well plates (200 uL/well). Wells containing single cell
colonies were identified and colonies were allowed to grow. When confluent,
the clones identified were gradually scaled up to 48-, 24-well plates, T25s and
finally T75s before they were frozen at -80 °C as described above. For the
identification of low expressing clones, fluorescence intensities of the
different clones (fixed or live) were compared under identical acquisition

conditions.

2.3 Detection of proteins using SDS-PAGE and western
blot analysis

2.3.1 Cell harvest and protein assay

Cells were harvested in ice-cold lysis buffer (PBS containing 10 % (v/v)
glycerol) by trypsinisation or scraping from 6-well plates or T25 flasks. Cell
suspensions were centrifuged (2000-4000 g, 5-10 min) to remove any residual
media, resuspended in fresh lysis buffer, and centrifuged again. Cell pellets
were stored at -20 °C if not used immediately. For cell lysis, cell pellets were
first suspended in 250-500 pL ice-cold lysis buffer supplemented with
protease inhibitor cocktail set Il at 1: 100 dilution (containing 4-(2-
aminoethyl)-benzenesulfonyl fluoride hydrochloride, aprotinin, bestatin, E-64
protease inhibitor, leupeptin hemisulphate, and pepstatin A; Merck Milipore,
Watford, UK). Cells were lysed by sonication with 3 x 10 s bursts, using a
Vibra-Cell sonicator (Sonics & Materials UK, Suffolk, UK).
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Protein concentrations were subsequently determined with a modified Lowry
assay method (Lowry et al., 1951), using reagents from the Bio-Rad DC
(Hercules, USA) protein assay kit and according to the microplate assay
protocol provided by the manufacturer. Protein concentrations were
calculated by comparison against a standard curve generated using

0.2 mg/mL to 2 mg/mL of BSA (bovine serum albumin; from Sigma-Aldrich).

2.3.2 SDS-PAGE

One-dimensional SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel
electrophoresis) analysis was adapted from the Laemmli method (Laemmli,
1970). First, protein samples were made up in protein loading buffer
(62.5 mM Tris base, 2 % (w/v) SDS, 10 % (v/v) glycerol, and 0.01 % (w/v)
bromophenol blue, 0.5 % (w/v) dithiothreitrol (DTT)). Samples were heated at
37 °C for 30 min or 75 °C for 10 min. For non-reducing conditions, the DTT

was omitted from the protein loading buffer.

Discontinuous acrylamide gels were prepared using 8-12 % (w/v) acrylamide
resolving gels in separating buffer (375 mM Tris base, pH 8.8, 0.1 % (w/v) SDS)
and 4 % acrylamide stacking gels in 125 mM Tris base, pH 6.8, 0.1 % (w/v)
SDS. Heated samples were loaded (usually 20 pg of proteins) along with
molecular weight markers (ColorPlus™ Prestained Protein Ladder, from NEB
or SeeBlue® Plus2 Pre-stained Protein Standard, from Life Technologies.)
using gel loading tips and separated by electrophoresis at constant current
(30-60 mA) in protein electrophoresis buffer (25 mM Tris base, pH 8.3, 190
mM glycine, 0.1 % (w/v) SDS) until the dye front was eluted from the gel

bottom.
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2.3.3 Western blot analysis

Transfers of proteins from the polyacrylamide gels onto nitrocellulose
membranes (Pall Corporation, Port Washington, USA) were carried out in a
western transfer tank filled with western transfer buffer (25 mM Tris, 192 mM
glycine, 20 % (v/v) methanol), at constant current 200 mA for 2 h at room
temperature. Ponceau S stain made up with 0.1 % (w/v) Ponceau S (Thermo
Fisher Scientific) and 1 % (v/v) acetic acid was used to stain the resultant
nitrocellulose membranes to compare protein loading and to judge if the
transfers were complete. The stain was subsequently removed by rinsing the
blots with distilled water. Molecular weight marker bands were marked with
a pencil before the stain was completely removed to facilitate later

identification.

For non-specific blocking, blots were incubated in blocking solution (5 % (w/v)
of non-fat milk in PBST, PBS containing 0.1 % (v/v) Tween 20, Thermo Fisher
Scientific) for 1 h at room temperature. Subsequently, blots were incubated
with primary antibody (monoclonal anti-GFP mouse IgGk antibody; Roche,
Burgess Hill, UK) in blocking solution (1: 2000 dilution) for 1 h at room
temperature or overnight at 4 °C. Blots were then washed four times for
5 min with PBS to remove unbound primary antibody before they were
incubated with secondary antibody, polyclonal rabbit anti-mouse IgG
antibody conjugated with horse radish peroxidase (HRP), obtained from Dako
(Glostrup, Denmark), in blocking solution (1: 2000 dilution) for 1 h at room
temperature. The washing steps were repeated again to remove any unbound

secondary antibody.

For the detection of secondary antibody on the nitrocellulose membranes,
SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific)
was used as the enhanced chemiluminescent (ECL) HRP substrate. Blots were

incubated in Working Solution (mixing equal amounts of Stable Peroxide
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Solution and Luminol/Enhancer Solution) for 1 min before they were drained,
wrapped in cling film and placed face up inside an X-ray developing cassette.
Final western blots were exposed onto X-ray films for various intervals (30 s

to 15 min) before they were developed in the dark room.

2.4 Functional studies of ABCG2

Two different accumulation assays were employed in this study. To establish
the function of fluorescently tagged ABCG2 expressed in stable HEK293T cell
lines, well-based fluorescence intensities of mitoxantrone (MX; Sigma-Aldrich)
were measured, normalised, and compared directly. For confirming the
function of transiently expressed ABCG2 constructs, multiwavelength cell
scoring analysis was employed following cell imaging to ensure that only cells
expressing fluorescently tagged ABCG2 constructs were taken into account in

the measurements of MX fluorescence intensities.

2.4.1 Accumulation assay — fluorescence intensities

Stable HEK293T cell lines expressing the respective sfGFP-ABCG2 variants
were seeded on poly-L-lysine coated 96-well plates (black, clear bottom,
Greiner Bio-One, Stonehouse, UK). When confluent, cells were incubated with
MX and various concentrations of Ko143 (Sigma-Aldrich), MX alone, or DMSO
alone as a solvent control (maximum DMSO concentration employed was
0.1 % (v/v)), in normal growth medium for 2 h. Cells were then washed twice
in ice-cold PBS and fixed with PFA as described above. Intensities of MX
(accumulation in cells) were measured using a benchtop microplate reader,
(Flexstation; Molecular Devices, Wokingham, UK), with 608 nm and 684 nm as

the excitation and emission wavelengths respectively.

The non-linear regression dose response equation (log (agonist) vs. response

(3 parameters) equation in GraphPad Prism 6.0) was employed to fit the data
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sets upon normalisation of the fluorescence intensities in each data set and

the pECso for Ko143 was determined, see below for equation:

Rmax - Rmin

1+ 10UogEC50-X)

R = Rmin +

Where the response (R), is related to the minimum response (Rnmin), maximum
response (Rmax), log of drug concentration (X) and ECso (drug concentration
required to achieve 50 % response). For determination of the percentage of
Ko143 inhibitable MX accumulation in the different stable cell lines, the
fluorescence intensities obtained from the cells incubated with 4 uM MX
alone and 4 uM combined with 1 uM Ko143 were first corrected by
subtracting the average baseline fluorescence intensities obtained from cells
incubated with 0.1 % (v/v) DMSO only (maximum solvent DMSO
concentrations in the wells). Percentages of Ko143 inhibitable accumulation

(Ako143) were finally obtained according to the equation below:

|
Ako143 = _MX+Ko143 100%

Imx
Where lux+ko143 is the corrected fluorescence intensity obtained from cells

treated with combination of MX and Kol43 and Iux is the corrected

fluorescence intensity obtained from cells incubated with MX alone.

2.4.2 Accumulation assay — multiwavelength cell scoring analysis

HEK293T cells were seeded on 96-well plates overnight and transiently
transfected with CFP-ABCG2 and YFP-ABCG2. Twenty-four hours post-
transfection, cells were incubated with medium containing either 4 uM MX
only or 4 uM MX in the presence of 1 uM Ko143, for 0-60 min. Cells were then
fixed with PFA as discussed above. Cell nuclei were counterstained with
Hoechst 33342 (H33342, Life Technologies) at 2 ug/mL for 15 min. Images of
the cells were acquired using an ImageXpress Micro (IX Micro) High Content
Screening System (Molecular Devices), equipped with suitable fluorescence
filter sets and a Nikon 20x long working distance air objective. Table 2.10

below shows the excitation (Aex) and emission (Aem) bandpass filter sets
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employed in this system for the detection of the nucleus stain, CFP or YFP,

and MX fluorescence intensities respectively.

Table 2.10: Filter sets employed to detect the fluorescence intensities of the nucleus stain,
CFP or YFP, and mitoxantrone. The wavelengths for the excitation and emission bandpass
filter sets are also indicated.

) Excitation Emission )
Filters Detection
(Aex nm) (Aem nm)
DAPI 377/50 447/60 Nucleus stain (Hoechst 33342)
FITC 482/35 536/40 CFP or YFP
Cy5 628/40 692/40 Mitoxantrone

To obtain the average MX fluorescence intensities, images acquired from 4
different sites in each well were first subjected to the Multiwavelength Cell
Scoring analysis in MetaXpress 5.3 software (Molecular Devices) to identify
the cells within the images according to the nucleus staining. This allows
calculation of the average MX fluorescence intensities (from the Cy5 channel)
and the detection of CFP-ABCG2 or YFP-ABCG2 expression (from the FITC
channel) within each cell. Approximately 85 % of the cells were found to be
expressing CFP-ABCG2 and 42 % of the cells were expressing YFP-ABCG2,
estimated using the % of positive cells detected (FITC channel) in each well. A
further Cell Measurement analysis was performed on the same data sets
using AcuityXpress 2.0 software (Molecular Devices) to include only MX
fluorescence intensities in cells expressing CFP-ABCG2 or YFP-ABCG2 for the
final average calculations, i.e. only the average Cy5 fluorescence intensities in

cells ranked positive for FITC fluorescence were taken into account.

2.5 Detection of cytoskeletal disruption

2.5.1 Staining protocol

Stable HEK293T cells expressing sfGFP-ABCG2 were seeded on round poly-L-
lysine coated coverslips in 12-well plates. 24 h later, cells were treated with
either 1 uM cytochalasin D or 1 uM nocodazole (unless specified otherwise)

for 15 and 45 min before they were fixed with 4 % PFA as described above.
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Cells were then incubated with 50 mM NH4Cl in PBS for 15 min to quench free
aldehyde leftover from PFA fixation. For blocking and permeabilisation, cells
were incubated in blocking buffer (0.05 % (w/v) saponin and 0.5 % (w/v) BSA
in PBS) for another 15 min. For the detection of actin and microtubules, cells
were then incubated with Texas Red-X-phalloidin conjugate (Life
Technologies) or primary mouse anti-a-tubulin antibody (Merck Milipore)
respectively. Round coverslips with cells face down were incubated in small
volumes of antibody solutions diluted at 1: 1000 in blocking buffer for 30 min.
Coverslips were returned into the 12-well plates and washed four times with
blocking buffer. Secondary incubation with Alexa-Fluor568 goat anti-mouse
antibody (Life Technologies) diluted at 1: 2000 in blocking buffer (30 min)
detected the bound anti-a-tubulin. Finally, cells were washed again with

blocking buffer and mounted onto microscope slides as described earlier.

2.5.2 Fluorescence imaging

Fixed and mounted cells were imaged using a Leica DMRB inverted
fluorescence microscope equipped with a monochrome digital camera
(Hamamatsu C4742-95) and 63x Plan-Apochromat NA 1.3 oil objective. Cells
were imaged with the phase contrast channel, FITC channel (bandpass filter
sets; Aex = 480/40 nm and Aem = 525/20 nm), and TRITC channel (bandpass
filter sets; Aex = 545/20 nm, Aem = 610/30 nm) to observe the cell morphology,
sfGFP-ABCG2 localisation and actin or microtubules distribution before and

after treatments.

2.6 Standard confocal imaging

Standard confocal imaging was performed on a LSM710 confocal laser
scanning microscope from Carl Zeiss Microscopy (Jena, Germany) equipped
with a 63x Plan-Apochromat NA 1.4 M27 oil objective and argon laser. For the
detection of sfGFP-fusion proteins, 2 % 488 nm argon laser power (according

to the acousto-optic tunable filters (AOTF) controller) was used as the
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excitation source and the emission of GFP was collected at 500-598 nm (freely
tuneable emission bandwidths and dichroic beam splitter MBS 488). To
confirm the expression and localisation of the sfGFP-fusion constructs, high
resolution fluorescence channel images (1024 x 1024 pixels, image depth 8

bits) were acquired together with the corresponding phase contrast images.

2.6.1 Confocal imaging to determine low expressing clones and localisation

of cytoplasmic sfGFP constructs

For determination of the low expressing stable clones of CD86-sfGFP and
CD28-sfGFP (derived from single cell colonies from dilution cloning methods
described earlier), cells were imaged live on 48-well plates using a modified
LSM inverted confocal microscope (Carl Zeiss Microscopy) equipped with a
20x EC Plan-Neofluar NA 0.5 M27 objective and 488 nm argon laser. Emission
was collected at 500-598 nm (freely tuneable emission bandwidths and
dichroic beam splitter MBS 488). For tandem-sfGFP and sfGFP, HEK293T cells
transiently expressing the constructs seeded on 6-well plates were imaged
using the same LSM710 confocal laser scanning microscope set up as per
section 2.6 using an 10x EC Plan-Neofluar NA 0.3 M27 objective (instead of

the 63x oil objective).

2.7 FRAP acquisition and analysis

For the investigation of ABCG2 membrane diffusion, fluorescence recovery
after photobleaching (FRAP) was performed using a confocal laser microscope
on stably transfected HEK293T cells expressing sfGFP-fusion constructs. This
technique measures the diffusion of neighbouring (non-photobleached)
fluorescent molecules into the photobleached region and provides
information on the kinetics of the fluorescent molecules; see section 4.1 for

detailed explanation.
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FRAP was performed at 37 °C on the LSM 710 confocal laser scanning
microscope as described in section 2.6 earlier. Cells were seeded on MatTek
glass-bottom-dishes 24 h (for stable cell lines) or 48 h (for transient
expressing cells) prior to the FRAP experiments. Immediately before the
experiments, cells were washed with phenol red free Hanks’ Balanced Salt
Solution (HBSS; from Sigma-Aldrich) pre-warmed to 37 °C. For FRAP
experiments, the pinhole was set to 1 Airy unit, and the focal plane was set to
lower plasma membrane. Ten scans (512 x 512 pixels, 8 bits) were acquired as
baseline measurements using 2 % 488 nm laser power. A circular region of
interest (ROI) with radius (r) of 2 um was photobleached with 30 iterations of
100 % laser power at the 11" scan. FRAP recovery was monitored for a
further 50 scans, using the baseline excitation and emission settings. For data
correction and obtaining the half time (t;/;) of fluorescence recovery, Zen
2010 software (Carl Zeiss Microscopy) was employed. Fluorescence recovery
intensities obtained from FRAP experimental ROl were first corrected for
bleaching during acquisition at each time point, using the fluorescent
intensity differences between a background (non-fluorescent area outside the
cell) and a reference (neighbouring cell) areas. The corrected recovery curve

was fitted using the single component exponential equation:
[(t)=10-11%*¢et/T1

Where 10 = end value of recovered intensity (arbitrary units), 11 = amplitude
of recovered fraction (arbitrary units), T1 = exponential decay time (s), and t
= time (s). The ti; (s) and mobile fraction (F1) were obtained from the

software using the equations below:
tijz=-T1*In 0.5
F1=100*I1 / (Iinitial - Ipostbleach)

Where [initial = initial fluorescence intensity (arbitrary units) and lgostbleach =
fluorescence intensity (arbitrary units) immediately after photobleaching, see
chapter 4. The diffusion coefficient (D; um?s™*) was finally calculated using the

equation below, based on the radius (r; um) of the circular ROl area:
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D=r2/4ti,2

Final results (diffusion coefficients and mobile fractions) were presented as
the mean + SEM with the total number of cells and experiments indicated as
appropriate. The recovery curves for the different data sets were normalised

using pre-bleach fluorescence intensities as 100 % in GraphPad Prism 6.0.

2.8 FRET acquisition and analysis

To investigate the oligomerisation of ABCG2 in live cells, fluorescence
resonance energy transfer (FRET) microscopy was employed to study cells
transiently expressing CFP- and YFP-fusion proteins. The acceptor
photobleaching (AcPb) FRET method was employed to establish the close
interactions between two ABCG2 molecules. In AcPb FRET, the increase in CFP
(donor) emission immediately after photobleaching of YFP (acceptor) is
measured as the FRET efficiency between two fluorophores and provides
evidence of close interaction between the proteins they are fused to. Detailed

principles of this technique are outlined in section 5.1.

2.8.1 Lambda image acquisition

FRET was performed at 37 °C on a LSM710 cofocal laser scanning microscope
(Carl Zeiss Microscopy) equipped with a 63x Plan-Apochromat NA 1.4 M27 oil
objective, a 405 nm diode laser, and a 514 nm argon laser. For the acquisition
of CFP and YFP, the confocal pinhole was set at 2 Airy units whilst the
excitation wavelength was set at AOTF 4 % 405 nm (for CFP) and 2 % 514 nm
(for YFP). Dichroic beam splitters 458/513 nm (for YFP) and MBS-405 (for CFP)
were used to direct the excitation laser beams to the sample. To collect CFP
and YFP emission concurrently, spectral imaging was employed, where
lambda (wavelength) scans with images from 417-730 nm at every 10 nm
were acquired. To confirm the expression and localisation of the CFP- and

YFP- tagged constructs, high resolution confocal lambda images (1024 x 1024
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pixels, 8 bits) were acquired together with the corresponding phase contrast

images.
2.8.2 FRET data collection and % FRET efficiency determination

Acceptor photobleaching FRET was used to measure the FRET efficiency
between CFP and YFP. Cells were first seeded on MatTek glass-bottom-dishes
before being transfected with CFP- or YFP-fusion constructs. Before
acquisition, transiently transfected cells were washed with HBSS and left to
equilibrate for 15 min at 37 °C on the heated stage. For FRET data acquisition,
the lower plasma membrane of the cell was chosen as the focal plane and
image size was set at 512 x 512 pixels, 12 bit depth. Five scans were first
collected before the specified round ROl with radius of 4 pum was
photobleached with 30 iterations of 100 % 514nm laser. Ten more scans were
collected after photobleaching at normal acquisition laser power. Master gain
and digital offset were adjusted before data acquisition to ensure the final

images did not contain any oversaturated pixels.

For data analysis, each FRET data set was subjected to linear unmixing
algorithm analysis (Zimmermann et al.,, 2002) using reference spectra
(obtained from single transfected CFP- or YFP-fusion constructs) to separate
the CFP and YFP intensities in Zen 2010 software (Carl Zeiss Microscopy), see
chapter 5 for further explanation. The % FRET efficiency (Fg) was finally

calculated from the intensity values using the equation:
Fe =(Ia-1g)*100 /I

Where |, is the intensity of CFP immediately after YFP photobleaching and Ig
is the intensity of CFP before YFP photobleaching. Final results were
presented as mean + SEM of % FRET efficiencies comparing across different
constructs with the number of cells and experiments indicated where

appropriate.
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2.9 Fluorescence correlation spectroscopy and photon

counting histogram brightness analysis

For the study of membrane kinetics and oligomerisation of ABCG2 at “single
molecule” resolution, sfGFP fusion proteins were investigated with
fluorescence correlation spectroscopy (FCS) and photon counting histogram
(PCH) analysis. FCS measures the fluorescence fluctuations derived from
fluorescent molecules within the confocal volume over time and the resultant
analysis yields kinetic information about these fluorescently tagged proteins.
The molecular brightness of the fluorescent proteins can be extracted by
performing PCH analysis on the same FCS measurements, and this provides
evidence of oligomerisation for the fluorescent proteins. See section 6.1 for a

detailed description of the principles of these two techniques.

2.9.1 FCS data acquisition and autocorrelation analysis

FCS measurements in this study were performed on a Confocor 2
fluorescence correlation spectrometer (Carl Zeiss Microscopy) equipped with
a 40x c-Apochromat NA 1.2 M27 water immersion objective and 488 nm
argon laser. Following calibration of the instrument with Rhodamine 6G
solution (see section 2.9.2), cells were excited with 488 nm laser with a power
density of 0.25 kW/cm? (0.3 % according to the AOTF controller) in this study,
unless specified otherwise. GFP emission was collected with a 505-550 nm
bandpass filter. For FCS, cells were seeded and grown on Nunc™ Lab-Tek™ 8-
well chambered cover glasses 24 h (or 48 h to allow transfection of sfGFP and
tandem-sfGFP) prior to experiments. Cells were washed 3 times with HBSS
before equilibration at room temperature (22-25 °C) for 15 min. For cell
selection, GFP fluorescence was detected using an external camera
(Qlmaging, Surrey, Canada) with an epi-fluorescence lamp and standard GFP
filter sets. The display range of the camera was altered to achieve
oversaturation of normal expressing cells and allow selection of low

expressing cells (typically < 100 kHz). The confocal volume was placed at the
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upper plasma membrane of the cells by performing a z-scan (example shown
in section 6.3) at low laser power, 0.05 kW/cm?. Fluorescence fluctuation
measurements (3 x 15 s traces) were recorded at laser power density of
0.25 kW/cm? after a 10-second pre-bleach with 0.60 kW/cm? laser power
density. Autocorrelation analysis was performed using Zeiss Aim 4.2 software
(Carl Zeiss Microscopy) and the autocorrelation curves were fitted using two
different diffusion models. Autocorrelation curves were discarded if they did
not reach a clear asymptote as G(t) approached 1. This could be caused by
sudden increase in concentrations of fluorescent proteins during data
collection due to clustering of fluorescent molecules within the plasma
membrane, presence of large slow moving particles, random movement of

plasma membrane or photobleaching during acquisition of the FCS traces.

For the cytoplasmic proteins (sfGFP and tandem-sfGFP), a single-component
model that assumes free 3D diffusion, with added pre-exponential factor (to
account for fluorophore triplet state), was used to fit the autocorrelation

curves:

G(D)=1+A %(14_ £)1 (1+ SZT )-0.5

™D
Where the pre-exponential term, A is given by the equation:
z
A=1+ (TT .e_Tr> (1-T)?
And N = particle number, tp = dwell time (us), T: = triplet fraction, and .=
triplet relaxation time (us). The structural parameter (S), which relates to the
dimensions of confocal volume, is given by the ratio w,/w,,, where w, = axial
parameter (um) of the confocal volume and wy, = radial parameter (beam

waist radius; um) of the confocal volume.

For the membrane proteins (CD86-sfGFP, CD28-sfGFP, and sfGFP-ABCG2), a
two-component 2D diffusion model was used, where as S = oo, the equation

can be simplified as:
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G(r)=1+A l(a (1+ L)_1 +F (1+ i)_l)
N D1 D2
In these experiments, F; was interpreted as the fraction of the fast diffusing
component caused by GFP photophysics (corresponding dwell time obtained
as tp1 (us), see section 6.7.3 for further discussion. F, represents the fraction
of the curve that describes the diffusion of the membrane protein of interest,
and the corresponding dwell time was obtained as Tpz (us). The particle
number of the membrane proteins (N2) was obtained using the total number
of particles detected (N in the equation) and the known contributing fraction
(F>). Overall, the majority of the traces were found to have triplet fractions of
less than 20 %, and the typical triplet relaxation time was < 10 us. A small
amount (less than 5 %) of the traces with > 20 % triplet fractions were discard
from the final analysis to avoid underestimation of particle number in the

autocorrelation analysis.

2.9.2 Calibration of FCS experiments and diffusion coefficient calculations

Prior to each FCS experiment, the acquisition system (with 488 nm as
excitation) was calibrated using Rhodamine 6G solutions (Rho6G; from Life
Technologies). First, the confocal system and laser were switched on and the
system was allowed to equilibrate at room temperature (22-25 °C) for 1 h.
1 uM and 20 nM of Rho6G solutions were made up for the calibration
experiments. 250 pL of the solutions were added to separate wells in 8-well
chambered cover glasses. The confocal volume was positioned in the solution
by placing the z-position 200 um above the upper coverslip surface. The
confocal pinhole was set to 1 Airy unit and the pinhole position (x, y) was
adjusted to obtain maximum count rate using the 1 uM Rho6G solution. A
count rate of 200-250 kHz at laser power density of 0.25 kW/cm? was usually
obtained. Fluorescence fluctuation traces (3 x 15 s) were then collected from
the 20 nM Rho6G solution at various laser powers (AOTF 1-5 %) after a
3-second pre-bleach with laser power density of 0.13 kW/cm?. The Tpand S

from Rho6G autocorrelation curves were obtained (from the 2 % laser power
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data set) using the same single-component 3D free diffusion autocorrelation
model as described above. The 1p of Rho6G was typically determined as
20-22 ps and the S values were normally obtained as 4-5, as expected for
excitation with 488 nm (Briddon et al., 2011). Using the known diffusion
coefficient of Rho6G (2.8 x 10 m%s™) and the assumption of a Gaussian
confocal volume, the waist radius of the confocal illumination, w,, was

calculated using the equation:
Wiy = (4.DR6G.TR66)0.5

The waist radius of the confocal volume, typically determined as
0.14-0.16 um, allows the subsequent calculation of diffusion coefficients (D;

um?s™?), from the dwell times of the proteins of interest using the equation:
D = ny2/4TD

The 1p2 values obtained from the two-component analysis were used (instead
of 7p) for the membrane proteins. The concentrations (C; number of particles

per um?) of the proteins of interest were obtained from the equation:
C=N/ (m.wy?)

The N, values obtained from the two-component analysis were used (instead
of N) for the membrane proteins. The pooled diffusion coefficient and particle
concentration data were presented as mean + SEM with the number of cells

and experiments indicated where appropriate.

2.9.3 PCH analysis

For PCH, the raw fluorescence fluctuation traces accepted for autocorrelation
analysis were analysed using 1-component or 2-component 3D PCH models
(Huang et al., 2004) in Zen 2010. By fitting the models against the frequency
distribution of the fluorescence fluctuation amplitudes obtained when the
fluorescence record is sampled using a certain binning time, the average
molecular brightness (g; counts per molecules per second (cpms)) and

number of molecules within the detection volume can be estimated. A
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binning time of 1 ms was chosen to exclude the fast autocorrelation
component due to GFP photophysics, unless stated otherwise. As the original
PCH models were derived from two-photon system, a correction parameter
(first order correction factor) was pre-determined to account for the variation
from a Gaussian detection volume when single photon excitation system is
employed (Huang et al., 2004). The first order correction factors in this study
were determined from Rho6G calibration experiments by collecting single FCS
trace for 60 s and fitting the data to a 1-component 3D PCH model using the
Zeiss 4.2 Aim software. The first order correction factor obtained from each
experiment (typically 0.15-0.17) was then applied to the PCH analysis of the
FCS data sets. For PCH analysis (1- and 2-component), the molecular
brightness and number of particles were allowed to vary freely whilst the first
order correction factor was fixed as determined from the calibration
experiments. Reduced chi? values obtained from the PCH analysis were used
to assess the goodness of fit of the data with the different models. Where
reduced chi® values were > 2, the data set was excluded from the final

molecular brightness or component fraction results presented.

In some treatments of the data, the molecular brightness of CD28-sfGFP and
sfGFP-ABCG2 were normalised against those of the CD86-sfGFP (monomer
control) for each of the experiment to account for any day-to-day molecular
brightness variations. The molecular brightness values of component 2 (C2)
were also normalised against the respective brightness of component 1 (C1)
to obtain the ratios of C2:C1. The final pooled data were presented as mean *

SEM with the number of cells and experiments indicated where appropriate.

2.10 TIRF microscopy and stepwise bleaching analysis

Single particle imaging using total internal reflection fluorescence (TIRF)
microscopy in combination with stepwise photobleaching analysis was

employed to establish the oligomeric organisation of ABCG2 in fixed HEK293T
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cells. The detailed background and theory of the techniques are outlined in

section 7.1.

2.10.1 TIRF imaging and data collection

Prior to TIRF imaging, cells were seeded and fixed on poly-L-lysine coated
MatTek glass-bottom-dishes (section 2.2). Stable HEK293T cells expressing
low levels of CD28-sfGFP or sfGFP-ABCG2 and HEK293T cells transiently
expressing ABCC4-sfGFP were examined. TIRF imaging was performed using
an Axio Observer Z1 (Carl Zeiss Microscopy) microscope equipped with a 100x
Plan Apochromat NA 1.46 M27 oil immersion objective. The lower plasma
membrane of the cells was illuminated under TIRF configuration using a
20 mW 488 nm TIRF laser producing an excitation field of less than 100 nm.
Subsequent GFP emission was collected using an emission bandpass filter
510-542 nm. TIRF photobleaching videos were recorded using an EMCCD
camera (QuantEM 512SC; Photometrics, Tucson, USA) at a rate of 10 Hz (100
ms per frame) for 80 s using the Zen 2012 software. The thickness and
refractive index of the glass coverslips are 0.16-0.19 mm and 1.523
respectively as reported by the manufacturer, while immersion oil with
refractive index of 1.518 was used. Minimal differences between the glass
coverslip and oil immersion refraction indices ensured that the excitation
laser beam arrived at the glass and agueous medium interface at the
appropriate TIRF angle, typically 62-65° as indicated by the TIRF slider on the
software. For cell selection, AOTF 4 % excitation laser power was used whilst
the display range of the camera was oversaturated to ensure minimal
photobleaching of the sample and allow selection of low expressing cells.
Photobleaching of the cells was performed using AOTF 80 % laser power
throughout the acquisition period (80 s) under TIRF configuration. TIRF videos
acquired in Zen 2012 as CZI files were not suitable for subsequent stepwise
photobleaching analysis using the PIF algorithm in MATLAB. The videos were
therefore converted and compiled as 8-bit T/F video files using LSM 5 Image

Browser (Carl Zeiss Microscopy) and Imagel (Schneider et al., 2012).
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2.10.2  Stepwise bleaching analysis using PIF algorithm

The converted 8-bit TIF video files were analysed using the PIF algorithm
provided in a standalone MATLAB Runtime Compiler (MathWorks) by Dr
Rikard Blunck, University of Montreal (McGuire et al., 2012). First, a region of
interest (ROI) was drawn manually in the software. Typically, a whole cell of
interest was used as the ROIl. Prior to the analysis, the parameters of the
algorithm were determined. Most of these parameters were left as default or
adjusted as recommended by the authors whilst several other parameters
were adapted due to experimental variation (McGuire et al.,, 2012). The
following sub-sections provide detailed descriptions of the PIF algorithm and
the parameters required for stepwise photobleaching analysis in this study.
The parameters involved in the software were quoted as ‘parameter name’
and a table summarising the key parameters is shown in Table 2.11 below.
The parameters that were different from default values are indicated in this

section and they are also discussed further in chapter 7.
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Table 2.11: Key parameters defined for stepwise photobleaching analysis of the TIRF videos
using the PIF algorithm.

General Spot Filter Step Accepted/
parameters detection detection Rejected
Time per Max no. of  Background 1%t approx. Proximity
frame neighbours  removal step detection sigma
100ms 5 | F!x ﬁltgr size First SNR 15
M Fixed sigma 075
Starting frame Minimum ' Counter fit/fit
no. amplitude 16 Progress )
M Symmetric fraction
1 150 . .
filter 10 Reduced chi?
No. of average 6F/F max.
. frame§ for 10% Inten5|ty . 15
image display calculation rogress
20 M Theo. LoG fraction Max. step
intensity 1000 amplitude
No. of average ' 900
frames for Trace filter Min step
baseline O Chung- length Step/Noise
estimation Kennedy 3 ratio (SNR) >
] ifSNR< 1.8
20 Amp 1.6
Tolerance
0.6
Min. step
amplitude
75

Fluorescent spot selection and fluorescence intensity calculation

The fluorescence intensities of the individual fluorescent spots were
determined using a contributing region of 5 x 5 pixels, by setting the
‘maximum number of neighbours’ to 2 in the parameters section (see section
7.3). In the first step of the analysis, the fluorescent spots were determined
by setting the following threshold parameters. First, the ‘minimum amplitude’
of the fluorescent spots was defined to ensure that fluorescent spots were
separated from the background (see section 7.3 for example analysis). The
fluorescence signal (6F) of the fluorescent spots were calculated (from a

region of 5 x 5 pixels) by fitting the initial total fluorescence intensity (F) of
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each spot to a two-dimensional Gaussian profile and subtracting the base line
(estimated from the last 20 frames of recording) from the total intensities.
The ‘6F/F parameter determines the minimum signal required for the
fluorescent spots to be selected, using the average intensities from the first
20 frames. The default value of 10 % was employed in this study, which
minimised incorrectly selected spots due to presence of background noise.
Additionally, use of a proximity threshold rejected fluorescence spots that
were too close to each other. A virtual parameter ‘sigma’ was used to define
the surrounding of the Gaussian profiles of each fluorescent spot in this
analysis. The ‘proximity sigma’ parameter was set at 1.25 (as default) to
ensure that the fluorescent spots were free of neighbouring spots when the
Gaussian profile had reached 20 % of its maximum. The intensity traces were
rejected from the analysis if the fluorescent spots were deemed too close to

each other.
Background removal by trace filtration

To clearly show the photobleaching steps within the fluorescence intensity
traces, a deconvolution method was used to remove the background intensity
within the fluorescence traces. This was achieved using a LoG (Laplacian of
Gaussian) kernel-type filter. This method is identical to an algorithm
commonly employed to improve resolution and remove blurring within the
image (Wallace et al., 2001). The size of the kernel was determined according
to the ‘maximum number of neighbours’ parameter (5 x 5 pixels). The
parameter ‘sigma’ defines the shape of the Gaussian pattern (or the point
spread function, PSF) of the fluorescent spot and this was determined before
the LoG trace filtering was performed. In this study, the ‘sigma’ value was
typically determined as 1.6-1.8, estimated using the maximum frequency
obtained from PSF frequency histograms (see section 7.3 for example). A
symmetrical LoG filter was applied to the fluorescent spots. The absolute
intensity of the final traces was obtained using the ‘theo LoG intensity’
(theoretical estimation of the absolute intensity after LoG filtering) as the

reference intensity.
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Photobleaching step detection and quality control

The most important function of the PIF algorithm was to perform an
automated photobleaching step detection analysis on the fluorescence
intensity traces. To identify segments of constant intensity and establish
photobleaching steps, the algorithm performed an iterative process of
averaging the intensities in short time segments, in which the averaged data
were repeatedly exposed to the same process. This gradual iterative process
ensured that photobleaching steps were separated from noise and any
blinking event (due to the photophysics of GFP) in the traces. Additionally, the
variation of the fluorescence fluctuations among the adjacent frames were
analysed to estimate the noise within the traces (Ngf). Using this value, the
occurrence of a photobleaching step was determined when the reduction in
fluorescence intensity signal was higher than that of Ng. Finally, the initial
traces were subjected to more successive iterations using higher threshold
values to further eliminate noise and fluctuations, ensuring that only true
photobleaching steps remained in the final idealised traces. A full detailed
description of the step detection algorithm can be found in the
supplementary materials published by the authors of PIF algorithm (McGuire
et al., 2012).

Although most step detection parameters were set to default, several
parameters had to be adapted to the TIRF data acquired in this study. For the
PIF algorithm to work, a small starting step to noise ratio (SNR), the “first SNR’
in ‘1° approx. step detection’, was set at 0.75, as recommended by the
authors (0.25-1). SNR values were calculated (by the PIF algorithm) using the
signal of photobleaching steps and N obtained as described earlier. The
‘progress fraction’ parameter defines the number of progressive step
performed on each trace in the averaging and iteration process. The ‘progress
fraction’ values used in this study were identical to those recommended by
the authors. For ‘1% approx. step detection’, this value was set at 10. For the

final idealisation, this value was set to 1000. The minimum step length (‘min
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step length’) defines the minimum number of frames allowed inbetween each
photobleaching step. This value was set as 3, as previously employed by the
authors. The maximum step amplitude variation (‘amp tolerance’) allowed
was set to 0.6 (as default) to reduce effects of background fluorescence
fluctuation on the detection of photobleaching steps. The minimum step
amplitude (‘min step amplitude’) was set as the lowest frequent step intensity
observed in the step intensity frequency histograms obtained in an initial
analysis (when ‘min step amplitude’ was set as 0), see section 7.3 for
example. The maximum step amplitude allowed within a trace (‘max step
amplitude’) was set to a constant value of 900 for all the analysis. This value
was intentionally set to a constant value larger than majority of the
photobleaching step intensities observed in this study to minimise variation in
the analysis of the data sets, whilst avoiding under-detection of

photobleaching steps.

Finally, several quality control parameters were incorporated in the PIF
algorithm to ensure accurate step detection and that only appropriate traces
were accepted. First, the minimum required ‘counter fit/fit’ ratio was set to 1,
as per default. This parameter was calculated as the ratio of the goodness of
fit of the counter idealisation (counter fit, performed by setting new positions
in the middle of each steps) and the idealisation fits. Second, a reduced chi®
value was calculated when the quality of the fit was assessed using the data
and idealised traces. Poorer fitting of the idealised traces will lead to increase
deviations of chi® values from 1. This parameter, known as the ‘reduced chi?
max’, was set to 1.5 (as default), in which any traces with higher values were
rejected. Finally, the minimal mean SNR allowed in each trace after the
filtering process (‘SNR’) was set as 1.6, in which traces with low step to noise
ratios (£ 1.6) were rejected. This value was different compared to the value
employed by McGuire et al. and the reasons for choosing this SNR value will

be discussed further in sections 7.3 and 7.5.
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2.10.3  Statistical modelling of photobleaching step frequency histograms

using binomial distributions

The TIRF photobleaching videos of cells acquired as described in section
2.10.1 were analysed using the PIF algorithm to detect the number of
photobleaching steps within each fluorescent spot. Only cells with > 20 %
traces accepted were taken into account for final analysis with the acceptance
criteria as described above. The main data sets were presented as frequency
histograms of the total number of fluorescent spots observed for the various
number of photobleaching steps. To assess for variability between
experiments, some of the data sets were also normalised and presented as
mean * SEM of the percentage of fluorescent spots against the number of

photobleaching steps.

For the interpretation of the frequency histograms, double binomial
oligomeric models were generated to account for the proportion (%) of
fluorescent GFP (p-value in the binomial distributions) and overlapping of
fluorescent spots (10 % fluorescent spots to follow a second higher order
binomial distributions). The binomial distribution equation employed is given

as below:

n!

b(x;n,p) = ok pre (1-p)nX

x!'(n —x)

Where the probability (frequency) of observing x, the number of
photobleaching steps, was dependent on p, the probability that the GFP-
tagged protein is fluorescent and detected, and n, the total number of
photobleaching steps predicted (corresponding to the total number of
oligomeric state expected). To account for the overlapping fluorescent spots,
10 % of the expected number of fluorescent spots was modelled with a
second binomial distribution model, using 2x the single oligomeric state
expected. For example, for a tetrameric model, 10 % of the total number of
fluorescent spots obtained were modelled with a binomial distribution of n =

8, whilst the remaining 90 % of the fluorescent spots were modelled with a
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binomial distribution of n = 4, as shown in Table 2.12 below. The final
expected frequency for the number of photobleaching steps (x) was
calculated by summing up the resulting expected frequencies obtained for the
two binomial distributions (Table 2.12). For multiple-component oligomeric
models, the dimer and tetramer models were combined in appropriate
proportions to calculate the expected number of photobleaching steps for
comparison with the actual frequency histograms. The calculation to combine
the two binomial oligomeric models was similar to the example shown in
Table 2.12, in which the two binomial models were weighted according to
expected percentages (%) of dimers and tetramers, and the final expected

frequencies were obtained by summing both predicted models together.

Table 2.12: Double binomial distributions to determine the photobleaching step frequency
distributions for a tetrameric oligomer state. Table shows an example double binomial
calculation for a tetrameric model using 1000 spots, accounting for 10 % of overlapping spots
when p = 0.55.

No. of Expected no. of Expected no. of Final expected no.

photobleaching spots - tetramer spots of spots

steps (n) (total 900 spots) - “overlapping” (total 1000 spots)
(total 100 spots)

1 188 2 190

2 347 7 354

3 281 17 298

4 84 26 110

5 - 26 26

6 - 16 16

7 - 5 5

8 - 1 1

To determine the most appropriate oligomeric models for describing the
respective frequency histograms, the goodness of fit of the binomial models
calculated using p-values of 0.50, 0.55, and 0.60 (proportion of fluorescent
GFP) were assessed using the reduced chi® (R) values, which were calculated
by comparing the expected frequencies obtained from various oligomeric

models against the observed data, using the following equation:
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Where O represents the observed experimental frequencies, E represents the
expected frequencies calculated from the binomial distributions (example
shown in Table 2.12), and the degrees of freedom (n-1) was obtained using
the total number of photobleaching steps expected from the combined
binomial distributions (n). The oligomeric models that yielded the lowest R-
values were determined as the best fit models for the respective
photobleaching step frequency histograms to establish the oligomeric state of

the membrane fluorescent proteins.

2.11 General statistical analysis methods

For statistical analysis, differences between the multiple (at least three
independent) data sets were assessed for significance by either one-way or
two-way ANOVA analyses followed by Bonferroni multiple comparisons post
test. Non-parametric Kruskal-Wallis analysis followed by Dunnett’s multiple
comparisons post test was employed for data acquired from the diffusion and
molecular brightness studies, as some data sets did not pass the D’Agostino &
Pearson omnibus normality test (p < 0.05) and multiple species could exist
within the data sets. One sample t-test was also employed to assess for
significance of deviation from a theoretical mean. All statistical tests were
performed in GraphPad Prism 6.0. The differences were deemed to be

significant if p < 0.05.
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Chapter 3 Plasmid constructs required for

fluorescence studies

3.1 Engineering and design of fluorescent protein tagged ABCG2

constructs

For the study of ABCG2 membrane dynamics and oligomerisation using
fluorescence techniques in HEK293T cells, the pcDNA3.1(+)zeo mammalian
vector was chosen as the backbone for all DNA construct engineering. Figure
3.1 shows a schematic representation of a standard ABCG2 vector employed.
Typically it contains a fluorescent protein (FP) fused N-terminally to ABCG2. C-
terminal tagging of ABCG2 was previously reported to be detrimental to
ABCG2 localisation (Haider et al., 2011). This mammalian vector also contains
a strong cytomegalovirus (CMV) promoter regulatory region for increased
protein expression in mammalian cells and zeocin™ resistance gene for
selection of stable cell lines. Additionally, it also has a bacterial ampicillin
resistance gene and multiple restriction sites for genetic engineering. The
common cloning and diagnostic restriction sites employed here are also

indicated in Figure 3.1.
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Figure 3.1: Schematic illustration of a standard DNA vector in this study. The vector
normally contains a FP (fluorescent protein) fused with ABCG2 as the main construct of
interest. For expression and sequencing purposes, the vector also contains a standard CMV
promoter, the T7 promoter priming site, along with the ampicillin (amp) and zeocin™
resistance genes. The restriction sites employed in this study are also indicated with the
restriction sites commonly employed to confirm the final size of plasmid highlighted in blue
and purple, Pvull and Spel.

A variety of fluorescent fusion protein constructs were generated in this
study, which are summarised in Table 3.1 along with the techniques (cloning
or PCR mutagenesis) utilised for their generation, and primers used for
amplification/mutagenesis. The primer sequences can be found in chapter 2,
Table 2.3. The methodology of the generation of these constructs will be

presented in this chapter.
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Table 3.1: Summary of the various pcDNA3.1zeo constructs generated through two
different methods in this study. The primers employed and fluorescence experiments
involved in are also indicated. TMDs: short version of transmembrane domain (residues 376
to 655 of ABCG2 sequence). TMD,: extended version of transmembrane domain (residues
281 to 655 of ABCG2 sequence).

. Fluorescence
Constructs Primers .
experiments

Restriction enzyme based cloning

YFP-ABCG2 - FRET
YFP-ABCG2_C603A - FRET
YFP-ABCG2_C603A - FRET
sfGFP-ABCG2 Kozak-sfGFP_F, Kozak-sfGFP_R FRAP, FCS/PCH, TIRF
sfGFP-ABCG2_C603A - FRAP
CFP-ABCG2 CFP-nostop_F, CFP-nostop_R FRET
CFP-ABCG2_C603A - FRET
YFP-NBD NBD_F, NBD_R FRET
YFP-TMDs TMDs_F, TMDs_R FRET
YFP-TMD, TMD__F, TMDs_R FRET
YFP-TM1-2 NBD_F, TM1-2_R FRET
YFP-TM1-4 NBD_F, TM1-4_R FRET
CD28-sfGFP CD28_F, CD28_R FCS/PCH, TIRF
CD86-sfGFP CD86_F, CD86_R FCS/PCH

Mutagenesis
nostart_sfGFPA206K A206K_F, A206K_R -
sfGFP-ABCG2_T362A T362A_F, T362A_R FRAP

3.2 Generation of sfGFP-ABCG2 construct

3.2.1 Cloning of YFP-ABCG2 constructs into pcDNA3.1zeo vector

Expression of fluorescent-tagged ABCG2 in pcDNA3.1zeo vector was desired
for the selection of stable cell lines using zeocin'™. Using the starting vectors
pcDNA3.1neo_YFP-ABCG2 and pcDNA3.1zeo_SNAP-ABCG2 provided by Dr lan
Kerr (University of Nottingham), YFP-ABCG2 was sub-cloned by Nhel and Xbal
into the pcDNA3.1zeo vector (replacing the SNAP-ABCG2) to produce
pcDNA3.1zeo YFP-ABCG2, as illustrated in Figure 3.2 below.
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Figure 3.2: Cloning plan to generate pcDNA3.1zeo_YFP-ABCG2. Two starting templates (see
Table 2.1) were digested with Nhel and Xbal and the desired bands were purified and ligated
to produce YFP-ABCG2 in a pcDNA3.1zeo vector.

The resulting DNA extracted from transformed competent cells was digested
with restriction enzyme Spel to confirm correct band sizes. Figure 3.3 shows
the gel electrophoresis from the resultant restriction digest, confirming that
the pcDNA3.1zeo YFP-ABCG2 bands generated were of the right size of
approximately 6000 and 2000 base pairs (bps).
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Figure 3.3: Digestion with Spel restriction enzyme to confirm the size of pcDNA3.1zeo_YFP-
ABCG2. 500 ng of the miniprep samples of pcDNA3.1zeo_YFP-ABCG2 (orange) was digested
with 5 units of Spel restriction enzyme and digested sample was loaded onto a 1 % (w/V)
agarose gel. 1kb (kilo bases) DNA Ladder and two other reference samples were loaded
alongside the samples.

One of the three samples (of pcDNA3.1zeo_YFP-ABCG2) shown in Figure 3.3
was sent for DNA sequencing to ensure the construct of interest contains the
expected sequences. DNA chromatograms obtained were first used to
confirm the reading frame and signal quality of the data. Using the BLAST
local alignment tool (Altschul et al., 1990), sequence data were also aligned
according to the predicted sequence. The alignment results are summarised
as Table 3.2 below. Although the first 15 bases could not be confirmed due to
incomplete data in the early sequencing results from T7F and SeqR1 primers,
manual alignment of the sequences in DNA chromatograms revealed the
complete sequence of YFP-ABCG2 construct (see Figures S3.1, S3.2, and S3.3

in Appendix for examples of DNA chromatograms and BLAST alignment data).
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Table 3.2: Sequencing results to confirm YFP-ABCG2 sequences within the new
pcDNA3.1zeo vector. Sequencing data were aligned against the predicted sequence and the
positions matched within the vector are shown. Base positions 917-1670 of the vector
corresponds to YFP and the linker sequence region, whilst the base positions 1671-3640 of
the vector corresponds to the ABCG2 sequence region.

Primers Positions matched 100%
T7F 930-1700 (YFP-ABCG2)
SeqR1 1130-1940 (YFP-ABCG2)
SeqF0 1870-2850 (ABCG2)
SeqF2 2430-3250 (ABCG2)
Seq482 3090-4100 (ABCG2)

3.2.2 Introduction of an A206K mutation into sfGFP starting vector

As discussed in chapter 1, the A206K mutation in GFP has previously been
shown to reduce the potential for GFP dimerisation. Prior to tagging of ABCG2
cDNAs with sfGFP, the A206K mutation was first introduced into the starting
template pcDNA3.1zeo_no-start-sfGFP (see section 2.1). The A206K mutation
was introduced by performing the QuikChange PCR mutagenesis using primer
pair A206K_F and A206K_R. DNA extracted from transformed competent cells
was confirmed by restriction digest with Pvull enzyme and DNA sequencing.
The DNA chromatogram in Figure 3.4 indicates the successful mutation of

alanine-206 to a lysine residue.
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Figure 3.4: DNA chromatogram of pcDNA3.1zeo_nostop_sfGFP with the successful A206K
mutation highlighted in red. DNA sequencing was performed using T7F primer to confirm the
presence of A206K mutation, obtained from PCR mutagenesis of the
pcDNA3.1zeo_nostop_sfGFP vector. Sequencing data was analysed using Chromas Lite 2.1.1.

3.2.3 Cloning of pcDNA3.1zeo_sfGFP-ABCG2

The cloning plan to generate pcDNA3.1zeo sfGFP-ABCG2 is summarised in
Figure 3.5. The starting template, pcDNA3.1zeo nostart-sfGFP_A206K was
only suitable for using sfGFP as a C-terminal extension. The plasmid has no
ATG start sequence upstream of the sfGFP sequence, and contains a stop
codon at the 3’ end. For ABCG2 constructs, N-terminal tagging was required.
Hence, PCR amplification was performed to generate a Kozak-sfGFP_nostop
construct using the primer pair Kozak-sfGFP_F and Kozak-sfGFP_R, Figure 3.5,
top right panel. In this construct, a “modified” consensus Kozak sequence
(ATG start codon) and Nhel cloning site were inserted at the N-terminus of
sfGFP, and the stop codon was replaced with a BspEl cloning site. The cloning
process was then repeated as above using the cloning sites Nhel and BspEl to
replace the YFP within the pcDNA3.1zeo YFP-ABCG2 vector using the
amplified sfGFP construct, thereby generating pcDNA3.1zeo_sfGFP-ABCG2.
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Figure 3.5: Cloning plan to generate pcDNA3.1zeo_sfGFP-ABCG2. Kozak-sfGFP_nostop
construct was amplified from the pcDNA3.1zeo_nostart_sfGFP template with added start
codon and restriction sites (Nhel and BspEl) and the stop codon was removed. The gel
electrophoresis result shows the purified Kozak-sfGFP_nostop construct with sizes of
approximately 750 base pairs. 1kb DNA ladder was loaded alongside the samples. The sfGFP
construct was then cloned into the pcDNA3.1zeo_YFP-ABCG2 vector by replacing the
incumbent YFP.

Upon confirmation of the size of the DNA vector using Pvull restriction
enzyme, a sample was sent for DNA sequencing. Figure 3.6 shows the
sequencing results of pcDNA3.1zeo sfGFP-ABCG2 using two different
primers. The presence of the “modified” consensus ATG start codon and the
restriction sites (Nhel and BspEl) was confirmed. Figure 3.6 also indicates that
sfGFP was correctly linked to the start of ABCG2 through a 10 amino acid
linker. The full sequencing data were analysed by aligning against the
predicted sequences as demonstrated above, and the successful generation

of a vector containing sfGFP-ABCG2 was confirmed.
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SeqGFP-rev primer T7F primer

linker

Figure 3.6: Sequencing data of pcDNA3.1zeo_sfGFP-ABCG2 using primers SeqGFP-rev and
T7F. Figure shows that the “modified” Kozak ATG start codon of sfGFP was present and the
stop codon was replaced by BspEl restriction site. The start of ABCG2 (red) following the
linker region was also shown in the figure. The break in the sequencing data was manually
inserted to show the coverage by two different primers. Sequencing data was analysed using
Chromas Lite 2.1.1.

3.3 Generation of CFP-ABCG2 and YFP- truncated
ABCG2 constructs

3.3.1 Generation of CFP-ABCG2 constructs

For the study of ABCG2 oligomerisation in live HEK293T cells using FRET
microscopy, CFP-ABCG2 (cerulean fluorescent protein fused to ABCG2) was
generated (as the FRET donor). An identical PCR amplification and cloning
process as section 3.2.3 was repeated using pcDNA3.1zeo_CFP as the PCR
template (instead of pcDNA3.1zeo nostart-sfGFP) and CFP-nostop_F and CFP-

nostop_R as the primer pair to generate the pcDNA3.1zeo_CFP-ABCG2.

3.3.2 Generation of YFP-fused truncated ABCG2 constructs

The pcDNA3.1zeo YFP-ABCG2 generated in section 3.2.1 was used as the
starting template for the generation of various YFP-fused truncated ABCG2
mutants for the investigation of the roles of different ABCG2 domains in its

oligomerisation. Five different truncated ABCG2 constructs were generated
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using the same strategy. Figure 3.7 shows an illustration of the membrane
topology of ABCG2 predicted using TOPCONS (Bernsel et al., 2009). The
beginning or the ends of the different YFP-fused truncated constructs are
highlighted in the figure. PCR amplification of the truncated cDNA, using
primers to add Xhol and Xbal restriction sites at the 5° and 3’ ends
respectively was first performed, followed by restriction enzyme based
cloning and ligation into the pcDNA3.1zeo_YFP-ABCG2 vector. This replaced
the full length ABCG2 sequence in the process. Table 3.1 gives a list of these
constructs and the primers employed for their generation. A stop codon was

introduced to the YFP-NBD and the YFP-TM1-2 and TM1-4 constructs.

The YFP-NBD construct contains the NBD (start of ABCG2) up to the amino
acid residue 393Q, where 393 here is with respect to the ABCG2 primary
sequence rather than that of the fusion protein. The YFP-TMDs construct
contains TMD starting from amino acid residue 376Q until the end of the
ABCG2 primary sequence (residue 655). A longer version YFP-TMD, was also
generated (not shown in Figure 3.7) containing amino acid sequences from
residue 281 to 655. The YFP-TM1-2 and YFP-TM1-4 constructs contain the
NBD and part of the TMD up to amino acid residues 476S (TM1-2) and 535S
(TM1-4), as shown in Figure 3.7. All the constructs were confirmed by

restriction digest with Pvull and DNA sequencing.
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Figure 3.7: An illustration of 2D membrane topology of ABCG2. The transmembrane
residues (coloured) and extracellular loops were predicted with TOPCONS (Bernsel et al.,
2009) and the diagram was generated using TOPO2 transmembrane protein display software
(http://www.sacs.ucsf.edu/TOPO2, accessed 06/05/2013). The start of ABCG2 is not shown
(residues 1-350). The beginning of the TMD within the YFP-TMDs construct and the ends of
YFP-NBD, YFP-TM1-2 and YFP-TM1-4 are indicated in the figure. Although not shown in the
figure, the TMD, construct starts at position 281.

3.4 Generation of oligomerisation controls for single
particle fluorescence studies

To facilitate the study of oligomerisation of ABCG2 using FCS/PCH analysis
and TIRF microscopy, CD86-sfGFP and CD28-sfGFP were generated as
controls. Figure 3.8 below summarises the generation of these two constructs
in the pcDNA3.1zeo vector. First, the CD86 (truncated at R277) and CD28
(truncated at R185) constructs were amplified from the starting templates
provided by Professor Simon J. Davis, University of Oxford. The cytoplasmic
regions of CD86 (N278 to F329) and CD28 (L186 to S220) were removed in
these truncated constructs to avoid potential cytoplasmic interactions that
could affect the oligomeric behaviour of the controls as suggested in (James
et al., 2007). C-terminal tagging was chosen to ensure that sfGFP is located at

the intracellular end of the construct, comparable to ABCG2. Cloning sites
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EcoR! or BamHI and Xho!l were introduced during the amplification process
(Figure 3.8, top left panel). Subsequently, the amplified constructs were
cloned into the pcDNA3.1zeo nostart-sfGFP_A206K vector, to produce
pcDNA3.1zeo CD28-sfGFP and pcDNA3.1zeo CD86-sfGFP vectors (Figure
3.8). Upon verification of the size of the extracted DNA using Pvull enzyme,
the constructs were sent for DNA sequencing using T7F primer to confirm the
presence of CD28 or CD86 construct and that both constructs were correctly

linked in frame to sfGFP.

Xhol

BamHI
EcoRI

BamHI_CD86_Xhol EcoRI_CD28_Xho! gy

EEEee———

pcDNA3.1zeo_
nostart-sfGFP

Double digest
Ligation

Xhol
BamHI

EcoRlI
D86 Of

CD2%

pcDNA3.1zeo_
CD86-sfGFP /
CD28-sfGFP

Figure 3.8: Cloning plan to generate pcDNA3.1zeo_CD86-sfGFP and CD28-sfGFP. CD86 and
CD28 were first amplified from the starting vectors with the cloning sites introduced at the
same time. Gel electrophoresis results shows that the amplified PCR products for CD86 and
CD28 were of the correct size, approximately 800 and 550 base pairs respectively. 1kb DNA
ladder was loaded alongside the samples. The amplified constructs were then cloned into the
pcDNA3.1zeo_nostart-sfGFP_A206K vector to produce C-terminal sfGFP-tagged CD86 and
CD28 in the pcDNA3.1zeo vector.
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3.5 Generation of C603A and T362A ABCG2 mutants

The C603A ABCG2 single mutant is thought to be responsible for the
formation of disulphide bonds between two ABCG2 molecules as
demonstrated in various biochemical studies (section 1.6.2). This study also
aims to investigate the effects of this mutation on ABCG2 dynamics using
fluorescence microscopy. Hence, pcDNA3.1zeo YFP-ABCG2_C603A was first
generated as the starting template for further cloning. As the C603A mutant
construct was readily available in another vector (pcDNA3.1zeo VYNL-
ABCG2_C603A; (Haider et al., 2011)), the mutation was simply transferred to
the pcDNA3.1zeo_YFP-ABCG2 vector using a PpuM/I and Xbal restriction digest
to replace 1.6 kb of the ABCG2 sequence. Figure 3.9 reveals the presence of
the C603A mutation in the DNA chromatogram (highlighted in red), when

aligned against the DNA chromatogram of wild type ABCG2.

The same cloning process described in section 3.2.3 was performed in parallel
using the pcDNA3.1zeo YFP-ABCG2_C603A as starting vector to generate
pcDNA3.1zeo sfGFP-ABCG2_C603A. The C603A version of CFP-ABCG2 was
generated by replacing the ABCG2 wild type in the CFP-ABCG2 vector as
described in section 3.3.1 with ABCG2_C603A (from pcDNA3.1zeo sfGFP-
ABCG2_C603A) by cloning using restriction sites Xho!/ and Xbal.
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Figure 3.9: DNA chromatogram of pcDNA3.1zeo_YFP-ABCG2_C603A aligned against the
ABCG2 wild type sequence. DNA sequencing was performed using Seq482 primer to confirm
the presence of C603A mutation, generated from cloning of the pcDNA3.1zeo_YFP-ABCG2
and pcDNA3.1zeo_vYNL-ABCG2_C603A vectors. Sequencing data was analysed using
Chromas Lite 2.1.1. The DNA sequence of the C603A mutant was aligned manually against the
wild type sequence and the C603A mutation was highlighted in red.

The T362A mutation in ABCG2 is known to affect the phosphorylation of
ABCG2 and this may have an impact on its oligomerisation (Xie et al., 2007),
section 1.5. Using the primer pair T362A_F and T362A_R (Xie et al., 2007), the
mutation was generated by PCR QuikChange mutagenesis. For the
confirmation of this mutation, SeqF2 was employed to sequence the resulting
plasmids across the mutated region (Figure 3.10), and one plasmid bearing
this mutation was then fully sequenced across the sfGFP-ABCG2 cDNA to

ensure the fidelity of mutagenesis.
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Figure 3.10: DNA chromatogram of pcDNA3.1zeo_sfGFP-ABCG2_T362A aligned against the
wild type ABCG2 sequence. DNA sequencing was performed using primer SeqF2 to confirm
the presence of T362A mutation, generated from PCR mutagenesis of the
pcDNA3.1zeo_sfGFP-ABCG2 vector. Sequencing data was analysed using Chromas Lite 2.1.1.
The DNA sequence of the T362A mutant was aligned manually against the wild type sequence
and the T362A mutation was highlighted in red.

3.6 Summary

In this chapter, the cloning plan and engineering of the different fluorescent
fusion protein DNA constructs were explained. In short, most of the
constructs were generated by PCR amplification in combination with cloning
(double digest and ligation) into the desired pcDNA3.1zeo vector. All
constructs were verified using Pvull or Spel restriction digest (to confirm
correct band sizes) and DNA sequencing (to confirm correct sequences). In
the subsequent results chapters, the characterisation (expression, localisation
and function) of these DNA constructs when expressed in HEK293T cells will
be presented in relation to the fluorescence techniques they were employed

in.
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Chapter 4 Membrane diffusion of ABCG2
studied using fluorescence recovery after

photobleaching (FRAP)

4.1 Theory of fluorescence recovery after

photobleaching (FRAP)

FRAP is a quantitative fluorescence microscopy technique commonly
employed to study protein kinetics, by measuring the diffusion of unbleached
fluorescent molecules into a photobleached region. It was first described by
Koppel and Axelrod in the 1970s and together, they suggested that FRAP can
be used to describe the mobility (diffusion) of fluorescent proteins (Axelrod et
al., 1976; Koppel et al., 1981). In the 1990s, through the invention of confocal
microscopy, the cloning of GFP and rapid development in fluorescent protein
technology (see chapter 1), the use of FRAP microscopy to characterise the
kinetics and diffusion of proteins was greatly expanded. Cole et al. first
employed FRAP in confocal microscopy to determine the mobility of GFP
fusion proteins in the Golgi membrane of living cells (Cole et al., 1996). This
was quickly followed by many other kinetic studies of GFP fusion proteins in
different compartments of the living cell (Reits and Neefjes, 2001; White and
Stelzer, 1999), and specific examples will also be discussed in the later

sections of this chapter.

Figure 4.1 provides an illustration of a typical FRAP experiment with an
idealised bleach curve. Low laser power is used for image acquisition
throughout the experimental period whilst high laser power is used to cause
photobleaching in the selected bleached area as shown in Figure 4.1. The
photobleached area shows a marked reduction in fluorescence intensity. Over

time, the neighbouring unbleached fluorescent molecules diffuse into the
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photobleached area, exchanging positions with the photobleached molecules

and increasing the fluorescence intensity of the bleached area.
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Figure 4.1: Schematic illustration of a standard FRAP experiment. The recovery of
fluorescent molecules into the bleached area after photobleaching was schematically
represented in the figure. An idealised bleach curve is also shown together with the various
parameters that can be obtained from a FRAP recovery curve. The diffusion of the fluorescent
molecules can be characterised as the fluorescence recovery half time (t;/5), time when 50 %
of maximal recovery is achieved. The fraction of fluorescent molecules that contributes to the
fluorescence recovery can be quantified as the mobile fraction of the fluorescent molecules
(relative to the pre-bleach fluorescence intensity) whilst the immobile fraction represents the
rest of the fluorescent molecules that did not contribute to the fluorescence recovery.

Figure 4.1 also illustrates how two important kinetic parameters can be
obtained from a standard FRAP experiment — the half time (t;/2) and mobile
fraction. The half time is the time taken to achieve 50 % fluorescence
recovery, measured from time at photobleaching, To. This value can be
obtained by fitting the curve with an exponential equation. The t;/; can then
be used to calculate the diffusion coefficient (D) of the target protein using

the following equation: (Axelrod et al., 1976)
D=r2/(4%t1)
Where r = radius of bleached area, and D describes the diffusion rate of

. . . 2 -1
fluorescent molecules in an area per second, usually in the units of cm“s™ or

um?s ™. This equation assumes unrestricted two-dimensional diffusion of the
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protein in a circular bleached area. It has been widely applied in many FRAP
studies and is applicable to the determination of diffusion within membranes
(Reits and Neefjes, 2001). Lippincott-Schawrtz et al. provided a
comprehensive summary of the information about target protein that can be
extracted from D obtained from FRAP (Lippincott-Schwartz et al., 2001). The
Stokes-Einstein formula describes the diffusion constant for a particle as
Deonstant = KT/6TINR, where k is the Boltzmann constant, T is the absolute
temperature, n is the viscosity of the solution, and R is the hydrodynamic
radius of the particle. As the diffusion of a particle is inversely related to its
size (R), a reduction in D could therefore indicate a change in the protein size,
e.g. formation of large aggregates or oligomeric complexes (Sprague and
McNally, 2005). Additionally, cellular environment may also affect protein
diffusion and a change in D of a protein could suggest possible changes in the
surrounding viscosity or interactions with other proteins and cell

cytoskeleton.

The mobile and immobile fractions (Figure 4.1) also carry important kinetic
information. The mobile fraction, which represents fluorescent molecules
that contributed to the fluorescence recovery, can be obtained by calculating
the ratio of full recovery fluorescence intensity to the initial pre-bleach
fluorescence intensity (Cole et al.,, 1996; Feder et al.,, 1996). The immobile
fraction accounts for the rest of the non-contributing fluorescent molecules.
The presence of immobile fluorescent molecules could indicate that proteins
might be bound to other fixed molecules in the cells or they could form large,
immobile aggregates that are trapped in between the compartments within
the plasma membrane (Lippincott-Schwartz et al., 2001; Feder et al., 1996;
Edidin et al., 1994; Saxton, 1999). In summary, owing to its ability to produce
guantitative (diffusion) and qualitative (prediction of cellular environment)
information for proteins, FRAP in combination with confocal laser scanning
microscopy is now established as a valuable technique for the study of

mobility and diffusion of proteins in living cells.
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To date, the knowledge of membrane diffusion in ABC transporters
(particularly the multidrug efflux pumps) is still lacking. In this study, the
diffusion of ABCG2 in live HEK293T cells was first investigated to lay down a
foundation in this area for any future work. In this chapter, the
characterisation of the DNA constructs encoding fluorescent protein tagged
ABCG2 will be discussed. This is followed by the quantitative determination of
ABCG2 membrane diffusion using FRAP microscopy in comparison to other
membrane proteins. Finally, the effects of substrates and cytoskeleton

disruption on the FRAP of ABCG2 will also be presented.

4.2 Construct characterisation

To enable the study of ABCG2 using FRAP, DNA constructs encoding
fluorescent protein tagged ABCG2 (as summarised in Figure 4.2) were first
generated. Wild type ABCG2 and two single mutants, C603A and T362A, were
fused (N-terminally) to the super-folder GFP (sfGFP) template as described
chapters 2 and 3. An additional A206K mutation was introduced to the sfGFP
template employed to reduce GFP dimerisation (Zacharias et al., 2002). For
controls, membrane localised sfGFP constructs were kindly provided by
Marleen Groenen, University of Nottingham. These sfGFP constructs were
targetted to the membrane using either the C-terminal prenylation motif of
kRas protein, sfGFP-kRas (Hancock et al.,, 1990), or the N-terminal
palmitoylation motif of GAP-43 protein, GAP-sfGFP (Denny, 2006). The kRas
and GAP-43 motif sequences were expected to confine sfGFP to the non-raft
(kRas) and raft regions (GAP-43) of the plasma membrane through non-
saturated (kRas) and saturated (GAP-43) fatty acid attachments. Stable
HEK293T cell lines expressing these constructs were generated through
zeocin™ selection. Another DNA construct encoding a full length ABC
transporter, ABCC4 (Figure 4.2), fused C-terminally to sfGFP was kindly
provided by Dr lan Kerr, University of Nottingham. This was transiently

transfected into HEK293T cells as control for a full length ABC transporter in
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the FRAP experiments. In this section, the verification of the localisation,

expression, and function of the ABCG2 constructs will be presented.
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Cell membrane (C-terminal) of kRas protein
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Figure 4.2: Schematic summary of the DNA constructs required for FRAP studies. From top
left to bottom right: sfGFP-ABCG2 wild type and two single ABCG2 mutants (C603A, T362A),
membrane localised sfGFPs (sfGFP-kRas, GAP-sfGFP), and a full length ABC transporter,
ABCC4-sfGFP (with two transmembrane and two nucleotide binding domains). Full details of
the construct generation can be found in chapters 2 and 3.

4.2.1 Localisation and expression of sSfGFP-ABCG2 constructs

Figure 4.3 shows the confocal images of the stable HEK293T cells expressing
sfGFP-ABCG2 wild type, mutants C603A and T362A. These constructs were
expressed and localised to the plasma membrane and there was no visible
difference in localisation between the stable cell lines. A minor fraction of the
transporters were distributed in intracellular compartments, which may

represent endocytosis or biosynthesis pathway.
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Wild type

C603A

T362A

Figure 4.3: Confocal images of HEK293T cells stably expressing sSfGFP-ABCG2 transporters
(wild type, C603A, and T362A). GFP channel (left), merged phase and GFP channel (right).
Scale bar = 20 um. Representative images of at least 4 independent experiments were shown.

Confocal images in Figure 4.4 show that both the sfGFP-kRas and GAP-sfGFP
controls were expressed and targetted to the plasma membrane in the
respective stable cell lines. In addition, Figure 4.4 also confirms that ABCC4-
sfGFP transiently expressed in HEK293T cells was localised to the plasma

membrane.
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sfGFP-kRas

GAP-sfGFP

ABCC4-sfGFP

Figure 4.4: Confocal images of HEK293T cells stably expressing sfGFP-kRas and GAP-sfGFP,
and HEK293T cells transiently expressing ABCC4-sfGFP. GFP channel (left), merged phase
and GFP channel (right). Scale bar = 20 um. Representative images of at least 4 independent
experiments were shown.

SDS-PAGE and western blotting analysis of these fluorescent proteins were
subsequently performed on cell lysates harvested from the respective stable
cell lines. Figure 4.5 shows the resultant western blot where all the protein
samples were found to correspond to their predicted sizes. The sfGFP-ABCG2
wild type, C603A and T362A mutants migrated at approximately 90 kDa
(predicted to be 100 kDa using the Compute pl/MW tool (Wilkins et al.,
1999)). All three migrated as multiple bands, indicating possible ABCG2

glycosylation, which was also reported elsewhere (Haider et al., 2011). As a
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full length ABC transporter, the molecular weight of ABCC4-sfGFP was
predicted to be 178 kDa using the same predictor tool (Wilkins et al., 1999)
and Figure 4.5 confirms that ABCC4-sfGFP migrated at approximately 180
kDa. Finally, Figure 4.5 also shows that both sfGFP-kRas and GAP-sfGFP were
highly expressed (‘/s of sample amount loaded on the SDS-PAGE gel), and
migrated at approximately 30 kDa (predicted to be 27 kDa (Wilkins et al.,
1999)). The lower molecular weight bands associated with sfGFP-kRas and
GAP-sfGFP (Figure 4.5) could be associated with the membrane localisation
modifications of the sfGFP proteins, as it was not observed in cytoplasmic

sfGFP constructs (see Figure 6.4 later).

kDa

- — 175
.
“- — 80

Figure 4.5: Western blot analysis of the different fluorescent proteins investigated in FRAP
studies. Approximately 20 ug of cell lysates were used in the 8 % SDS-PAGE gel analysis (with
the exception of sfGFP-kRas and GAP-sfGFP, 4-5 ug). The nitrocellulose membrane was
probed using primary monoclonal anti-GFP mouse IgGk antibody and secondary polyclonal
rabbit anti-mouse 1gG antibody conjugated with horseradish peroxidase, prior to
chemiluminescent detection. Representative western blot of 3 independent experiments was
shown.

4.2.2 Function of sfGFP-ABCG2

The function of sfGFP-ABCG2 wild type and mutants was subsequently
verified by measuring the accumulation of a known fluorescent substrate of

ABCG2, mitoxantrone (MX) (Clark et al., 2006) within the cells, in the
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presence of a specific ABCG2 inhibitor, Ko143 (Allen et al., 2002). The pECs, of
Ko143 in HEK293T cells stably expressing sfGFP-ABCG2 was first determined
before MX accumulation measurements in the absence or presence of Ko143
were compared in sfGFP-ABCG2 wild type, C603A and T362A expressing cells

against the control sfGFP-kRas expressing cells.

The accumulation curve generated in Figure 4.6 shows the normalised % of
MX accumulation in the presence of varying concentrations of Kol143
combined from three experiments. The fluorescence intensities were
normalised using the maximum and minimum values in each data set so that
they could be pooled together. The pECso of Kol143 determined from the
curve fitting in Figure 4.6 was 7.8, with a 95 % confidence interval of 7.9 to
7.6. This indicates that 16 nM of Ko143 was sufficient to cause 50 % inhibition
of sfGFP-ABCG2 expressed in the HEK293T cells (by causing 50 % increase in
accumulation). This experiment also demonstrated functional wild type

sfGFP-ABCG2 in HEK293T cells.
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Figure 4.6: Accumulation of mitoxantrone (MX) in the presence of various concentrations of
Ko143. HEK293T cells stably expressing sfGFP-ABCG2 wild type were incubated with 4 uM
mitoxantrone and various concentrations of inhibitor Ko143 for 2 h. The intensity values of
mitoxantrone were measured using a Flexstation. Data from three experiments (each with 8
internal replicates) were normalised using the respective minimum and maximum values and
are presented as the combined % data (mean + SEM) with the fitted accumulation curve
(using the log (agonist) vs. response (3 parameters) equation in GraphPad Prism 6.0).
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Another accumulation assay was employed to confirm the function of the
C603A and T362A mutants, using sfGFP-ABCG2 wild type as positive control
and sfGFP-kRas as negative control. Instead of multiple Ko143 concentrations,
this assay was performed in the absence or presence of a single concentration
of Ko143, 1 uM to ensure complete inhibition. The final data were presented
in Figure 4.7, expressed as % accumulation of MX due to Ko143 inhibition
(calculated as described in section 2.4.1). Cells expressing sfGFP-ABCG2 wild
type, C603A and T362A mutants demonstrated significant increases in MX
accumulation due to Kol43 inhibition, compared to the negative control
sfGFP-kRas (p < 0.05). The accumulation of MX was dependent on specific
Ko143 inhibition on ABCG2 and there was little inhibition in the sfGFP-kRas
expressing cells, demonstrating that sfGFP-ABCG2 wild type, C603A, and
T362A were functional when expressed in the respective stable cell lines. N-
terminal tagging of ABCG2 with fluorescent proteins has been demonstrated
previously to be non-detrimental to the protein localisation and function and
the results in this section and section 4.2.1 are consistent with these

observations (Haider et al., 2011).
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Figure 4.7: Function of sfGFP-ABCG2 wild type and mutants when expressed in HEK293T
cells. MX (4 uM incubation) fluorescence intensity values were first corrected against basal
intensity for solvent (DMSO) and the subsequent differences between presence and absence
of Ko143 (1 uM incubation) were determined as the % Ko143 inhibitable MX accumulation.
Data are plotted as the mean + SEM from 3 independent experiments (each with 8 internal
replicates). Statistical significance (*, p < 0.05) was assessed using one-way ANOVA analysis
followed by Bonferroni multiple comparisons test.
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4.3 ABCG2 FRAP experimental design and data analysis

Before the diffusion studies were carried out, optimisation of several
parameters were required for the FRAP experiments. The optimal
methodology of FRAP was described in section 2.7. In this section, the data

acquisition and parameter optimisation is discussed.

Figure 4.8 shows a raw data set acquired from a FRAP experiment using
sfGFP-ABCG2 expressing cells. The confocal images acquired at the lower
plasma membrane of the cells show the initial state, photobleaching, and the
fluorescence recovery of sfGFP-ABCG2 in the bleached region of interest (ROI,
red). The fluorescence recovery curve obtained from the ROI curve (red) was
corrected against the reference (pink) and background (green) fluorescence
intensities in Zen 2010. The curve was then fitted to a single exponential
equation in Zen 2010 from which the half time (t;2) and D were obtained.
Mobile fractions can also be determined using the corrected intensities in Zen

2010 as discussed in sections 2.7 and 4.1.
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Figure 4.8: Example of a FRAP experiment. Fluorescence intensities of the different regions
(red: region of interest, ROI; pink: reference region; and green: background region) at various
time points are shown in the intensity plot. The confocal images at the corresponding time
points (before, immediately after, and 50 s after photobleaching) are highlighted. The
confocal image at time point immediately after photobleaching (middle) shows a dark circle
in the bleached ROI (red circle) where sfGFP-ABCG2 molecules were photobleached. The
confocal image at 50 s after photobleaching (right) shows unbleached neighbouring sfGFP-
ABCG2 molecules diffused into the bleached ROI. The intensities of the reference and
background regions were used for correction of the ROl intensities in Zen 2010. The kinetic
parameters — half time (t;/,), mobile and immobile fractions (%) were subsequently obtained
as describe in section 2.7. Scale bar = 20 um.

For optimisation, the shape and size of ROI, focal plane of the cell, and
photobleaching conditions were determined prior to the FRAP experiments.
First, a circular ROl was chosen for straightforward calculation of D using the
two dimensional diffusion equation as described in section 4.1 (Axelrod et al.,
1976). The basal membrane of the cell was chosen as the focal plane for the
FRAP experiments because it is flat and does not easily drift out of focus
during acquisition. Thirty iterations and 100 % 488 nm laser excitation were
chosen as the photobleaching conditions in the FRAP experiments. Figure

4.9A shows that 65-85 % bleaching was consistently achieved in both sets of
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cell lines (sfGFP-ABCG2 wild type and C603A) using these settings. This
ensured that there was sufficient photobleaching for the monitoring of
fluorescence recovery. Figure 4.9B shows that the kinetic parameters (D and
mobile fraction) obtained from the sfGFP-ABCG2 wild type FRAP data were

not affected by the photobleaching efficiency.
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Figure 4.9: Bleach percentages achieved with the FRAP experimental photobleaching
settings did not affect the kinetic parameters. A — Bleach percentages were calculated using
the differences in fluorescence intensity values before and after photobleaching, as a
proportion of the maximum reduction in intensity possible (set to 100 %). B — Effects of
bleach percentages on the diffusion coefficients and mobile fractions (obtained from the
ABCG2 wild type data set in A). A and B — Data were collected from 20 cells and two
independent experiments and each data point represents the bleaching percentage collected
from individual cells.

Further optimisation was performed to compare the diffusion coefficients
obtained using different bleach radii, 2 um or 3 um. Figure 4.10 shows that
for both wild type and C603A, the variability of the data was lower when
2 um radius was used as the size of ROIl. Therefore, this was adopted for the
remaining experiments. The discrepancy between the diffusion coefficients in

the different bleach sizes will be discussed again at the end of this chapter.
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Figure 4.10: Reduced bleached size radius is associated with more consistent values of the
diffusion coefficient. Figure shows a preliminary experiment to determine the effects of
different sizes (2 um and 3 um) in the ROl employed, on the diffusion coefficients obtained.
Data were collected from 10 cells for each data set in one experiment.

4.4 FRAP of ABCG2 compared to control membrane
proteins

Using the optimised parameters, the FRAP of sfGFP-ABCG2 wild type and
mutants (C603A and T362A) were compared with the membrane localised
sfGFPs (GAP-sfGFP and sfGFP-kRas) and the full length ABC transporter,
ABCC4-sfGFP.

Figure 4.11 shows the normalised fluorescence recovery curves of the various
fluorescent proteins. Figure 4.11A shows that the smaller membrane localised
sfGFPs (GAP-sfGFP and sfGFP-kRas) had much faster fluorescence recovery
compared to sfGFP-ABCG2 wild type, achieving maximum plateau much
earlier in the fluorescence recovery curves. The full length ABC transporter,
ABCC4-sfGFP, was shown to have slightly slower diffusion compared to sfGFP-
ABCG2. Figure 4.11B shows that the two ABCG2 mutants, C603A and T362A

had similar fluorescence recovery to the wild type variant.
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Figure 4.11: Fluorescence recovery of ABC transporters and membrane localised sfGFP. A —
sfGFP-ABCG2 wild type, ABCC4-sfGFP, GAP-sfGFP, and sfGFP-kRas. B — sfGFP-ABCG2 wild
type, C603A, and T362A. A and B — Corrected recovery curves (mean + SEM) were normalised

against the pre-bleach fluorescence intensity values in the respective data sets. Data shown
here were combined from at least 40 cells in 3 independent experiments.

The ty/; values were subsequently obtained by fitting the corrected recovery
curves using a single component exponential equation (described in section
2.7). The diffusion coefficients were calculated and presented in Figure 4.12.
The diffusion coefficients of the ABCG2 variants were determined as 0.18 *
0.00 um?s™* for wild type, 0.17 + 0.01 um?>s™ for the C603A mutant, and 0.18 +
0.01 um?%s™ for the T362A mutant. Kruskal-Wallis statistical analysis (with

Dunnett’s post test) revealed that there was no significant difference (p >
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0.05) between the Ds of the three ABCG2 variants, suggesting that the two
point mutations did not introduce any pronounced alteration in the mobility
of the transporter. The D of full length ABCC4 transporter was determined as
0.13 + 0.00 pm’s™, which is significantly lower than the D of ABCG2, p < 0.05.
Finally, the Ds of the membrane localised sfGFPs were found to be
significantly higher at 0.38 + 0.01 pm?s™* for GAP-sfGFP, and 0.41 + 0.01 um?s’
! for sfGFP-kRas, when compared to the ABCG2 variants, p < 0.05.
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Figure 4.12: Diffusion coefficients of sfGFP-ABCG2 compared to the control membrane
proteins. The diffusion coefficients of the sfGFP-ABCG2 variants (wild type, C603A, and
T362A), full length ABCC4-sfGFP transporter, and the membrane localised sfGFP controls
(GAP-sfGFP and sfGFP-kRas) were presented as a scatter dot plot with the mean + SEM
indicated. Data shown here were collected from at least 40 cells in 3 independent
experiments. Statistical significance (p < 0.05, * when compared to sfGFP-ABCG2 wild type)
was assessed using non-parametric Kruskal-Wallis analysis followed by Dunnett’s multiple
comparisons test.

As discussed earlier, FRAP experiments also provide information about the
mobile fraction of the fluorescent proteins, which represents the proportion
of the fluorescent molecules that contributed to the fluorescence recovery.
This is a useful tool as the remaining immobile fractions could provide
indication about increased binding of ABCG2 molecules to fixed immobile
molecules or formation of large aggregates, resulting in restricted mobility.

Figure 4.13 presents the mobile fractions extracted from the same data sets
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in Figure 4.12. All the fluorescent proteins were shown to be highly mobile
and the lowest mean mobile fraction was 77 % for ABCC4-sfGFP. This is not
significantly different when compared to the sfGFP-ABCG2 variants, 82% for
wild type, 82 % for C603A, and 81 % for T362A (p > 0.05). The mobile fractions
of the membrane localised sfGFP constructs (GAP-sfGFP, sfGFP-kRas) were
significantly higher at 89 % and 92 % (p < 0.05), when compared to the ABCG2

variants, Figure 4.13.
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Figure 4.13: Reduced mobile fractions of ABC transporters compared to the membrane
localised sfGFP. Mobile fractions (mean + SEM) of the sfGFP-ABCG2 wild type, C603A, and
T362A, full-length ABCC4-sfGFP, and the membrane localised GAP-sfGFP and sfGFP-kRas were
calculated as described in section 2.7. Data shown here were collected from at least 40 cells
in 3 independent experiments. Statistical significance (p < 0.05, * when compared to sfGFP-
ABCG2 wild type) was assessed using non-parametric Kruskal-Wallis analysis followed by
Dunnett’s multiple comparisons test.

4.4.1 Effects of substrate on ABCG2 FRAP

As discussed in section 1.5, evidence of allosteric drug binding in ABCG2 has
been described previously (Clark et al., 2006). It is plausible that
substrate/drug binding could affect the protein-protein interactions between
ABCG2 molecules and thereby affecting the diffusion coefficients of ABCG2.
Therefore, the effects of ABCG2 substrate addition on the FRAP of sfGFP-
ABCG2 was investigated. Figure 4.14 below shows that addition of MX (4 uM)
did not have any significant effect on the Ds of sfGFP-ABCG2 or sfGFP-kRas
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(p > 0.05), suggesting that substrate interaction with ABCG2 does not affect

its membrane mobility.
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Figure 4.14: ABCG2 diffusion was not affected by substrate transport. Mean + SEM of
diffusion coefficients of sfGFP-ABCG2 and control sfGFP-kRas in the presence of solvent
(DMSO) or mitoxantrone (MX) are presented. Cells were incubated with HBSS containing
4 uM MX or the equivalent amount of DMSO (0.02 % (v/v)) for at least 30 min prior to data
collection. Data were collected from at least 30 cells in 3 independent experiments. Control
and MX-treated groups did not differ significantly, as assessed using non-parametric Kruskal-
Wallis analysis followed by Dunnett’s multiple comparisons test.

4.4.2 Effects of cytoskeleton disruption in ABCG2 FRAP

The cell cytoskeleton, specifically actin and microtubules (polymers of
tubulin), are known to affect the diffusion of membrane proteins (Edidin et
al.,, 1994). In this section, the effects of cell cytoskeleton disruption on the
FRAP of ABCG2 will be presented. Cytochalasin D and nocodazole were
employed to disrupt the cell actin (Casella et al., 1981) and microtubules (Xu

et al., 2002) respectively.

First, the effects of the two drugs at 1 uM and the time required for
cytoskeleton disruption were confirmed by immunofluorescence microscopy
to visualise the changes in actin and microtubules within the cells. Figure 4.15
shows the effects of 15 and 45 min 1 uM cytochalasin D treatment on cell

actin (detected with phalloidin stain) when compared to the untreated cells.
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The cell actin structure (Figure 4.15, TRITC channel) was notably disrupted
upon 15 min of treatment. In addition, substantial alteration in cell
morphology (Figure 4.15, phase channel) was also observed after 15 min of
treatment. The effects of 15 and 45 min incubation were found to be similar.
Images of the FITC channel in Figure 4.15 show that sfGFP-ABCG2 remained at
the plasma membrane despite the disruption of cell actin. To ensure
complete actin disruption in the subsequent FRAP experiments, cells were
incubated with HBSS containing 1 uM cytochalasin D for a minimum of 20 min

before the FRAP data were collected.

Control 15 min

Phase

FITC

TRITC

Figure 4.15: Effects of cytochalasin D treatment on sfGFP-ABCG2 expressing HEK293T cells
demonstrated by immunofluorescence microscopy. Fluorescence images of fixed cells
treated with 1 uM cytochalasin D for different periods (as indicated in the figure) compared
to the untreated control cells. Cells were first incubated with cytochalasin D, fixed with 4 %
paraformaldehyde, and actin was finally stained with Texas Red-X-phalloidin conjugate. Phase
contrast channel (top), FITC channel (middle), TRITC channel (bottom). Scale bar = 20 pum.
Representative images of 3 independent experiments were shown.

Figure 4.16 shows the effects of 1 UM nocodazole treatment (15 and 45 min)
on the microtubular structure (detected with primary anti-a-tubulin and
secondary Alexa-Fluor568 staining) when compared to the untreated cells.

Microtubule structure were moderately disrupted after 15 min and more
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significantly so after 45 min treatment with nocodazole. The disruption was
indicated by the increased dispersion of the red counterstained anti-tubulin
(Figure 4.16, TRITC channel). Similar to actin disruption above, alteration of
cell morphology was also observed (Figure 4.16, phase channel), with slight
alteration after 15 min and more considerable changes after 45 min
treatment with nocodazole. FITC channel images in Figure 4.16 also show that
sfGFP-ABCG2 remained at the plasma membrane upon disruption of
microtubules in the cells. Finally, to ensure sufficient microtubule disruption
and maintain cell viability in the subsequent FRAP experiments, cells were
incubated with HBSS containing 1 uM nocodazole for a minimum of 30 min

before any data were collected.
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Figure 4.16: Effects of nocodazole treatment on sfGFP-ABCG2 expressing HEK293T cells
demonstrated by immunofluorescence microscopy. Fluorescence images of fixed cells
treated with 1 uM nocodazole for different periods (as indicated in the Figure) compared to
the untreated control cells. Increased dispersion of microtubules (TRITC) was detected upon
treatment with nocodazole. Cells were first incubated with nocodazole, fixed with 4 %
paraformaldehyde, and microtubules were detected with primary anti-a-tubulin antibody
and secondary Alexa-Fluor568 antibody staining. Phase contrast channel (top), FITC channel
(middle), TRITC channel (bottom). Scale bar = 20 um. Representative images of 3
independent experiments were shown.

Figure 4.17 presents the FRAP of ABCG2 (diffusion coefficients in 4.17A, and

mobile fractions in 4.17B) in the presence of cytochalasin D and nocodazole.
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The disruption of actin and microtubules by cytochalasin D and nocodazole
respectively did not have any significant effect on the diffusion coefficients or
the mobile fractions of sfGFP-ABCG2 and sfGFP-kRas, when compared to

treatment with an equivalent amount of solvent DMSO (p > 0.05).
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Figure 4.17: Effects of cytoskeleton disruption on the FRAP of sfGFP-ABCG2 and sfGFP-kRas.
Mean + SEM of diffusion coefficients (A) and mobile fractions (B) of sfGFP-ABCG2 and sfGFP-
kRas expressing cells upon incubation of 1 UM cytochalasin D (20 min) and 1 uM nocodazole
(30 min), compared to the equivalent amount of solvent DMSO (30 min), prior to data
collection. Data were collected from at least 30 cells in 3 experiments. No significant
difference was obtained between the control and treated groups (p > 0.05), assessed using
non-parametric Kruskal-Wallis analysis followed by Dunnett’s multiple comparisons test.
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4.5 Discussion

4.5.1 FRAP of ABCG2 — comparison with other membrane proteins

The FRAP results in this study yielded D and mobile fraction values of ABCG2
(and control membrane proteins) which are similar to the values reported in
the literature for other membrane proteins (section 4.4). Frick et al.
performed FRAP on small GFP chimeric proteins (such as the Lyn protein and
the TMD domain of the LDL receptor) using similar measurement techniques
(Frick et al., 2007), and reported diffusion coefficients of 0.25 to 0.5 pm?s™ for
the membrane proteins. Another study on the FRAP of proteins in different
microdomains of the plasma membrane reported Ds ranging from 0.1 to 1.25
um?s™ for various membrane-anchored GFP fusion proteins — including the
linker-for-activated T cells (LAT) protein, vesicular stomatitis virus G (VSV-G)
protein, HRas and kRas proteins (Kenworthy et al., 2004) whilst the D of B2-
adrenoceptor was reported at 0.13 pm?s* (Kaya et al., 2011). Using an almost
identical sfGFP template as the fluorescent tag and comparable FRAP
methods to this study, Kilpatrick et al. reported that the Ds of neuropeptide-Y
(NPY) receptors were ten-fold lower at 0.01-0.02 pm’s™, potentially due to
aggregation of NPY receptors and may suggest a limited long-range diffusion
of the NPY receptors (Kilpatrick et al., 2012), see also section 6.7.1. These
studies together reported mobile fractions of 80-90 % for all the GFP fusion
membrane proteins of interest. Despite the differences in FRAP
methodologies (focal planes, shape and size of bleach areas; see later for
experimental factors affecting FRAP) being employed, FRAP of the membrane
proteins shown in this study — diffusion coefficients of 0.1-0.4 um?s™ (Figure
4.12) and mobile fractions of 75-90 % (Figure 4.13), generally correlate well
with the reported FRAP data thus far.

4.5.2 FRAP reveals differences in protein sizes

The diffusion coefficient of a particle in free volume is inversely related to the

hydrodynamic radius of the particle, as described by the Stokes-Einstein
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equation. For a soluble spherical protein, an eight-fold increase in size will
result in two-fold reduction in the D (Lippincott-Schwartz et al., 2001). In this
study, the differences in size between the membrane localised sfGFP (GAP-
sfGFP and sfGFP-kRas) compared to sfGFP-ABCG2 were shown by the
apparent differences in Ds obtained from FRAP (Figure 4.12). Also, FRAP
results were consistent with ABCC4-sfGFP moving as a larger fluorescent
species with a slightly lower D, compared to the ABCG2 variants. The FRAP
results, which provided diffusion information of the native GFP-fusion
proteins in live HEK293T cells, corresponded well with the differences in size
of the denatured fusion proteins as revealed by SDS-PAGE and western blot
analysis (Figure 4.5). Several inferences could be drawn from the FRAP results
with regards to the native size of the protein complexes. Assuming the sfGFPs
are monomers in their native form, then the two-fold reduction in the
diffusion coefficients of ABCG2 could potentially suggest that ABCG2 exists as
a dimer or larger complexes, with a molecular weight of at least
180 kDa. The slight reduction in the D of ABCC4 (180 kDa) compared to
ABCG2, could also suggest formation of larger complexes by ABCC4. This
hypothesis fits well to some of the current suggestions that ABCG2 functions
as a dimer from biochemical (Bhatia et al., 2005) and fluorescence (Haider et
al., 2011) studies, and that full length ABC transporters are capable of forming
higher order oligomers (Boscoboinik et al., 1990; Poruchynsky and Ling,
1994). However, there are other environmental factors (see next section) that
can affect the diffusion/FRAP of membrane proteins. Therefore, definitive

conclusions on the oligomeric status of ABCG2 cannot be drawn.

4.5.3 Prediction of ABCG2 cellular environment

As mentioned briefly in section 4.1 earlier, it is possible to extract further
information on the protein cellular environment using the changes in FRAP
parameters (D and mobile fraction). This is made possible as FRAP/diffusion
of membrane proteins is affected by other factors (in addition to size), e.g.

the viscosity of the membrane, the presence of protein in a restricted
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compartment, and interactions with other components within the cells. The
common notable factors are thought to be the interactions of target protein
with other components in the membrane (e.g. lipid rafts, functional
complexes) and the cytoskeletal structures in the cytoplasm (Edidin et al.,
1994; Lippincott-Schwartz et al., 2001; Sprague and McNally, 2005). In a study
of raft-associated proteins, Kenworthy concluded that the diffusion of
membrane proteins is strongly related to membrane anchoring instead of
their partitioning in the raft or non-raft regions (Kenworthy et al., 2004). The
lack of differences between the FRAP of the two membrane localised sfGFPs,
sfGFP-kRas (non-raft) and GAP-sfGFP (raft), were therefore not surprising.
Kenworthy also proposed that the transmembrane proteins (VSV-G) had
much lower D compared to the acylated or prenylated proteins (Fyn, kRas),
which are known to partition in the inner leaflet of the membrane
(Kenworthy et al., 2004). Saxton and Jacobsen also summarised that, for
multi-helical proteins with transmembrane and extracellular domains,
hydrodynamic interactions and percolation effects (due to the
transmembrane segments) along with the extracellular obstructions (due to
glycosylation) are the key factors likely to affect the protein diffusion in the
plasma membrane (Saxton and Jacobson, 1997). Hence, the lower D observed
in the sfGFP-ABCG2 variants (transmembrane proteins) compared to the
membrane localised sfGFPs (inner membrane partitioning) could also be due
to the differences in membrane anchoring of the transmembrane domains
and the slightly glycosylated nature of ABCG2, in addition to the size

differences as discussed above.

It was also suggested that membrane proteins could have reduced mobility
due to cytoplasmic interactions below the membrane lipid bilayer (Edidin et
al.,, 1994). To date, the disruption of cell cytoskeleton has been shown to
affect the mobility and function of various membrane proteins. Charrier et al.
observed an increase in glycine receptor diffusion after cytoskeleton (actin or

microtubules) disruption and this was associated with changes in the synaptic
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and extrasynaptic compartment (Charrier et al., 2006). More recently two
different studies from the same research group reported that actin disruption
affected the function of ABCB1 (Hummel et al., 2011) whilst the function of
ABCC1 was retained (Meszaros et al., 2013). However, the mobility of the ABC
transporters was not investigated. The disruption of cell actin and
microtubules with small molecules was demonstrated to have no effect on
the FRAP (diffusion and mobile fraction) of ABCG2 in this study, suggesting
that similar to ABCB1, ABCG2 does not make significant interactions with the
cell cytoskeleton. As discussed in section 4.5.2, mobile fractions for most
membrane proteins with unrestricted diffusion were reported to have 80-90
% mobile fractions, whereas proteins with known impeded diffusion such as
the E-cadherins (Adams et al., 1998) (during cell-to-cell contact), the
immobilised membrane proteins using antibodies in the studies of class-I
MHC molecules (Edidin et al., 1994) and the CD28 and CD86 fusion proteins
(Dorsch et al., 2009), have reported mobile fractions of less than 50-60 %. The
FRAP results in Figures 4.13 and 4.17 consistently reported that the ABCG2
variants have mobile fractions of 80-90 %, suggesting that the mobility of
ABCG2 is unlikely to be restricted and the diffusion of ABCG2 can be more
accurately described as “complete but restricted due to anomalous diffusion”

(see next section) as suggested in (Feder et al., 1996).

4.5.4 Potential experimental limitations

Anomalous diffusion has been established since the 1990s. This phenomenon
is used to describe the diffusion of molecules that does not follow typical
Brownian motion due to variation in the structures of complex systems
(Metzler and Klafter, 2000). This type of disordered diffusion is increasingly
being recognised in affecting the diffusion of membrane proteins, first
reported in a single-particle study of LDL receptors (Ghosh and Webb, 1994).
It is therefore suggested that anomalous diffusion can affect the parameters
obtained from FRAP. The constrained diffusion model suggested by Feder et

al. explains that the changes observed in FRAP diffusion coefficients as the
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bleach radii changes could be attributed to anomalous diffusion, in which the
measurements obtained for various bleach radii could indicate the diffusion
of proteins in different compartments of the plasma membrane (Feder et al.,
1996). Figure 4.10 shows that the diffusion coefficients of ABCG2 wild type
and C603A reduced as a smaller bleached ROl was employed (2 um instead of
3 um). This noticeable change could potentially indicate anomalous diffusion
behaviour of ABCG2 in the plasma membrane, which could also explain the
lower diffusion coefficients reported when a smaller ROl was employed in
(Kilpatrick et al., 2012). Sprague and McNally also suggested that changes in D
when the bleach size changes could be attributed to the diffusion-coupled
FRAP recovery, where diffusion and binding (to the various membrane
components) occur throughout the recovery phase (Sprague and McNally,
2005). For a more accurate description of ABCG2 anomalous diffusion/binding
behaviour, multiple modelling of the fluorescence recovery curves using
diffusion-coupled (binding) and anomalous diffusion equations are required
to compare against the simple diffusion model (Feder et al.,, 1996; Saxton,
1999; Sprague et al., 2004). These analyses were not performed, as they were
not the key aims in this study. For an uncomplicated account of ABCG2
diffusion in this study, the single-component exponential equation in Zen
2010, which describes simple diffusion, was used to fit the FRAP recovery

curves.

4.5.5 Conclusion

Thus far, for the first time, FRAP experiments in this study provided both
guantitative and qualitative insights into the diffusion of ABCG2 in the plasma
membrane of living cell. The diffusion coefficient of sfGFP-ABCG2 was
determined at approximately 0.2 um?’s™. The larger protein complexes,
sfGFP-ABCG2 and sfGFP-ABCC4, had slower diffusion compared to the much
smaller membrane localised sfGFPs. These differences are likely to be
resulted by the differences in sizes and membrane anchoring of the proteins.

Two point mutations (C603A and T362A), which were suggested to affect the
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oligomerisation of ABCG2 in different manners — disulphide bridge formation
in ABCG2 dimers (C603A) and phosphorylation of ABCG2 by kinases (T362A),
were found to be inconsequential to the diffusion of ABCG2. Disruption of the
cell cytoskeleton (actin and microtubules), by the addition of cytochalasin D
and nocodazole, also did not affect the diffusion and the mobility of ABCG2.
The high mobile fractions (> 80 %) obtained throughout the FRAP
experiments indicated that the diffusion of ABCG2 can be most accurately
described as unimpeded and complete, but restricted by the presence of
anomalous diffusion. Whilst no definite suggestion of the oligomer state of
ABCG2 can be drawn from the diffusion coefficients, results have provided a
good understanding of membrane diffusion of ABCG2 and a platform for

further experiments using fluorescent protein tagged ABCG2.
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Chapter 5 Oligomerisation of ABCG2 in live
cells demonstrated by fluorescence

resonance energy transfer (FRET) microscopy

In the previous chapter, the membrane diffusion of ABCG2 was determined
using FRAP microscopy, but it provides only indirect indication of ABCG2
oligomerisation through the limited influence of protein complex size
differences on membrane mobility. In contrast, fluorescence resonance
energy transfer (FRET) microscopy detects and measures intermolecular
protein interactions and offers a more direct opportunity to study protein
oligomerisation. Therefore, it was employed to investigate the
oligomerisation of ABCG2. In this chapter, an introduction to FRET principles
will first be presented. This is followed by the characterisation of constructs
generated for the FRET experiments. The optimisation of FRET experiments
and spectral imaging analysis method employed will also be explained. Finally,
a full account of the results from FRET experiments conducted will be

discussed in detail.

5.1 Background and theory - fluorescence resonance

energy transfer microscopy

FRET is a phenomenon of energy transfer from one fluorophore (the donor)
to another (the acceptor) under certain circumstances. In combination with
fluorescence microscopy, this technique is now commonly employed to study
protein-protein interaction. This opportunity was first described in the 1970s,
and it remains one of the key milestones achieved in fluorescence microscopy
(Fernandez and Berlin, 1976). Stryer provided a comprehensive description on
this fluorescence energy transfer phenomenon based on the Forster theory
(Forster, 2012; Stryer, 1978). It was summarised by Stryer that this energy

transfer depends primarily on the distance and orientation between the
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acceptor and donor. Using this technique, the close proximity (< 100 A or
10 nm) between two biological macromolecules could be revealed. The most
challenging factor during the early years was the search for suitable donors
and acceptors (Stryer, 1978). Through recent advances in confocal microscopy
and fluorescent protein engineering (as discussed in section 1.7), FRET
microscopy has now become a powerful technique for the investigation of
inter- or intra- molecular protein interactions in live cells (Piston and Kremers,
2007). This is primarily due to the finding of the first effective FRET donor and
acceptor pair, in which the cyan fluorescent protein (donor) and yellow
fluorescent protein (acceptor) were successfully employed to determine the
increased interaction between calmodulin and calmodulin binding peptide
M13 during calcium binding (Miyawaki et al., 1997). To date, FRET microscopy
has been employed in various applications for investigating protein-protein
interaction in live cells, e.g. oligomer formation in GPCRs (Busnelli et al., 2013;
Patowary et al, 2013), dimerisation of receptor protein-tyrosine
phosphatases (Tertoolen et al., 2001), and heteromeric interactions between
different ABC transporters (ABCD1 and ABCD3) (Hillebrand et al., 2007) and
growth factor receptors (FGF-receptor 1 and PDGF-receptor-a) (Faraone et

al., 2006)

As briefly mentioned above, FRET is a distance dependent energy transfer
process from an excited fluorophore (the donor) to another fluorophore (the
acceptor). Three basic factors have been identified for FRET to occur (Clegg,

1995; Stryer, 1978):

1. Overlap between the donor emission and acceptor excitation spectra
(Figure 5.1)

2. Close proximity (< 100 A) between the donor and acceptor

3. Favourable orientation of the transition dipole moment (direction of
electrical charges) between the initial and final states of donor and

acceptor (not perpendicular to each other)
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Combination of these three factors will result in the excitation of the acceptor
by the donor emission, which indicates close range interactions between the

two fluorophores, or the proteins they are attached to.

In this study, CFP (cerulean fluorescent protein) and YFP (enhanced yellow
fluorescent protein) were employed as the donor and acceptor fluorophores.
Figure 5.1 shows the schematic representation of excitation and emission
spectra of CFP and YFP and highlights the overlapping area between the
emission spectrum of CFP and excitation spectrum of YFP (spectral overlap), a

prerequisite for FRET to occur.
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—— CFP excitation
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—— YFP excitation

YFP emission

Fluorescence intensity

350 500 700
Wavelength (nm)

Figure 5.1: Schematic representation of emission and excitation spectra of cerulean and
yellow fluorescent proteins (CFP and YFP). “Spectral overlap” highlights the overlapping area
of CFP emission and YFP excitation spectra, one of the key requirements for FRET to occur.

For the detection of protein signalling complexes and changes in protein
interactions in living cells, various methods have been developed to measure
FRET efficiencies (Jares-Erijman and Jovin, 2003). Typically, these techniques
exploit measurement of the consequences of FRET, in which the donor (CFP)
has quenched emission and the acceptor (YFP) has increased emission, as
schematically represented in Figure 5.2A. Experimentally, the key challenge is
often to define the extent of this FRET signal using comparison with

appropriate baseline controls. Two common techniques that have been
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routinely proposed for measuring FRET signals are the sensitised emission
method and the acceptor photobleaching (AcPb) method. In sensitised
emission, the donor is excited by a specific wavelength of light and the
resulting acceptor emission is determined as the FRET efficiency. This method
requires extensive correction and careful controls as it is restricted by bleed-
through limitations (i.e. undesired detection of donor emission due to
overlapping between emission spectra of donor and acceptor, see section 5.3;
(van Rheenen et al., 2004)). Piston and Kremers have even suggested that this
technique is inappropriate if the FRET signal is small and may only be
advantageous in biosensor experiments in which a large change in FRET signal

is expected (Piston and Kremers, 2007).

Acceptor photobleaching (AcPb) FRET was first employed in a cofocal laser
scanning microscope system in the early 2000s (Karpova et al., 2003). As
illustrated in Figure 5.2B, AcPb FRET measures the increased emission of the
donor (CFP) immediately after the photobleaching of the acceptor (YFP). In
this study AcPb FRET was the method of choice for measuring the FRET signal.
The FRET efficiency can be obtained by calculating the differences in CFP
intensities before and after YFP photobleaching. This is advantageous because
under most circumstances, fluorescence intensities should reduce upon
photobleaching, therefore the increase in CFP emission is most likely to have
resulted from FRET. Additionally, this technique also minimises the bleed-
through limitations as discussed above as YFP intensity is ablated (see section
5.3). However, as photobleaching is irreversible, repeated AcPb FRET

measurements on the same sample are not possible.

As a half transporter, ABCG2 was suggested to exist and function as oligomers
and this was demonstrated in various biochemical and fluorescence studies
(see section 1.6). However, the biochemical studies thus far were restricted to
investigating the ABCG2 protein outside its cellular environment and the only

live cell approach to study the dimerisation of ABCG2 was limited by the
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irreversible formation of the bimolecular fluorescence complementation
(BiFC) complexes (Haider et al., 2011). Additionally, ABCG2 oligomerisation
could not be clearly predicted based on the FRAP diffusion results in chapter
4. In contrast, this chapter presents successful demonstration of ABCG2

oligomerisation in live cells using AcPb FRET microscopy.

A

Quenched CFP  Increased YFP
emission emission

405 nm CFP
excitation

Increased CFP
emission

Figure 5.2: Schematic representation of acceptor photobleaching (AcPb) FRET employed to
measure FRET efficiency in this study. A — When the donor (CFP) is excited, energy is
transferred to the acceptor (YFP), resulting in quenched emission of the donor and excitation
of the acceptor. B — In AcPb FRET, YFP is photobleached with high power (100%) 514 nm laser
excitation and the subsequent increase in CFP emission allows FRET efficiency to be
determined.
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5.2 FRET construct characterisation

C603A
/ N-terminal
Cell membrane
C-terminal v C-terminal %
Cell membrane “

N C-terminal ’ ’l )
% C-terminal C-terminal
Fluorescent protein Nucleotide binding Transmembrane
ABCG2 (full length i
(cyan or enhanced ( gt % domain (NBD) ﬂm domain, short
yellow) (TMDg)

Tansmembrane Transmembrane Transmembrane
domain, extended helices 1-2 (TM1-2) helices 1-4 (TM1-4)

(TMD,)

Adenosine A3

Figure 5.3: Schematic representation of DNA constructs generated for the investigation of
oligomerisation of ABCG2 using FRET microscopy. Upper panel (left to right): Full length
ABCG2 tagged with fluorescent proteins (including CFP-ABCG2, YFP-ABCG2, CFP-
ABCG2_C603A, and YFP-ABCG2_C603A), YFP-NBD (nucleotide binding domain), YFP-TMDs
(shorter version of transmembrane domain), and adenosine A3-YFP. Lower panel (left to
right): YFP-TMD, (extended version of transmembrane domain), YFP-TM1-2 (NBD and
transmembrane helices 1-2), and YFP-TM1-4 (NBD and transmembrane helices 1-4).

For the study of oligomerisation of ABCG2 using AcPb FRET microscopy,
various CFP- and YFP-tagged constructs were generated (as schematically
represented in Figure 5.3). Briefly, CFP or YFP were fused to ABCG2 wild type,
or the ABCG2 mutant C603A, residue responsible for disulphide bond
formation between ABCG2 molecules (Henriksen et al., 2005b). A vector
containing the adenosine A3 receptor fused C-terminally with YFP was kindly
provided by Dr Steve J. Briddon, University of Nottingham. This construct was
used as a control to measure non-specific FRET between ABCG2 and a

different membrane protein. Additionally, Figure 5.3 shows various truncated
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ABCG2 constructs fused to YFP (N-terminally) generated to identify the roles
of different ABCG2 domains in oligomerisation. These include YFP-NBD
(nucleotide-binding domain only), YFP-TMDs (short version of transmembrane
domain), YFP-TMD, (extended version of transmembrane domain), YFP-TM1-
2 (truncated ABCG2 containing the NBD and transmembrane helices 1-2), and
YFP-TM1-4 (truncated ABCG2 containing the NBD and transmembrane helices
1-4).

5.2.1 Construct localisation and expression

The localisation and expression of the constructs shown in Figure 5.3 were
first confirmed using confocal imaging and SDS-PAGE western blot analysis of
transiently transfected HEK293T cells. Figure 5.4 shows that CFP-ABCG2 and
YFP-ABCG2 were each localised to the plasma membrane, as well as
intracellular compartments, and no notable differences were observed in the
co-transfected cells (CFP-ABCG2 + YFP-ABCG2). Cytoplasmic CFP was
expressed and localised intracellularly when co-transfected with YFP-ABCG2
(cytoplasmic CFP + YFP-ABCG2, Figure 5.4). Adenosine A3-YFP was also
localised to the plasma membrane as expected. When co-transfected with
CFP-ABCG2, both constructs were localised at the plasma membrane (CFP-

ABCG2 + Adenosine A3-YFP, Figure 5.4).
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CFP-ABCG2

Figure 5.4: Confocal images and the corresponding phase contrast images for the various
fluorescent proteins expressed in single or co-transfected HEK293T cells. Cells seeded on
MatTek dishes were first transfected with 2 pg of the respective constructs as indicated in the
figure. High resolution images (1024 x 1024 pixels, 8 averages) were acquired 18-24 hours
post-transfection. Emission lambda scans (417-730 nm) were collected using 405 nm (2 %)
and 514 nm (4 %) for CFP and YFP excitation respectively. Blue represents the CFP emission
channels and green represents YFP emission channels. Scale bar = 20 um. Representative
images of at least 3 independent experiments were shown.

Figure 5.5 shows confocal images of HEK293T cells transiently co-expressing
the two C603A mutants of ABCG2 (YFP- and CFP-tagged), and the various YFP-
tagged truncated versions of ABCG2, with CFP-ABCG2. As expected, CFP-
ABCG2_C603A and YFP-ABCG2_C603A were localised predominantly at the
plasma membrane and YFP-NBD was localised intracellularly. However, both
the extended (YFP-TMD,) and shorter (YFP-TMDs) versions of TMD were not
able to reach the plasma membrane when co-expressed with CFP-ABCG2.
Figure 5.5 shows that the constructs containing NBD with transmembrane
helices 1-2 (YFP-TM1-2) and transmembrane helices 1-4 (YFP-TM1-4) were
also retained intracellularly. The intracellular localisation pattern of YFP-

TMDs, YFP-TMD, and YFP-TM1-4 was consistent with retention in the
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endoplasmic reticulum whilst YFP-TM1-2 showed more diffusive localisation
within the cytoplasm, similar to those of YFP-NBD. Similar localisation
patterns were observed for the YFP-truncated ABCG2 constructs in the

absence of CFP-ABCG2 co-transfection (Figure S5.1 in Appendix).

CFP-ABCG2 + YFP-TMD,

CFP-ABCG2 + YFP-TM1-2

CFP-ABCG2 + YFP-TMD, CFP-ABCG2 + YFP-TM1-4

Figure 5.5: Confocal images and the corresponding phase contrast images for various
fluorescent proteins transiently co-expressed in HEK293T cells. Cells seeded on MatTek
dishes were first transfected with 2 pg of the respective constructs as indicated in the figure.
High resolution images (1024 x 1024 pixels, 8 averages) were acquired 18-24 hours post-
transfection. Emission lambda scans (417-730 nm) were collected using 405 nm (2 %) and 514
nm (4 %) for CFP and YFP excitation respectively. Blue represents the CFP emission channels
and green represents YFP emission channels. Scale bar = 20 um. Representative images of at
least 3 independent experiments were shown.

The expression of these constructs was confirmed using SDS-PAGE and
western blot analysis under reducing conditions. Figure 5.6 (left panel) shows
that CFP-ABCG2, YFP-ABCG2, CFP-ABCG2_C603A, and YFP-ABCG2_C603A
migrated at approximately 90 kDa as expected, similar to the molecular
weights of sfGFP-ABCG2 and the C603A mutant reported in chapter 4.
Multiple bands were also observed for these samples, again supporting

varying degrees of glycosylation. The adenosine A3-YFP was not as effectively
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solubilised using the loading conditions and migrated as large aggregates.
However, its expression was still detected in Figure 5.6 and was also

confirmed by the confocal images in Figure 5.4.
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Figure 5.6: Western blot analysis of the DNA constructs employed in this FRET study.
Approximately 20 ug of cell lysates were loaded onto each lane in the SDS-PAGE gels (with
the exception of cytoplasmic CFP, loaded with 4-5 pg). Proteins were transferred onto
nitrocellulose membrane and probed using primary monoclonal anti-GFP mouse IgGk
antibody and secondary polyclonal rabbit anti-mouse IgG antibody conjugated with
horseradish peroxidase, prior to chemiluminescence detection. Representative western blot
of 3 independent experiments was shown.

Additionally, Figure 5.6 (right panel) shows the expression of the YFP-tagged
truncated ABCG2 proteins. As expected, YFP-TM1-4 migrated at the highest
molecular weight, approximately 78 kDa (predicted to be 87 kDa using
Compute pl/MW tool (Wilkins et al., 1999)), closely followed by YFP-TM-1-2
and YFP-NBD at approximately 75 kDa and 70 kDa (predicted be 80 kDa and
71 kDa). The extended YFP-TMD, (predicted to be 70 kDa) migrated with
multiple bands at molecular weights of approximately 55, 47, 43 kDa, larger
than the shorter YFP-TMDs, approximately 40 kDa (predicted to be 60 kDa).
The expression of these truncated constructs will be discussed alongside the

roles of ABCG2 domains in oligomerisation later in this chapter.
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5.2.2 Function of CFP- and YFP-ABCG2

An adapted MX accumulation assay (compared to chapter 4) was employed to
verify the function of the CFP- and YFP- tagged ABCG2, specifically in
transiently expressing cells. Using a fluorescence imaging platereader (IX
Micro) combined with a cell scoring algorithm, this assay allows the
accumulation of MX (ABCG2 substrate) to be measured selectively in cells
only expressing YFP-ABCG2 or CFP-ABCG2. The accumulation of MX (4 uM)
was measured in the presence and absence of Ko143 (ABCG2 inhibitor), to
confirm the function of CFP-ABCG2 and YFP-ABCG2. Figures 5.7 and S5.2
(Appendix) show the fluorescence images acquired for CFP-ABCG2 and YFP-
ABCG2 expressing HEK293T cells in 96 well plates, respectively. Figure 5.7A
(with the enlarged overlay in 5.7B) shows that the increase in MX
accumulation (Cy5 channel) was notable in cells expressing CFP-ABCG2 (FITC
channel) in the presence of Ko143 inhibitor from 0 to 60 min. The same was

also observed in the cells expressing YFP-ABCG2 (Figure S5.2A in Appendix).

The average MX intracellular intensities in cells expressing CFP-ABCG2 or YFP-
ABCG2 were subsequently obtained by subjecting the three channel
fluorescence images to the multiwavelength cell scoring algorithm as
described in detail in section 2.4.2. Briefly this algorithm in MetaXpress
calculated the average intensities of both the ABCG2 fluorescent fusion
protein and MX associated with individual cells. Subsequently the cell data
were filtered using a threshold for YFP or CFP intensity using AcuityXpress to
isolate the average intensity for MX in transfected cells only. Each set of data
was normalised using the highest intensity as 100 % and lowest intensity as
0 % (in the whole data set), enabling multiple data sets to be pooled together
for each cell line and the resultant accumulation curves of CFP-ABCG2 (Figure
5.8A) and YFP-ABCG2 (Figure 5.8B) in the presence and absence of Ko143 are
shown in Figure 5.8. Two-way ANOVA analysis indicated significant increases
(p < 0.05) in the % accumulation of MX in the presence of Ko143 after 20 min

in CFP-ABCG2 expressing cells and after 30 min in YFP-ABCG2 expressing cells,
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compared to MX alone — demonstrating that each fluorescent protein tagged

ABCG2 construct was functional.

A

4 uM MX
only

4 uM MX +
1 uM Ko143

4 uM MX
only

4 uM MX +
1 uM Ko143

0 2.5 5 75 10 20 30 45 60 min

CFP-ABCG2 CFP-ABCG2
60 min MX only 60 min MX + Ko143

Figure 5.7: Fluorescence images acquired during the accumulation assay in HEK293T cells
transiently expressing CFP-ABCG2. A — Fluorescence images of CFP-ABCG2 expressing cells
(FITC channel, green, top) and the corresponding mitoxantrone (MX) accumulation (Cy5
channel, red, bottom) in a 96-well plate incubated with either 4 uM MX only or 4 uM MX +
1 uM Ko143, from 0 to 60 min at 37 °C. Images were acquired from 6 x 9 wells (4 sites each
well). Nucleus staining was not indicated in this panel. B — Overlay images showing the
nucleus stain (DAPI channel, blue), CFP-ABCG2 (FITC channel, green), and MX (Cy5 channel,
red) acquired at 60 min incubation with either MX only (right) or MX + Ko143 (left). Scale bar
=20 um.
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Figure 5.8: CFP-ABCG2 and YFP-ABCG2 are functional mitoxantrone (MX) exporters when
expressed transiently in HEK293T cells. Normalised % MX accumulation in CFP-ABCG2 (A)
and YFP-ABCG2 (B) expressing cells in the presence and absence of Ko143 at various time
points. 4 uM MX and 1 uM Ko143 were used for the experiments. Data were pooled from 3
independent experiments (at least 20,000 cells were analysed) for each cell line, and
presented as the mean + SEM % accumulation. Images acquired using IX Micro platereader,
shown in Figures 5.7 and S5.2, were subjected to multiwavelength cell scoring analysis and
cell selection based on fluorescent protein intensity to obtain the average MX intensities in
cells only expressing CFP-ABCG2 or YFP-ABCG2 (section 2.4.2). Two-way ANOVA analysis
(Bonferroni post test) indicated significant increases (p < 0.05) in % MX accumulation upon
addition of Ko143 after 20 min for CFP-ABCG2 data, and after 30 min for YFP-ABCG2 data.
Data were fitted using one-phase association curve in GraphPad Prism 6.0. Half times of the
accumulation curves were reported at 19 (MX + Ko143) and 13 min (MX), and 21 min (MX +
Ko143) and 11 min (MX), for CFP-ABCG2 and YFP-ABCG2 respectively.
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5.3 FRET acquisitiond data analysis

As briefly mentioned earlier, the key experimental limitations in FRET
experiments arise because of inadequate control of acceptor and donor signal
bleed-throughs. In this section, we discuss how the FRET acquisition and data
analysis methods manage these limitations. First, the acceptor signal bleed-
through area (Figure 5.9) indicates a small wavelength range where 458 nm
laser based excitation of CFP could potentially also lead to unwanted
excitation of YFP. To resolve this, the 405 nm laser was employed for CFP
excitation. This should result in reduced YFP excitation, compared to the
458 nm laser, which is typical for CFP excitation elsewhere (Karpova et al.,
2003). Additionally, AcPb FRET was employed in this study, and so only the
intensity of the donor (CFP) was taken into account. Hence, the potential
excitation of YFP by the 405nm laser should have minimal effect on the

calculation of FRET efficiency.

'g Acceptor signal bleed-through
..2 Donor signal bleed-through
§ — CFP excitation
g ~ CFP emission
§ ~ YFP excitation
B YFP emission
350 405 458 500 600 700

Wavelength (nm)

Figure 5.9: Limitations of FRET due to signal bleed-throughs caused by the overlapping of
CFP and YFP excitation and emission spectra. Acceptor signal bleed-through highlights the
overlapping area of CFP and YFP excitation spectra, where the laser excitation for CFP could
lead to direct YFP excitation. Donor signal bleed-through highlights the overlapping area of
CFP and YFP emission spectra, where acceptor emission could be detected along with CFP
emission detection, and vice versa.
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Another limitation highlighted in Figure 5.9 is the donor signal bleed-through
caused by overlapping of the emission spectra of CFP and YFP, resulting in
potential overestimation of CFP emission in AcPb FRET studies if left
uncorrected. In this study, a spectral imaging method (Zimmermann et al.,
2002) was employed to resolve this limitation using a linear unmixing
algorithm, as described in Figure 5.10. Figure 5.10A first shows the mixed
intensity plot, which represents a combination of fluorescence emission from
both CFP-ABCG2 and YFP-ABCG2 in the region of interest (ROI, red). To fully
account for the intensity of CFP-ABCG2, this mixed intensity plot in Figure
5.10A had to be resolved. The reference emission spectra of CFP-ABCG2 and
YFP-ABCG2 (Figure 5.10B) were previously collected under identical
conditions in single transfected cells. Using these reference spectra and the
linear unmixing algorithm in Zen 2010, the CFP and YFP intensities in the
mixed intensity plot of Figure 5.10A can be resolved as shown in Figure 5.10C.
The total intensity discarded during the unmixing process by the algorithm
was represented in the residual channel. Finally, the FRET efficiency, Fg, was
determined as % increase in CFP intensities before and after YFP

photobleaching.
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Figure 5.10: FRET spectral unmixing data analysis. A — Left panel: Mixed intensity plot of the
ROI (region of interest) across the lambda emission scan (417-730 nm) collected immediately
after YFP photobleaching, representing a combination of fluorescence emission from CFP and
YFP. Right panel: ROl is represented as a red circle in the corresponding confocal image of
cells expressing CFP-ABCG2 + YFP-ABCG2. B — Reference emission spectra of CFP-ABCG2 and
YFP-ABCG2 collected separately from single transfected cells under identical conditions. C —
Resolved CFP and YFP images and intensities from the same data set in panel A, using the
linear unmixing algorithm in Zen 2010 and the reference spectra in B. The total intensity
discarded during the separation process was represented in the residual channel. FRET

efficiency (Fg) was finally calculated using the equation shown in the figure. Scale bar =
20 pm.
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5.4 FRET method optimisation

5.4.1 Effects of using different lambda scan bandwidths

The emission lambda scans displayed in Figures 5.10A and 5.10B above are
critical determinants of the linear unmixing algorithm. Optimisation of this
acquisition step involved collecting the lambda scans at different bandwidths,
as schematically represented in Figure 5.11A. Collecting the lambda spectrum
at every 10 nm will occupy all the channels within the photomultiplier tube
detector and could potentially lead to increased noise being generated
(Zimmermann et al., 2003), potentially resulting in an increase in residuals.
Although collecting the lambda spectrum at every 20 nm could generate less
noise, it may in turn lead to a reduction in accuracy in the linear unmixing
process. Figure 5.11B shows the resolved images (CFP, YFP, and residual) of
two different data sets with emission spectra collected at every 10 and 20

nm. No visible difference in the residuals was observed.

A

417 —— Lambda spectrum ———> 713 nm

Residual merged A Residual merged

Every 10 nm Every 20 nm

Figure 5.11: Differences between collecting the emission spectra at every 10 or 20 nm. A -
Schematic representation of emission lambda spectra collected at every 10 and 20 nm. B —
Resolved images (from linear unmixing; CFP, YFP, residual, and merged) from data sets (CFP-
ABCG2 + YFP-ABCG2 expressing cells) with lambda spectra collected at every 10 and 20 nm.
Red circle: region of interest (ROI).
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Figure 5.12 shows the subsequent FRET efficiency obtained in cells expressing
the different fluorescent fusion proteins obtained with lambda spectra
collected at every 10 or 20 nm. Controls were investigated along with CFP-
ABCG2 + YFP-ABCG2 expressing cells to optimise for “pseudo-FRET” and non-
specific FRET in the plasma membrane (see section 5.5.1 later). No significant
difference in FRET efficiency was observed between the two acquisition
settings and subsequent emission lambda spectra were collected at every 10

nm prior to the linear unmixing process.
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Figure 5.12: Comparing the differences in FRET efficiency % when the lambda emission
spectra were collected at every 10 nm or every 20 nm. Data were collected from HEK293T
cells transiently expressing CFP-ABCG2 alone, CFP-ABCG2 + Adenosine A3-YFP, and CFP-
ABCG2 + YFP-ABCG2 in a single experiment. Lambda emission spectra were collected with 10
nm or 20 nm bandwidth as indicated. No significant difference was noted when comparing
the two different acquisition settings. Statistical significance was assessed using one-way
ANOVA analysis followed by Bonferroni multiple comparisons test.

5.4.2 Effects of YFP excitation on FRET efficiency

Another parameter optimised in this study was the presence or absence of
YFP excitation during FRET acquisition. A spectral imaging acceptor
photobleaching FRET method published recently (Broussard et al.,, 2013)

suggests that YFP should not be excited during FRET acquisition. However,
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direct YFP excitation would aid confirmation of YFP photobleaching during
data acquisition. Hence, effects of presence or absence of YFP excitation on
FRET efficiency was determined. For reliable comparison, parallel FRET
experiments were conducted in cells expressing the same fluorescent
proteins as Figure 5.12 above. Data were collected in the presence or absence
of YFP excitation (using 2 % or 0.2 % 514 nm laser) and the resultant FRET
efficiencies were shown in Figure 5.13. In the absence of YFP excitation, CFP-
ABCG2 + YFP-ABCG2 and CFP-ABCG2 + Adenosine A3-YFP produced
marginally lower FRET efficiencies when compared to the data sets obtained
in the presence of YFP excitation. Overall, no obvious difference was observed
using the two different acquisition settings and the subsequent FRET
experiments were conducted in the presence of YFP excitation to ensure

photobleaching of YFP during the FRET experiments.
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Figure 5.13: Effects of YFP excitation during data acquisition on the FRET efficiencies. FRET
efficiencies (% mean) of CFP-ABCG2, CFP-ABCG2 + Adenosine A3-YFP, CFP-ABCG2 + YFP-
ABCG2 obtained from data collected in the presence (2 % 514 nm) or absence (0.2 % 514 nm)
of YFP excitation (parallel data sets). Data collected with 0.2 % 514 nm laser are indicated
with “w/0 514 nm”. A minimum of 20 cells was examined from two independent experiments
for each data set.

146



5.5 Oligomerisation of ABCG2 in live cells
demonstrated by FRET microscopy

To establish the oligomerisation of ABCG2, the FRET efficiency of CFP-ABCG2
+ YFP-ABCG2 was compared against three controls — CFP-ABCG2 alone,
cytoplasmic CFP + YFP-ABCG2, and CFP-ABCG2 + Adenosine A3-YFP, when
expressed in live HEK293T cells. Figure 5.14 below shows that CFP-ABCG2
alone produced no FRET efficiency (0.2 + 0.2 %), whereas the other controls,
cytoplasmic CFP + YFP-ABCG2 and CFP-ABCG2 + Adenosine A3-YFP yielded
little FRET efficiency — 1.3 £ 0.2 % and 2.1 + 0.3 % respectively. In contrast,
CFP-ABCG2 + YFP-ABCG2 produced FRET efficiency of 4.6 + 0.3 %, which is
significantly higher (p < 0.05) compared to the three different controls,
implying close interactions of ABCG2 molecules and potential ABCG2

oligomerisation in live cells.
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Figure 5.14: Increased FRET efficiency demonstrates oligomerisation of ABCG2. FRET
efficiency (% mean * SEM) of controls CFP-ABCG2 alone, cytoplasmic CFP + YFP-ABCG2, and
CFP-ABCG2 + Adenosine A3-YFP, compared to CFP-ABCG2 + YFP-ABCG2. Schematics of the
respective FRET pairs are shown in the figure. Data were acquired with 4 % 405 nm laser and
2 % 514 nm laser for CFP and YFP excitation respectively. A minimum of 40 cells was
examined in four independent experiments for each data set. Significantly higher FRET in CFP-
ABCG2 + YFP-ABCG2 (p < 0.05) compared to the controls was observed, determined using
one-way ANOVA analysis followed by Bonferroni multiple comparisons test.
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5.5.1 Effects of expression levels on FRET efficiency

It was reported that changes in the relative densities of acceptor and donor
fluorophores can have false positive effects on FRET (Fung and Stryer, 1978).
Using the data sets obtained from Figure 5.14, the effects of YFP/CFP
expression ratios on FRET efficiencies were analysed retrospectively. Figure
5.15A indicates that the YFP/CFP expression ratios had no effect on the
negligible FRET of cytoplasmic CFP + YFP-ABCG2 and the specific FRET of CFP-
ABCG2 + YFP-ABCG2. Linear regression analysis suggested that the slopes did
not deviate significantly from zero. In contrast, the FRET efficiency of CFP-
ABCG2 + Adenosine A3-YFP increased as the YFP/CFP expression ratios
increased, and regression analysis suggested a significantly non-zero slope,
indicating the FRET observed between adenosine A3 and ABCG2 is non-
specific and driven by protein expression levels, rather than by genuine
interactions. Figure 5.15B also compares the overall expression ratios of the
three different FRET pairs in Figure 5.14. There was no significant difference
(p > 0.05) when comparing the expression ratios between the CFP-ABCG2 +
Adenosine A3-YFP and CFP-ABCG2 + YFP-ABCG2. The expression ratios of
cytoplasmic CFP + YFP-ABCG2 were shown to be significantly lower (p < 0.05)
when compared to CFP-ABCG2 + YFP-ABCG2.
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Figure 5.15: Effects of expression levels on FRET of ABCG2. A — Effects of YFP/CFP expression
ratios on FRET efficiencies of the controls and ABCG2 FRET pairs, using data displayed in
Figure 5.14. YFP/CFP expression ratios were generated using the pre-photobleaching
fluorescence intensities of CFP and YFP after linear unmixing. Linear regression analysis for
each data set in Graphpad Prism 6.0 showed that only the slope of CFP-ABCG2 + Adenosine
A3-YFP (green) was significantly non-zero (p < 0.001, R’= 0.38). B — Distributions of YFP/CFP
expression ratios (mean = SEM) for the identical FRET data sets. Statistical significance (*, p <
0.05, when compared to CFP-ABCG2 + YFP-ABCG2) was assessed using one-way ANOVA
analysis followed by Bonferroni multiple comparisons test.

149



5.5.2 Effects of substrate and inhibitors on ABCG2 FRET

Although the addition of substrate was found to have no effect on the
diffusion of ABCG2 measured using FRAP (section 4.4.1), FRET was employed
here to determine more specifically the effects of substrate or inhibitors on
the oligomerisation of ABCG2 in live cells. A ligand induced change in
oligomerisation state, or in the relative orientation of the protomers within
the ABCG2 complex, might result in a change in FRET signal directly
monitoring this interaction. However, Figure 5.16 below shows that there was
no detectable change (p > 0.05) in the FRET of ABCG2 in the presence of
substrate (4 UM mitoxantrone) or inhibitors (1 uM Ko143 or 4 uM chrysin),

when compared to the equivalent amount of DMSO.
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Figure 5.16: Effects of substrate and inhibitors on FRET of ABCG2. FRET efficiency (% mean +
SEM) of CFP-ABCG2 + YFP-ABCG2 expressed in live HEK293T cells acquired in the presence of
4 uM mitoxantrone (MX; substrate), 4 uM chrysin (inhibitor), 1 uM Ko143 (inhibitor), and the
equivalent amount of DMSO (0.1 % (v/v); solvent for the drugs). Cells were incubated with
the different compounds for at least 20 min before any data were collected. No significant
difference in FRET efficiency (p > 0.05) was observed in the different treatments shown in the
figure. A minimum of 30 cells was examined in three independent experiments for each data
set. Statistical significance was assessed using one-way ANOVA analysis followed by
Bonferroni multiple comparisons test.
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5.5.3 Investigating the potential roles of different domains in ABCG2

oligomerisation

Upon successfully demonstrating oligomerisation of ABCG2 in live cells,
attempts were made in this study to establish the roles of different ABCG2
domains in its oligomerisation using AcPb FRET. C603A mutants of CFP- and
YFP-tagged ABCG2 were first generated to determine its importance in ABCG2
oligomerisation. Figure 5.17 shows that CFP-ABCG2 _C603A + YFP-
ABCG2_C603A vyielded indifferent FRET efficiencies when compared to CFP-
ABCG2 + YFP-ABCG2 wild type, p > 0.05, suggesting no effect of C603A in

ABCG2 oligomerisation.

Various truncated ABCG2 constructs were also generated as summarised in
Figure 5.3. These truncated constructs include the nucleotide binding domain
(YFP-NBD), two versions of transmembrane domains (YFP-TMDs and YFP-
TMD,), and two versions of nucleotide binding domain with part of the
transmembrane helices (YFP-TM1-2 and YFP-TM1-4). When comparing across
the truncated ABCG2 mutants, significant increases (p < 0.05) were observed
in the FRET efficiencies of YFP-TMD, and YFP-TMDs compared to YFP-NBD,
YFP-TM1-2, and YFP-TM1-4, when paired with CFP-ABCG2 (Figure 5.17).
However, all the YFP-fused truncated ABCG2 proteins yielded significantly
lower FRET efficiencies when compared to the full length protein, YFP-ABCG2
(p < 0.05), and the FRET efficiencies were similar to that of adenosine A3-YFP

control (Figure 5.14).
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Figure 5.17: Transmembrane domain, rather than C603 disulphide bonds or the NBD,
contributes to the oligomerisation of ABCG2. FRET efficiencies (% mean + SEM) of the C603A
mutant and various truncated ABCG2 proteins compared to those of full length ABCG2 wild
type (data set from figure 5.14). A minimum of 40 cells was examined from three
independent experiments for each data set (except for CFP-ABCG2 + YFP-ABCG2, four
experiments). Statistical significance (*, p < 0.05, compared to CFP-ABCG2 + YFP-ABCG2) was
assessed using one-way ANOVA analysis followed by Bonferroni multiple comparisons test.

For further verification of the roles of these truncated proteins in
oligomerisation, cell lysates from single transfections were analysed with SDS-
PAGE and western blotting under non-reducing conditions. Figure 5.18
indicates that YFP-ABCG2 wild type migrated as higher order oligomers (> 175
kDa) as well as monomers (approximate 90 kDa). The C603A mutation
resulted in reduced detection of the oligomeric band and majority of the YFP-
ABCG2_C603A migrated as the monomeric form. Finally, there was also some

indication of aggregate formation in YFP-TMD, whilst the YFP-TMDs, YFP-
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TM1-2, and YFP-TM1-4 migrated at molecular weights identical to the

reducing western blot analysis (Figure 5.6).

£
P

Figure 5.18: Non-reducing western blot analysis demonstrates the expression and capacity
for oligomerisation of the YFP-fused ABCG2 proteins. Approximately 20 ug of cell lysates
were loaded onto each lane in the SDS-PAGE under non-reducing condition. Proteins were
transferred onto nitrocellulose membrane and probed using primary monoclonal anti-GFP
mouse IgGk antibody and secondary polyclonal rabbit anti-mouse 1gG antibody conjugated
with horseradish peroxidase, prior to chemiluminescence detection. Representative western
blot of 2 independent experiments was shown.

5.6 Discussion

5.6.1 Establishing the oligomerisation of ABCG2 in live cells

In this chapter, ABCG2 oligomerisation in live cells was demonstrated using
FRET microscopy. Several controls afforded confidence in this conclusion. For
example, the absence of any “FRET” efficiency using CFP-ABCG2 alone (Figure
5.14) eliminated the possibility of “pseudo-FRET” behaviour, which can be
produced by CFP in the presence of high power 514 nm laser excitation
(Karpova et al., 2003). Cytoplasmic CFP + YFP-ABCG2 FRET pair controlled for

non-specific FRET between the cytoplasmic CFP and YFP-ABCG2 molecules
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due to random collision. The membrane adenosine A3-YFP was employed to
take into account of any FRET efficiency yielded due to non-specific
interaction with CFP-ABCG2 as a result of random collision in the membrane.
Figure 5.14 demonstrates specific ABCG2-ABCG2 interactions as CFP-ABCG2 +
YFP-ABCG2 vyielded significantly higher FRET efficiency compared to these
controls. Ni et al. have also previously demonstrated increased FRET
efficiency in cells co-expressing CFP-ABCG2 and YFP-ABCG2 in a FRET
experiment (Ni et al., 2010), but using fixed rather than living cells. There
were also limitations to the control for “pseudo-FRET” behaviour (cytoplasmic
CFP), which did not reflect the microenvironment of membrane CFP-ABCG2.
Additionally, potential non-specific FRET between unrelated membrane
proteins was not determined. We showed that such non-specific interactions
could be relevant depending on donor/acceptor ratio (Figure 5.15), and due
to the increased density of donor and acceptor molecules restricted to the
plasma membrane. Ni et al. also did not address the donor bleed-through
issue (highlighted Figure 5.9), where overlapping of the emission spectra of
CFP and YFP could result in overestimation of CFP emission and inaccuracy in
FRET efficiency calculation. In contrast, suitable membrane protein controls
and spectral imaging FRET methods were employed in this study to overcome
these limitations and provided clear demonstration of ABCG2 oligomerisation

in live cells.

5.6.2 Simultaneous YFP excitation does not affect measured FRET efficiency

Direct YFP excitation during FRET acquisition might lead to reduced FRET
efficiency because the FRET-induced excitation of YFP (by CFP emission) could
be affected while YFP was already directly excited. This was not supported by
the FRET measurements obtained with or without YFP excitation (Figure
5.13). Indeed, Figure 5.13 shows the opposite effect, in which FRET
efficiencies of CFP-ABCG2 + Adenosine A3-YFP and CFP-ABCG2 + YFP-ABCG2
were slightly lower when data were collected without YFP excitation. It is

possible that the sensitivity of the spectral imaging technique was reduced in
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the absence of YFP excitation due to the very low or non-detectable YFP
fluorescence signal, when YFP was not directly excited. This could be
explained by the limited ability of the linear unmixing algorithm to resolve
low level fluorescence signals as suggested in (Zimmermann et al.,, 2003).
Hence, the presence of YFP excitation during FRET acquisition was shown to
be beneficial by increasing the sensitivity of the spectral imaging technique.
Further FRET experiments were therefore conducted in the presence of YFP
excitation for this reason and to aid confirmation of YFP photobleaching

during data acquisition.

5.6.3 Expression levels did not affect FRET of ABCG2

Fung and Stryer demonstrated that the surface density of the donor and
acceptor molecules has a prominent effect on FRET studies (Fung and Stryer,
1978). This is because random collision between acceptor and donor
molecules could result in false positive FRET when there is an increase in
surface density. In a study of GPl-anchored proteins and cholera toxin B-
subunit interaction, Kenworthy et al. reported an acceptor density dependent
increase in FRET efficiency (Kenworthy et al., 2000). Berney and Danuser also
reported an increase in FRET efficiency as the acceptor/donor ratios increased
in a quantitative study comparing PEG-biotin/streptavidin complexes against
simulated results (Berney and Danuser, 2003). In our study an increase in
YFP/CFP ratio was only shown to have a significant influence on FRET
efficiency between CFP-ABCG2 and adenosine A3-YFP, presumably as a result
of random, non-specific collisions between the FRET partners. As expected,
no FRET was observed between cytoplasmic CFP and YFP-ABCG2 due to the
differences in subcellular localisation of these proteins. Finally, Figure 5.15
shows that the increased FRET efficiency in CFP-ABCG2 + YFP-ABCG2 was
independent of the concentrations of donor and acceptor, supporting specific

ABCG2-ABCG2 interactions.
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5.6.4 No effect on FRET of ABCG2 in the presence of substrate

The presence of substrate or inhibitors did not affect FRET between the
ABCG2 partners. This implies that ABCG2 molecules are likely to exist as
functional oligomers in HEK293T cells and presence of ligands is unlikely to
induce significant conformational changes that may affect the orientation of
fluorescent proteins attached to the NBDs. As ABCG2 was highly expressed in
this system, it is plausible that this does not represent ABCG2 at normal
physiological level. However, ABCG2 is also known to be overexpressed in
cancer cells (Kerr et al., 2011) and the findings in this study could imply that
ABCG2 exist as functional oligomers in cancer cells to confer
chemoresistance. Recently, heparin and low molecular weight heparin have
been shown to affect ABCG2 function (Chen et al., 2014; Niu et al., 2012).
With molecular weights of at least 8 kDa (low molecular weight heparin) or up
to 40 kDa (heparin), these large polysaccharides could be screened for
physical disruption of the oligomeric formation of ABCG2 using this FRET

technique in the near future.

5.6.5 Roles of different domains in the oligomerisation of ABCG2

In this chapter, we show that although C603A mutation reduced the
disulphide bond formation between ABCG2 molecules (Figure 5.18), it did not
affect the oligomerisation of ABCG2 (Figure 5.17). This coincides with our
results in chapter 4 where it was shown to be non-detrimental to the function
and FRAP of ABCG2. The NBD alone construct also did not produce significant
FRET signal (Figure 5.17), supporting the importance of the TMD in
oligomerisation of ABCG2. However, the determination of roles of the
different transmembrane helices in the oligomerisation of ABCG2 was
difficult, as the other truncated ABCG2 proteins were not localised at the
plasma membrane. The increase in FRET (of YFP-TMDs and YFP-TMD,) could
be due to potential differences in expression levels. Our results here did not
agree with the studies performed by Zhang’s lab, who also investigated the

roles of different domains in the oligomerisation of ABCG2, using various
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biochemical assays, e.g. gel filtration, western blotting, and co-
immunoprecipitation as summarised in section 1.6 (Mo et al., 2012; Xu et al.,
2007). Both studies presented evidence to suggest that ABCG2 functions as
oligomers through unique interactions located in the transmembrane helices
5 and 6 (TM5-6). In the studies, although it was claimed that the myc-tagged
truncated ABCG2 proteins, specifically the NBD-TM1-2, NBD-TM1-4, TMD and
TM5-6, were able to reach the plasma membrane when expressed in
mammalian cells, the confocal (Xu et al., 2007) and fluorescence (Mo et al.,
2012) images presented were inconclusive. The use of an intracellular epitope
(N-terminal myc-tag) for immunofluorescence detection of membrane
localisation further undermines the suggestion that the images show
successful membrane trafficking of the truncated ABCG2 mutants (Mo et al.,
2012). Therefore, the suggestion of TM5-6 being responsible for the
oligomerisation of ABCG2 remains debatable and the investigation is
currently impractical due to the trafficking issues of the truncated ABCG2

proteins.

5.6.6 Conclusion

A robust spectral imaging FRET method was established in this study, and the
oligomerisation of ABCG2 in live cells was demonstrated, providing further
confirmation that ABCG2 exists and functions as oligomers. Novel evidence
showing the lack of effect of ligands (substrate and inhibitors) and the C603A
mutation on ABCG2 oligomerisation in live cells was also presented. In an
attempt to establish the domains responsible for ABCG2 oligomerisation, the
discovery of possible misfolding and intracellular localisation of truncated
ABCG2 proteins did not agree with the studies elsewhere. The trafficking
issues of the truncated ABCG2 proteins rendered the determination of ABCG2
oligomerisation domains impractical thus far. However, we demonstrated the
importance of TMD in the oligomerisation of ABCG2 as NBD alone yielded
minimal FRET efficiency. Also, results in this chapter provided guidance for

possible use of smaller truncations at the N- or C-terminus ends of ABCG2 in
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the near future for identification of key sequences responsible for the folding

and localisation of ABCG2.

It is conceivable that although FRET results support close interaction between
YFP-ABCG2 and CFP-ABCG2, it is unclear if the translation and insertion at the
endoplasmic reticulum results in the assembly of ABCG2 dimers from the
same MRNA (e.g. CFP-ABCG2 may interact with CFP-ABCG2) before they
reach the plasma membrane. However, the FRET technique cannot
demonstrate higher order structures beyond ABCG2 dimers, such as
tetramers. Thus, the main question of this study remained unanswered and
higher resolution techniques, including FCS (fluorescence correlation
spectroscopy) and TIRF (total internal reflection fluorescence) microscopy,
were subsequently employed to resolve the oligomeric state of ABCG2. These

will be presented in the following chapters.
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Chapter 6 Fluorescence fluctuation
measurements to study the diffusion and

oligomerisation of ABCG2

In the previous chapters (4 and 5), membrane diffusion and oligomerisation
of ABCG2 were studied using FRAP and FRET microscopy techniques. Both
methods utilised the photobleaching of fluorescent proteins and measured
the ensemble fluorescence intensities within a region of interest in the
plasma membrane. They provided robust characterisation of ABCG2 diffusion
and oligomerisation as a population at “single cell” level. However, for a
better understanding of ABCG2 diffusion and oligomerisation as individual
fluorescent complexes, more sensitive techniques are required. Hence,
fluorescence correlation spectroscopy (FCS) and photon counting histogram
(PCH) analysis were employed to study the diffusion and oligomerisation of
ABCG2 at “single molecule” resolution. In this chapter, the background and
theory behind FCS and PCH analysis is described. This is followed by a
discussion of constructs characterisation before the FCS experiments were
performed. The data acquisition for the FCS experiments is then presented
along with the diffusion results of ABCG2. Finally, brightness analysis and

oligomerisation of ABCG2 is discussed in the latter sections of this chapter.

6.1 Background and theory - FCS and PCH

6.1.1 Fluorescence correlation spectroscopy (FCS)
Background

FCS is an established biophysical technique now routinely used to measure
the kinetic (diffusion) and molecular brightness (in combination with PCH
analysis) parameters of fluorescent particles in solutions or living cells. This
technique was first introduced in the 1970s in a study of the binding kinetics

of ethidium bromide (Magde et al., 1972). The authors distinguished between
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the free and DNA-bound ethidium bromide by demonstrating the differences
in diffusion rates of the fluorescent particles using FCS (Elson, 2011; Magde et
al.,, 1972). The rapid development of FCS occurred in the 1990s when the use
of laser excitation and a confocal pinhole in FCS was introduced, which
increased the signal-to-noise ratio of the system and improved the FCS
experimental setup (Rigler et al., 1993), enabling increased application of the

technique in biological samples.
Instrumentation and theory

Figure 6.1 below shows the basic instrumentation and principles of FCS
(Briddon and Hill, 2007; Vukojevi¢ et al., 2005). A schematic representation of
a typical FCS instrumental setup is shown in Figure 6.1A — identical to the set
up for a confocal scanning laser microscope (section 1.7). In confocal
microscopy, the confocal pinhole rejects out-of-focus emission light to
produce high quality images. In FCS, the confocal pinhole provides a well
defined small detection volume of 20-50 fL (highlighted in red, Figure 6.1A)
for high resolution measurements. As the excited fluorescent molecules
(green, Figure 6.1A) diffuse through the detection volume, light is transmitted
to the detector (e.g. avalanche? photodiode or photomultiplier tubes). Over a
specified time period, the number of pulses detected is recorded as
fluctuations in fluorescence intensities, as represented in Figure 6.1B. The
fluorescence fluctuation measurement is then subjected to statistical analysis

using a normalised autocorrelation function:
G(t) =1+ <5I(t) . SI(t+1)>/<I>2

This function describes the decay of fluorescence intensity fluctuation as the
average (represented by the symbol “<..>”) of correlation between the
fluctuations at a particular time point, 6l(t), and the fluctuations measured at
a later time point, 8l(t+t), normalised to the square of mean intensity, <I>

(Briddon and Hill, 2007; Elson, 2011; Vukojevi¢ et al., 2005). By fitting the

? Avalanche is a process that incorporates internal gain (which is important for improving
signal detected) in conventional photodiode, through an increase in the amount of charge
using higher electric fields in a semiconductor.
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experimentally determined autocorrelation curve (Figure 6.1C, black) to a
model (Figure 6.1C, red) that describes the “ideal” diffusion behaviour of the
fluorescent molecules (e.g. 2D or 3D diffusion), the average number of
particles within the detection volume (N) and the average dwell time (7p) can
be obtained, see section 2.9. The dwell time is determined as the midpoint of
the fluctuation decay in the autocorrelation function (Figure 6.1C), and
describes the time over which the fluorescent molecule stays in the confocal
volume. The diffusion coefficient (D) of the fluorescent molecule of interest

can be then determined using the following equation:
D=w?y [/ 4.1p

The concentration of the fluorescent molecules can also be calculated from N
and known dimensions of the detection volume (Figure 6.1A), usually
determined through calibration measurements of a dye with known diffusion
properties. In situations where there is a mixture of fast and slow diffusing
species, the respective autocorrelation curves are simply additive and can be
fitted by multicomponent models to extract the relevant dwell times and the
proportions for each species (Briddon et al.,, 2004), see section 6.4 for
example. Hence, FCS allows the determination of diffusion of fluorescent
molecules using autocorrelation analysis of the temporal changes in the

fluorescence intensity fluctuations.
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Figure 6.1: Schematic representation of basic FCS instrumentation and autocorrelation
analysis. FCS instrumentation (A) is schematically represented and the confocal volume (or
detection volume) is highlighted in red. The axial (w,) and radial (w,,) dimensions of the
confocal volume are highlighted in the insert. The sensitivity of the detector is key in
detecting the number of pulses emitted from the confocal volume. As the fluorescent
molecules (green) diffuse through the confocal volume, the number of pulses detected is
recorded as fluctuations in the fluorescent intensities over time, t (B). Fluorescence intensity
fluctuations (&81) from the mean intensity <I> at each time point are compared with the &l at a
range of later time points (61(t+t)) to produce the autocorrelation curve (black, C) normalised
to <I>%. Fitting of the experimental autocorrelation curve with a theoretical model (red, C)
allows the determination of kinetic parameters of the fluorescent particles, such as their
dwell time within the confocal volume, 1p, and average number of particles, N.
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Application

Due to its non-invasive nature, the applications of FCS in live cells are found
to be particularly appealing (Briddon and Hill, 2007; Chiantia et al., 2009;
Machan and Wohland, 2014). Coupled with its ability to produce quantitative
mobility information at “single molecule” resolution, FCS has been employed
in recent years to investigate membrane structural information, protein-DNA
binding, and receptor binding affinities, using either fluorophore-labelling or
GFP fusion techniques. For example, Briddon et al. identified the free and
receptor bound antagonists of adenosine A; receptor within the confocal
volume by demonstrating different dwell times obtained with FCS
measurements (Briddon et al., 2004). Recently, the pharmacology of the
human adenosine Az receptor antagonists was also successfully characterised
using allosteric ligands and numerous comparisons of FCS analysis. The
authors demonstrated that residence time of fluorescent antagonist was
significantly reduced by the binding of allosteric ligand at the As receptor
dimer interface (Corriden et al., 2014). Additionally, measuring the diffusion
coefficients of agonist-occupied adenosine As receptors at equilibrium using
FCS presented evidence of heterogeneous membrane complexes of
adenosine Az receptors in the plasma membrane (Cordeaux et al., 2008). By
combining FCS with super resolution stimulation emission detection (STED)
microscopy to further reduce the detection volume, Eggeling et al. revealed
that sphingolipids and GPl-anchored proteins were transiently trapped in

small cholesterol-mediated complexes (Eggeling et al., 2009).

6.1.2 Photon counting histogram (PCH) analysis — theory and application

Photon counting histogram (PCH) was first described in 1999 as an alternative
intensity distribution analysis of the FCS data sets to determine the molecular
brightness of the fluorescent species of interest (Chen et al., 1999b). Instead
of describing the time dependent fluorescence fluctuation decay
(autocorrelation analysis), PCH analyses the frequency distribution of the

fluorescence fluctuation amplitudes within the FCS traces which are divided
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into bins of specified sampling time. This analysis allows the determination of
average number of fluorescent particles (N) in the detection volume and their
molecular brightness (€), which is the average number of photons detected
per molecule per sampling time (Chen et al., 1999a). The original PCH analysis
(Chen et al., 1999b) was derived from a convolution of the Mandel’s formula
(Mandel, 1958) and the 3D Gaussian approximation of the point spread
function (PSF) (Rigler et al., 1993). PCH analysis describes the statistics of
photon detection (Figure 6.2) within a specified sampling time, which
produces a super-Poisson distribution, schematically represented in Figure
6.2A (black dots). The super-Poisson distribution can be fitted with a
theoretical PCH model (3D or 2D, 1- or 2-component), as shown in Figure 6.2A
(red curve), to determine the N and &. In an open volume where the
fluorescent particles can diffuse in and out of the confocal volume, the
average number of photon counts (<k>) is related to the molecular brightness
of the fluorescent particle (¢) and the average number of particles detected

(N) where: (Chen et al., 1999b)
<k>=¢.N

The initial PCH models (Chen et al., 1999b) were derived based on two
photon excitation systems. In this study, a single photon excitation system
was employed and the PCH analysis was performed using an adapted PCH
model that accounts for the deviation from the Gaussian confocal volume
arising from single photon excitation, using a correction factor (see also

sections 2.9.3 and 6.6) (Huang et al., 2004).
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Figure 6.2: Schematic representation of PCH theory and application. A — Statistics of photon
detection in PCH analysis. Black curve: Poisson statistics of the photon detection process from
a light source with constant intensity. Black dots: Broadening of the Poisson curve (super-
Poisson) due to fluctuations of the light source and varying positions of fluorescent molecules
detected within the confocal volume. Red curve: PCH model fitting to the experimental data
to determine the molecular brightness (€) and average number of fluorescent particles within
the confocal volume (N). B — Oligomeric states of fluorescent species can be predicted by the
differences in molecular brightness determined from PCH analysis.

In summary, PCH analysis provides an account of the molecular brightness of
the fluorescent species by analysing the distribution of fluorescence
fluctuation amplitudes within a specified sampling time. It was first suggested
to be a valuable technique for resolving various fluorescent species of
different oligomeric states due to its ability to detect changes in molecular
brightness (Chen et al., 1999a; Midller et al., 2000), Figure 6.2B. The same
group of authors later characterised the molecular brightness of GFP in live
cells for the first time (Chen et al., 2002) and also successfully demonstrated a
two-fold difference in molecular brightness between dimeric GFP-GFP and
monomeric GFP (Chen et al., 2003). Since then, other research groups have
also reported PCH applications in the oligomerisation studies of other protein
molecules in living cells. Malengo et al. first reported that it was possible to
estimate the molecular brightness of membrane protein when applying PCH
analysis in the study of GPl-anchored urokinase plasminogen activator
receptors (Malengo et al.,, 2008). Wolf-Ringwall et al. also demonstrated

aggregation of luteinising hormone membrane receptors upon treatment
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with human chorionic gonadotropin using PCH analysis (Wolf-Ringwall et al.,
2011). Recently, PCH was also employed to determine the oligomerisation of
various GPCRs such as the serotonin, muscarinic and dopamine receptors
(Herrick-Davis et al.,, 2012, 2013) and to establish the regulation of apical

sorting and clustering of p75 neurotrophin receptors (Youker et al., 2013).

The main aim of this study is to characterise the oligomerisation of ABCG2.
Whilst FRET microscopy in chapter 5 earlier demonstrated oligomerisation of
ABCG2 as large populations, the oligomeric state of ABCG2 remained
unidentified. In this chapter, FCS was first used to determine the diffusion of
ABCG2 using autocorrelation analysis. The same FCS data sets were then
subjected to PCH analysis to determine the oligomeric state of ABCG2 at high
resolution (approximate detection radius of 150 nm) by comparing its
molecular brightness against other control proteins. The characterisation of
constructs and generation of low expressing stable clones is first discussed

before the FCS and PCH experimental results are presented.

6.2 Construct characterisation and clonal selection for

FCS and PCH studies

Four control constructs were generated in this study as comparison for the
study of diffusion and oligomerisation of ABCG2 using FCS and PCH analysis.
These constructs are schematically summarised in Figure 6.3 below. SfGFP
and tandem-sfGFP constructs (two molecules of sfGFP joined together by a
two amino acid linker Leu-Glu, formed by the Xhol restriction site), both
containing the A206K mutation to reduce dimerisation of fluorescent proteins
(Zacharias et al., 2002), were kindly provided by Marleen Groenen, University
of Nottingham. These constructs were devised as controls in PCH brightness
analysis as described later (section 6.5). In addition, other membrane integral
controls were selected for comparison with the membrane localised sfGFP-

ABCG2. These included the CD28-sfGFP and CD86-sfGFP, which were
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generated from templates obtained from Professor Simon Davies, University
of Oxford, and were used as controls for oligomeric (CD28) and monomeric

(CD86) behaviour (James et al., 2006, 2007) in FCS and PCH experiments.

N-terminal N-terminal

Cell membrane :

C-terminal

sfGFP-ABCG2 CD28-sfGFP CD86-sfGFP
Cytoplasm ) / 7 ‘ y”/ i
" () /7'//
N-termina&é\ N-termina Z,{?!\ (4(\({
sfGFP Tandem-sfGFP

Figure 6.3: Schematic summary of the constructs generated for FCS and PCH experiments.
SfGFP and tandem-sfGFP were cytoplasmic controls were employed to validate the PCH
analysis methods. CD28-sfGFP and CD86-sfGFP were employed as membrane oligomer and
monomer controls for comparison against the diffusion coefficient and molecular brightness
obtained for sfGFP-ABCG2.

6.2.1 Characterisation of sfGFP and tandem-sfGFP constructs

SfGFP and tandem-sfGFP constructs were transiently transfected into
HEK293T cells and their localisation and expression were confirmed with
confocal imaging and western blot analysis (Figure 6.4). As expected, confocal
images in Figure 6.4A show that both proteins were localised in the
cytoplasm. Western blot analysis in Figure 6.4B shows that sfGFP and
tandem-sfGFP migrated at expected molecular weight of 27 kDa and 54 kDa

respectively (predicted using Compute pl/MW tool (Wilkins et al., 1999)).
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Tandem-sfGFP

Figure 6.4: Localisation and expression of sfGFP and tandem-sfGFP. A — Confocal (and
phase) images of HEK293T cells transiently transfected with sfGFP (top panel) and tandem-
sfGFP (bottom panel) show that sfGFP and tandem-sfGFP were localised within the cell
cytoplasm. Cells were seeded on 6-well plates and live cells were imaged with a LSM710
microscope equipped with a 10x objective. Scale bar = 100 um. B — Western blot analysis of
the corresponding transiently transfected cells in A. Approximately 20 pg of proteins were
loaded onto each lane in the 12 % (w/v) polyacrylamide gel. Following electrophoresis and
western transfer, the nitrocellulose membrane was probed using primary monoclonal anti-
GFP mouse antibody and secondary polyclonal rabbit anti-mouse antibody conjugated with
horseradish peroxidase, prior to chemiluminescent detection. Representative western blot of
3 independent experiments was shown.

6.2.2 Generation and characterisation of stable HEK293T clones expressing

low levels of transfected protein

For the membrane proteins (CD28-sfGFP, CD86-sfGFP, sfGFP-ABCG2), it was
necessary to obtain clones with low levels of expression to ensure optimal
FCS data acquisition. The fluorescence fluctuations relative to the mean
fluorescence intensity, which is critical to the analysis, are therefore greater
when there is a lower expression of the fluorescent proteins (Chen et al.,
1999a; Malengo et al., 2008). Hence, low expressing clones of CD86-sfGFP,
CD28-sfGFP and sfGFP-ABCG2 were selected by dilution cloning (section
2.2.7). Figures 6.5 and 6.6 below show the confocal images of various clones

of CD86-sfGFP and CD28-sfGFP grown from single cell colonies, with varying
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degree of expression levels as indicated by the differences in GFP
fluorescence intensity. The appropriate clones with low plasma membrane
expression and healthy cell morphology for CD86-sfGFP and CD28-sfGFP were
chosen sequentially as shown in the panels A and B. For the selection of low
expressing sfGFP-ABCG2 stable clone (assisted by Deb Briggs, University of
Nottingham), from a confluent 48-well plate, the clones (grown from single
colonies) were gradually scaled up and seeded on coverslips, fixed and
mounted on microscope slides for high resolution confocal imaging. Figure 6.7
shows the fixed stable clones expressing sfGFP-ABCG2 at different levels and

the low expressing clone identified for further FCS experiments is highlighted.

For further confirmation of CD28-sfGFP and CD86-sfGFP expression, the low
expressing stable clones were analysed by western blotting. Figure 6.8 shows
western blot analysis derived from cell lysates of sfGFP-ABCG2, CD28-sfGFP,
and CD86-sfGFP respectively. SFGFP-ABCG2 migrated at about 100 kDa with
an additional lower molecular weight band of lower intensity indicative of
glycosylation, corresponding to the previous western blot analysis of the
mixed stable clone (section 4.2.1). The molecular weights of CD86-sfGFP and
CD28-sfGFP were predicted to be 58 kDa and 48 kDa respectively (Wilkins et
al., 1999). However, as seen in Figure 6.8, CD86-sfGFP migrated with
molecular weight close to 100 kDa whilst the CD28-sfGFP migrated as a large
smeared band with molecular weight of approximately 55-75 kDa. The broad
band for CD28-sfGFP and increase in observed molecular weights for CD28-
sfGFP and CD86-sfGFP may arise from glycosylation of CD28 and CD86, as
reported in similar observations elsewhere (Corcoran et al., 2011; Hutchcroft
et al., 1996), although this could also reflect the unpredictable migration of

membrane proteins in SDS-PAGE analysis.
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Figure 6.5: Selection of a low expressing CD86-sfGFP stably transfected HEK293T clone.
Confocal images of live stable CD86-sfGFP expressing clones grown from single cell colonies.
The low expressing clones (low and uniform fluorescence intensities) were initially identified
and highlighted by grey dotted lines (A). The two clones identified were then left to grow and
were observed again after 24-48 h. The stable clone highlighted in blue dotted line is the final
low expressing stable CD86-sfGFP clone selected for FCS experiments (B). Confocal images
were acquired with a modified Zeiss confocal system with a 20x objective. Brightness of the
images in B was increased by 35 % for presentation purposes. Scale bar = 50 um.
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Figure 6.6: Selection of a low expressing CD28-sfGFP stably transfected HEK293T clone.
Confocal images of live stable CD28-sfGFP expressing clones grown from single cell colonies.
The low expressing clones (low and uniform fluorescence intensities) were initially identified
and highlighted by grey dotted lines (A). The three clones identified were then left to grow
and were observed again after 24-48 h. The stable clone highlighted in green dotted line is
the final low expressing stable CD28-sfGFP clone selected for FCS experiments (B). Confocal
images were acquired with a modified Zeiss confocal system with a 20x objective. Brightness
of the images in B was increased by 35 % for presentation purposes. Scale bar = 50 um.

171



Figure 6.7: Selection of a low expressing sfGFP-ABCG2 stably transfected HEK293T clone.
Confocal (and phase) images of fixed stable sfGFP-ABCG2 clones grown from single cell
colonies. The low expressing stable sfGFP-ABCG2 clone selected is highlighted in the figure
(red dotted lines). Images were acquired with a 63x oil objective (LSM710). Scale bar =20 um.
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Figure 6.8: Western blot analysis indicating the observed molecular weights of sfGFP-
ABCG2, CD28-sfGFP and CD86-sfGFP. Approximately 20 pg of proteins were loaded onto
each lane in the 8 % (w/v) polyacrylamide gels (reducing conditions). Following
electrophoresis and transfer, nitrocellulose membrane was probed using primary monoclonal
anti-GFP mouse antibody and secondary polyclonal rabbit anti-mouse antibody conjugated
with horseradish peroxidase, before chemiluminescent detection. Representative western
blot of 3 independent experiments was shown.

6.3 FCS data acquisition

Before the FCS traces were collected, Rhodamine 6G calibration was
performed to position the pinhole and identify the dimensions of the confocal
volume on the day of the experiment (section 2.9.2). The cell acquisition
conditions were also optimised and described in this section. For plasma
membrane localised proteins, the confocal volume was positioned at the
upper plasma membrane of the cell, as shown schematically in Figure 6.9A. By
performing z-intensity scans, peaks of fluorescence intensities corresponding
to the lower (LM) and upper (UM) plasma membranes were revealed
(example shown in Figure 6.9B). The confocal volume was then positioned at
the upper plasma membrane, highlighted in red. Previous studies have
suggested that positioning of the confocal volume at the upper or lower
plasma membrane had no effect on the diffusion of fluorescently labelled

cholera toxin B in rat basophilic leukaemia cells (Bacia et al., 2004). The upper
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plasma membrane was preferred (to the lower plasma membrane) in this
study to minimise the effects of glass surface on the membrane dynamics
(Wawrezinieck et al., 2005). For sfGFP and tandem-sfGFP (localised to the
cytoplasm), the confocal volume was positioned in the middle of a broad

cytoplasmic intensity peak upon performing z-intensity scan.
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Figure 6.9: Positioning of the confocal volume in FCS experiments. For FCS acquisition of the
membrane proteins in this study, confocal volume was positioned at the upper plasma
membrane of HEK293T cell (schematic representation in A). This was determined by
performing a z-intensity scan (example from sfGFP-ABCG2 transfected clone shown in B),
which shows the intensity (count rate) peaks for the lower (LM) and upper (UM) plasma
membranes.

Initially a number of experiments were performed to optimise the FCS traces
obtained for autocorrelation analysis. A “pre-bleach” step was required prior
to recording the measurements; for FCS analysis, the mean intensity <I>
needs to be stable over the period of acquisition. This is because systemic or
long lasting fluctuations in <I> during acquisition, possibly due to the
presence of immobile fluorescent particles within the confocal volume, will
lead to unusable autocorrelation curves, in which an asymptote is not
observed as G(t) approaches 1.0. Therefore, the pre-bleach step is required
to ablate the fluorescence of these immobile particles. The laser power
chosen here needs to be optimised as insufficient pre-bleach will contribute
to inappropriate traces, and too much pre-bleach will also affect the FCS
traces or subsequent analysis. Additionally, the laser power employed for
acquisition which is too high will result in photobleaching of the particles

during the acquisition period. Figure 6.10 shows examples of FCS traces (A-D)
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and the corresponding autocorrelation decay curves (E-G), obtained under
different acquisition conditions in cells expressing sfGFP-ABCG2. Figure 6.10A
shows that increased laser power during acquisition resulted in continuous
photobleaching in the FCS trace (and decay in <I>), yielding an inappropriate
autocorrelation curve that did not reach asymptote (Figure 6.10E). Figures
6.10B and 6.10F show that insufficient pre-bleach conditions yielded low
fluorescence fluctuation and low autocorrelation amplitude, likely to be due
to presence of the immobile particles in combination with high concentration
of sSfGFP-ABCG2 in the plasma membrane. Increased pre-bleach (0.55 kW/cm?
for 10 s) and using lower acquisition laser power improved the FCS traces
with higher autocorrelation amplitude produced, Figures 6.10C and 6.10G.
Despite this, the autocorrelation curve in Figure 6.10G was still unsuitable for
further analysis, as the fluorescence fluctuation decay did not reach
asymptote when G(t) approaches 1.0, likely to be due to the increased mean

intensity <I> resulting from high concentrations of sfGFP-ABCG2 molecules.

Chen et al. reported that a low concentration of fluorescent molecules was
beneficial in FCS data acquisition (Chen et al., 1999a) as the curve amplitude
G(0) is proportional to 1/N. Other studies of membrane proteins have also
recommended that generating of low expressing stable clones (Malengo et
al., 2008) or selecting cells within a certain range of fluorescent intensities
(Herrick-Davis et al., 2012) were essential in FCS data acquisition. The
fluorescence intensities (count rate, kHz) recorded for the FCS traces
described thus far were all higher than 200 kHz, despite increased pre-bleach
(Figure 6.10C). Herrick-Davis et al. selected low expressing cells with count
rate of < 150 kHz (Herrick-Davis et al., 2012), suggesting that such data
selection is important in FCS acquisition. Therefore, to obtain suitable FCS
traces, the display range of the camera was adjusted during cell selection
(with constant exposure time at 200 ms) to allow selection of low expressing
cells through their lack of image saturation. Typically this identification step

leads to FCS traces with a mean count rate of less than 100 kHz. Example of a
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suitable FCS trace obtained using the optimised conditions (described in

section 2.9.1) is shown in Figures 6.10D and 6.10H.

6.4 Diffusion of ABCG2 measured by FCS at “single

I”

molecule leve

Using the optimised acquisition conditions, suitable fluorescence fluctuation
traces were collected from HEK293T cells stably expressing low levels of
CD86-sfGFP, CD28-sfGFP and sfGFP-ABCG2, with examples shown in Figure
6.11 below (left panels), and cells transiently expressing free sfGFP or

tandem-sfGFP (example traces shown in Figure S6.1A).

Figure 6.11 (right panels) shows the corresponding autocorrelation decay
curves reached asymptote as G(t) approached 1.0 (see Figure 6.10). This
allowed for accurate autocorrelation curve fitting with the two-component
2D diffusion model (shown as black dotted lines, Figure 6.11). During data
analysis, FCS traces were rejected if the autocorrelation curve did not reach
an asymptote. This could be caused by sudden increase in concentrations of
fluorescent proteins during data collection due to clustering of fluorescent
molecules within the plasma membrane or random movement of the plasma
membrane. Overall, 60 % of the recordings (captured with 3 x 15 traces)
containing at least 1 x 15 s trace were suitable for the final autocorrelation
and PCH analysis, with the remainder largely rejected due to the failure of the
autocorrelation fit G(t) to reach an asymptote of 1.0. The diffusion times (7p:
and tpz) and the total number of particles (N; and N,) detected within the
confocal volume were obtained from the two-component 2D diffusion
autocorrelation analysis. The two-component model was chosen to account
for a fast autocorrelation component (tps, typically less than 0.8 ms) caused
by additional fluctuations due the photophysics of GFP (Briddon et al., 2011,
2004; Herrick-Davis et al., 2012) whilst the 2D diffusion model was employed

to describe the restricted 2D diffusion of membrane proteins. Using the
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known radial dimensions of the confocal volume (w,,) obtained from
Rhodamine 6G calibration experiments (section 2.9.2), the diffusion
coefficients (D) and concentrations (C) of CD86-sfGFP, CD28-sfGFP, and sfGFP-
ABCG2 were determined with the tpz and N; values. The D and C values
obtained from the example traces are also indicated in Figure 6.11. For sfGFP
and tandem-sfGFP (examples shown in Figure S6.1A), a single-component 3D
diffusion model was chosen to fit the autocorrelation curves because the two-
component model did not separate the close overlap between GFP
photophysics (7p:z) and dwell time (7pz) components. Additionally, the 3D
diffusion model is more appropriate for describing diffusion within the

cytoplasm.

The diffusion coefficients for the membrane proteins (CD86-sfGFP, CD28-
sfGFP, sfGFP-ABCG2) are presented as log D (for linear transformation) in
Figure 6.12A below. The diffusion coefficients obtained for CD86-sfGFP (D =
0.29 + 0.17 ums?) and CD28-sfGFP (D = 0.27 + 0.15 pms') were
approximately two to three times higher, compared to sfGFP-ABCG2 (D = 0.11
+ 0.03 ums™). In contrast, the sfGFP and tandem-sfGFP localised to the
cytoplasm showed substantially faster mobility with D of 21.26 + 0.67 ums™
and 35.59 + 5.12 ums™ respectively (Figure S6.1B in Appendix), using a single-
component 3D diffusion model for autocorrelation analysis. The average
concentrations (C) of the particles detected within the confocal volume are
shown in Figures 6.12B and S6.1C. Among the membrane proteins, CD86-
sfGFP was found to have the highest concentration whilst the concentrations

of sfGFP-ABCG2 and CD28-sfGFP in the plasma membrane were lower.
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Figure 6.10: FCS traces and autocorrelation curves obtained with various
acquisition/photobleaching conditions. Fluorescence fluctuation trace and autocorrelation
curve obtained with low photobleaching conditions (0.12 kW/cm?, 3 s) and high acquisition
laser power (1.85 kW/cmz) (A and D). Fluorescence fluctuation trace and autocorrelation
curve obtained using low photobleaching conditions (0.12 kW/cm?, 3 s) and lower acquisition
laser power (0.24 kW/cmZ) (B and E). Fluorescence fluctuation trace and autocorrelation
curve obtained with increased photobleaching conditions (0.55 kW/cmz, 10 s) and
0.24 kW/cm® acquisition laser power (C and F). Suitable fluorescence fluctuation trace
obtained with the optimised acquisition conditions described in section 2.9.1 after the
selection of low expressing cells (D and H). Example traces were obtained from FCS
experiments performed on sfGFP-ABCG2 expressing cells.
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Figure 6.11: Examples of FCS traces and autocorrelation curves for A — CD86-sfGFP, B —
CD28-sfGFP, and C — sfGFP-ABCG2. Fluorescence fluctuation traces (measured as count rate
over time) are shown in the top left panels of A, B and C. Data fitting of the autocorrelation
curves with a two-component 2D diffusion model (black dotted line) is shown in the right
panels. The deviations of the experiment data from the fitted model are shown below the
autocorrelation curves. The diffusion coefficients (D) and concentrations (C, number of
molecules per pmz) determined from the examples are also indicated in the figure tables.
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Figure 6.12: Diffusion coefficients (D) and membrane concentration (C) of sfGFP-ABCG2
compared to the membrane protein controls. A — Log D (mean + SEM) and B — concentration
(number of particles per umz, mean + SEM) of sfGFP-ABCG2 compared to the controls. A and
B — Results were obtained using the second component 7p; (dwell time) and N, values from the
two-component 2D diffusion autocorrelation analysis. Data were collected from at least 30
cells over 4 independent experiments.

6.5 Estimation of molecular brightness of controls
cytoplasmic sfGFP and tandem-sfGFP using PCH analysis

To assess the ability of PCH analysis to discriminate fluorescent species
according to their molecular brightness, an assessment of the brightness of
cytoplasmic sfGFP and tandem-sfGFP (2x GFP) was first performed using 1-
component PCH model fitting (Figure 6.13). The molecular brightness of
tandem-sfGFP (15809 + 484 cpm s, counts per molecule per second) was
found to be approximately twice the brightness of sfGFP (8506 + 145 cpm s™).
Thus PCH analysis distinguished dimeric and monomeric GFP variants through
the expected doubling in molecular brightness. Application of a 2-component
PCH model to the same data sets (Figure S6.2 in Appendix) resulted in only a
small proportion of component 2 from the total species; and in this model the
two fold change in brightness was retained (in components 1 and 2) for the

tandem-sfGFP dimer compared to the monomeric variant.
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Figure 6.13: Validation of PCH analysis methods. Molecular brightness (mean + SEM, cpm st
— counts per molecule per second) of sfGFP or tandem-sfGFP was determined as an
assessment of the PCH analysis methods. Data were collected from at least 25 cells over 3
independent experiments.

6.6 Oligomerisation of ABCG2 demonstrated by PCH
analysis

6.6.1 PCH analysis — binning time and data fitting

The same experimental data sets used to calculate the FCS autocorrelation
results (section 6.4) were subjected to further PCH analysis to determine the
molecular brightness parameters and gain insights into the oligomeric state of
ABCG2. When optimising the PCH model for fitting of the experimental
distributions, the influence of binning time (section 2.9.3) on the photon
count histogram was first examined. Figure 6.14 shows the differences in PCH
distributions (red dots) for an example sfGFP-ABCG2 data set, analysed using
various binning times (0.01 ms to 5 ms) as indicated in the x-axes. The two
extreme binning times, 0.01 ms and 5 ms, resulted in too few (0.01 ms) or too
many (5 ms) counts associated with each bin in the PCH distributions (red
dots). 1 ms was subsequently chosen as the binning time for PCH analysis to

account for the fast autocorrelation component due to GFP photophysics
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(< 0.8 ms) and ensure that the proteins of interest remained within the
detection volume during the sampling period (i.e. dwell time, Tpz > 1 ms)
(Kilpatrick et al., 2012; Macdonald et al., 2013). Although the different
binning times produced qualitatively different distributions in Figure 6.14, the
effect on PCH analysis was less significant. Figure S6.3 shows that the
different binning times (apart from 5 ms) had minimal impact on the
molecular brightness of CD86-sfGFP and the normalised brightness of CD28-
sfGFP and sfGFP-ABCG2.

Figure 6.15 shows the PCH distributions obtained from an example data set of
sfGFP-ABCG2 fitted with a single-component or 2-component PCH models
using 1 ms as the binning time. The reduced chi® value obtained from the
model fitting provided an indication of the goodness of fit for each model.
The average number of fluorescent molecules (N) and molecular brightness
(€) obtained from the PCH model fitting are also shown in the tables in the
figure. For the 2-component PCH model analysis (Figure 6.15B), the N and ¢
values for components 1 (C1) and 2 (C2) were obtained. Further examples of
PCH analysis for CD86-sfGFP and CD28-sfGFP can be found in the Appendix,
Figures S6.4 and S6.5 respectively. It was observed that the 2-component PCH
model was the better fit for sfGFP-ABCG2 and CD28-sfGFP data sets whilst the
1-component PCH model was shown to be a sufficient fit for the CD86-sfGFP
data sets, also indicated in the improvements in the reduced chi® values in
Figure S6.6. Despite this, both models were employed for final brightness

analysis to demonstrate any differences in using the two models.
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Figure 6.14: Effects of binning time on PCH distributions. PCH distributions (red dots) of an
example sfGFP-ABCG2 data set (fitted with 2-component PCH model, black dotted lines)
obtained using various binning times (0.01 ms, 0.1 ms, 0.5 ms, 1 ms, and 5 ms) as indicated
along the x-axes.
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Figure 6.15: Example of PCH analysis from sfGFP-ABCG2 data set. 1-component (A) and 2-
component (B) 3D PCH models were used for the fitting of the PCH distributions obtained
from one of the FCS traces of sfGFP-ABCG2, using 1 ms binning time. The fit deviations and
reduced chi’ values provide an indication of goodness of fit for the different PCH models. The
average number of molecules and brightness values for component 1 (C1) and component 2
(C2, for 2-component analysis in B) are also shown in the tables. The applied first order
correction was determined from calibration experiments to correct for single photon
excitation employed (section 2.9.3). PCH analysis was performed in Zen 2010.

6.6.2 1-component PCH analysis supports oligomerisation of ABCG2

Figure 6.16 compares the molecular brightness (g) of sfGFP-ABCG2 against
the monomer (CD86-sfGFP) and oligomer (CD28-sfGFP) controls obtained
from 1-component PCH analysis of the FCS data sets. Figure 6.16A shows that
the average molecular brightness of sfGFP-ABCG2 was 17298 + 766 cpm s™

184



compared to those of CD28-sfGFP (21246 + 1219 cpm s*) and CD86-sfGFP
(12828 + 889 cpm s™). These initial PCH results suggested that the sfGFP-
ABCG2 fluorescent species exhibited mean & higher than the monomeric
control CD86-sfGFP, p < 0.05, and it was not significantly different from the
oligomeric control CD28-sfGFP, p > 0.05. To control for the variability in
absolute molecular brightness values between experiments, the molecular
brightness of CD28-sfGFP or sfGFP-ABCG2 was normalised against the
average brightness of CD86-sfGFP in each experimental day. Figure 6.16B
shows that CD28-sfGFP and sfGFP-ABCG2 have approximately 1.7- and 1.4-
fold higher € relative to CD86-sfGFP respectively (one-sample t-test analysis
shows both data sets were significantly different from 1, p < 0.05), indicating
that both CD28-sfGFP and sfGFP-ABCG2 form higher order oligomers (for

example, dimers) compared to CD86-sfGFP.
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Figure 6.16: Increased molecular brightness (g) of sfGFP-ABCG2 indicating possible
oligomeric formation. Molecular brightness (mean * SEM) of CD86-sfGFP, CD28-sfGFP, and
sfGFP-ABCG2 obtained using 1-component PCH analysis showing increased molecular
brightness of sfGFP-ABCG2 and CD28-sfGFP compared to CD86-sfGFP, p < 0.05 (A). Relative
brightness of CD28-sfGFP and sfGFP-ABCG2 (mean + SEM) normalised to the average € of
CD86-sfGFP in each experiment (B). Data were collected from at least 30 cells over 4
independent experiments. Statistical significance in A was assessed using non-parametric
Kruskal-Wallis analysis followed by Dunnett’s multiple comparisons test in GraphPad Prism
6.0. The mean values in B were found to be significantly different from 1.0 (p < 0.05) when
assessed using one-sample t-test in GraphPad Prism 6.0.
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6.6.3 High order oligomeric structure in ABCG2 indicated by 2-component

PCH analysis

The 1.7- and 1.4-fold increase in molecular brightness observed for CD28-
sfGFP and sfGFP-ABCG2 (Figure 6.16) could potentially reflect a mixture of
oligomeric species of differing brightness, e.g. mixture of monomers and
dimers in CD28-sfGFP and sfGFP-ABCG2. It was first verified that fitting of the
CD86-sfGFP data sets with 2-component PCH model could not determine a
different component as the molecular brightness for C1 (component 1) and
C2 (component 2) of CD86-sfGFP were found to be identical (Figure S6.7 in
Appendix). Also, as indicated in section 6.6.1 and Figure S6.6, the 2-
component PCH model was found to be the more appropriate fit for the
CD28-sfGFP (Figure S6.4) and sfGFP-ABCG2 (Figure 6.15) data sets. Therefore,
the average molecular brightness of CD86-sfGFP (1-component analysis)
obtained from each experimental day was used for normalisation of the
molecular brightness of C1 and C2 for CD28-sfGFP and sfGFP-ABCG2 obtained

by 2-component PCH analysis, shown in Figure 6.17.

This revealed a second component, C2, with higher molecular brightness for
CD28-sfGFP and sfGFP-ABCG2 as shown in Figure 6.17A. In CD28-sfGFP and
sfGFP-ABCG2, C1 represented 71 % and 67 % whilst C2 represented 29 % and
33 % of the total particles detected, respectively (Figure 6.17B). This suggests
that the C2s identified from the 2-component analysis of CD28-sfGFP and
sfGFP-ABCG2 were present at a significant portion. The € of C1 for CD28-
sfGFP or sfGFP-ABCG2 was found to be similar to the molecular brightness of
CD86-sfGFP (& ratios of 0.9 and 0.7 respectively) whilst the € of C2 for CD28-
sfGFP and sfGFP-ABCG2 were each 2-3 fold higher than the € of CD86-sfGFP.
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Figure 6.17: Presence of multiple species and higher oligomeric states in sfGFP-ABCG2 and
CD28-sfGFP revealed by 2-component PCH analysis. Top panel: Molecular brightness (mean
+ SEM) of component 1 (C1) and component 2 (C2) of CD28-sfGFP and sfGFP-ABCG2
normalised to the average molecular brightness of CD86-sfGFP obtained with 1-component
PCH analysis. No significant difference was detected when comparing the relative molecular
brightness of C2 for CD28-sfGFP and C2 for sfGFP-ABCG2, p > 0.05. Statistical significance was
assessed using non-parametric Kruskal-Wallis analysis followed by Dunnett’s multiple
comparisons test in GraphPad Prism 6.0. Bottom panel: Component fractions of C1 and C2
obtained for CD28-sfGFP and sfGFP-ABCG2. 2-component analysis was performed in Zen
2010. Data were collected from at least 30 cells over 4 independent experiments.
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6.6.4 Ratio of C2: C1 supports tetrameric formation for ABCG2 and CD28

As a separate indicator of the oligomeric state represented by C2 components
for CD28-sfGFP and sfGFP-ABCG2, in which the C1 component was
interpreted as the “unit” brightness for each protein. The C2: C1 molecular
brightness ratios were then calculated using the paired C1 and C2 molecular
brightness values obtained within the data sets. Figure 6.18 shows that mean
C2: C1 ratios of 4.0 and 3.9 were obtained for the CD28-sfGFP and sfGFP-
ABCG2 data sets, respectively. Assuming that component 1 is a monomer
(with similar brightness to CD86-sfGFP as shown above), this 4x increase in
molecular brightness of C2 supports tetrameric organisation of ABCG2, and

the oligomer control CD28.
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Figure 6.18: Molecular brightness ratios indicate possible tetrameric formation in ABCG2
and CD28. Molecular brightness of component 2 (C2) for CD28-sfGFP and sfGFP-ABCG2 were
ratioed against the corresponding molecular brightness of component 1 (C1), paired values.
Mean = SEM of the data sets are shown. Data were collected from at least 30 cells over 4
independent experiments.
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6.7 Discussion

6.7.1 Establishing diffusion coefficient of ABCG2 at “single molecule” level

The autocorrelation analysis combined with FCS measurements in this
chapter provided detailed characterisation of ABCG2 diffusion in the plasma
membrane at high spatial resolution, with an approximate sampling radius of
150 nm. The diffusion coefficients of membrane proteins obtained from the
autocorrelation analysis (0.1-0.3 um?’s™) were comparable to the diffusion
coefficients obtained in chapter 4 using FRAP microscopy (0.1-0.5 um?s™). As
FRAP measures particle diffusion over a much larger area (radius of 2 um)
compared to FCS, a reduction in diffusion coefficient measured using FRAP
could suggest limited long-range diffusion of the membrane proteins and free
diffusion of proteins could be restricted to small domains within the plasma
membrane (Cezanne et al., 2004; Kilpatrick et al., 2012). This was not
observed in this study, indicating that the diffusion of ABCG2 is not subjected
to different short- or long-range diffusion constraints. Two recent studies
reported similar diffusion coefficients (0.1-0.2 um?®s?) for GFP tagged
adenosine A3 receptors and fluorescent proteins tagged NPY receptors, using
similar FCS experimental set up (Corriden et al., 2014; Kilpatrick et al., 2012).
This was expected, as the molecular weights of these receptors and ABCG2
are known to be similar (within a two-fold difference). Other FCS studies also
reported diffusion coefficients of membrane proteins at similar range — 0.1 to
0.3 um?s™ for interleukin-4 membrane receptors (Weidemann et al., 2011),
and 0.5 to 0.8 pum?s’ for various GPCRs including the same fluorescent
protein tagged controls CD86 and CD28 (Herrick-Davis et al., 2013). Together,
these results confirmed the reliability of the FCS set up and autocorrelation
analysis for the membrane proteins in this study. The 100-fold increase in D
reported for the sfGFP and tandem-sfGFP in Figure S6.1 was not surprising as
the values were within reasonable range when compared against other
studies of GFP diffusion in nucleus (approximately 50 um?s™?) and cytoplasm
(approximately 90 um?s™) (Dross et al., 2009; Petrasek and Schwille, 2008).

The 3D diffusion measurements of sfGFP and tandem-sfGFP were also
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expected to be dissimilar compared to the restricted 2D membrane diffusion

of ABCG2, CD28, and CD86.

6.7.2 Oligomerisation of ABCG2 demonstrated by FCS and PCH analysis
FCS diffusion results indicate likely oligomerisation of ABCG2

When investigating oligomeric EGFP mobility in live cell nuclei, Dross et al.
reported similar changes in D as observed in Figure S6.1, in which a two-fold
reduction in D was observed when comparing EGFP dimers against single
EGFP (Dross et al., 2009). This consistent observation is surprising because
according to the Stokes-Einstein formula, a two-fold decrease in D can only be
achieved by an eight-fold increase in protein radius for freely diffusible
spherical proteins (Lippincott-Schwartz et al., 2001). Figure 6.4 shows that
there was only two-fold increase in molecular weight comparing sfGFP with
tandem-sfGFP and the A206K sfGFP variant was employed to prevent self-
association of GFP (Zacharias et al., 2002). This suggests that an eight-fold
increase in protein size is unlikely. Hence, this 2x difference in D observed
might imply that diffusion measurements obtained using FCS live cell
experiments are very sensitive to changes in molecular weight in cell
cytoplasm. As discussed in section 4.5.4 about the membrane proteins,
proteins in cytoplasm could also exhibit anomalous diffusion due to the
complex environment (Regner et al., 2013) and this may also account for the

sizeable unexpected reduction in D of tandem-sfGFP compared to sfGFP.

The D of sfGFP-ABCG2 is approximately /5 of CD86-sfGFP. As both molecules
have similar molecular weight (approximately 100 kDa), this might suggest
that sfGFP-ABCG2 exists as higher order oligomers (possibly more than 2-fold
increase in size) compared to CD86-sfGFP. Although this proposition of ABCG2
oligomeric state using the D is plausible, it is important to consider the
environmental factors that could affect the diffusion of membrane proteins as

summarised in chapter 4 (sections 4.5.3 and 4.5.4). Most importantly, the
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membrane topology of CD86 is different compared to ABCG2, with CD86
having fewer transmembrane segments than ABCG2 (1 compared to 6), and
this could also affect the diffusion of the membrane proteins (Saxton and
Jacobson, 1997). Therefore, it is difficult to interpret the oligomerisation of
cellular proteins based on the changes in D and their predicted molecular

weights, due to potential effects of other factors on the diffusion of proteins.
PCH analysis shows ABCG2 exists as higher order oligomeric species

As the diffusion coefficient analysis alone was not sufficient for the
characterisation of ABCG2 oligomerisation, PCH analysis was employed in this
chapter to provide a more insightful demonstration of protein oligomerisation
(Muller et al., 2000). The two-fluorophore species (tandem-sfGFP) was first
established to have double the molecular brightness compared to the single-
fluorophore species (sfGFP), as reported elsewhere (Chen et al., 2003). The 1-
component PCH analysis (Figure 6.16) suggests that CD28 and ABCG2 could
exist as dimers, on the assumption that that CD86 is a monomer, as
determined using several methods (Dorsch et al., 2009; Herrick-Davis et al.,
2013; Zhang et al., 2003). In a similar manner, Herrick-Davis et al. also
reported dimer formation of various GPCRs (muscarinic, dopamine, 5-HT
receptorss and [B2-adrenoceptors) when their molecular brightness were
compared to those of CD28 and CD86 using a 1-component PCH analysis
(Herrick-Davis et al., 2013). The lower than expected increase in molecular
brightness observed for CD28 and ABCG2 compared to CD86 (1.7- and 1.4-
fold instead of 2-fold) could be attributed to the higher expression of CD86
(higher concentrations shown in Figure 6.12) leading to increased chances of
aggregation and therefore higher average molecular brightness obtained
(Chen et al.,, 2003). This observation (lower than expected increase in
molecular brightness) could also suggest existence of single-fluorophore
species within CD28 and ABCG2, possibly caused by existence of non-
fluorescent sfGFP (see later). 2-component PCH analysis suggests that the
latter is likely since a second component was not detected in the CD86 data

sets but was seen in the CD28 and ABCG2 data sets (Figures 6.17 and S6.7). In
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line with this argument, the 2-component PCH model was also shown to be a
better fit for the CD28 and ABCG2 data sets (Figure S6.6A). The same 2-
component PCH model was also employed elsewhere to demonstrate
aggregation of NPY receptor and B-arrestin complexes (Kilpatrick et al., 2012).
The results in Figure 6.17 suggest the presence of more than 1 fluorescent
species within the CD28 and ABCG2 samples and that the second component
could exist as higher order oligomer states, with 2- to 3-fold higher molecular
brightness compared to CD86. In fact, analysis of the C2: C1 ratios of CD28
and ABCG2, in which C1 is interpreted as a “monomeric unit” for each
protein, indicates that both CD28 and ABCG2 might exist as tetramers (Figure
6.18). The detection of monomeric fluorescent species in ABCG2 (C1 of 2-
component PCH analysis) was unexpected as the known minimal functional
unit for ABCG2 is a dimer. The biological significance of this is still unclear,
however, this could also be due to the existence of non-fluorescent sfGFP
molecules resulting lower than expect brightness for multiple fluorophore

particles (see next section).

An in-depth review of the evidence on ABCG2 oligomerisation thus far is
presented in section 1.6. In short, studies have suggested that ABCG2 should
function at least as a dimer, and could exist as tetramers and higher order
oligomers. This evidence was obtained using biochemical studies such as non-
reducing SDS-PAGE analysis (Litman et al.,, 2002), gel filtration
chromatography (Xu et al., 2004), and electron microscopy analysis of purified
proteins (Dezi et al., 2010; McDevitt et al., 2006) in yeast and mammalian
cells. Fluorescence microscopy studies (FRET and BiFC) on ABCG2 expressed in
mammalian cells suggested oligomerisation of ABCG2 but did not produce
any indication on the oligomeric state of ABCG2 (Haider et al., 2011; Ni et al.,
2010), see chapter 5. Results in this chapter present a novel finding where for
the first time, higher order oligomeric state of ABCG2 were demonstrated in
live cell experiments. Although CD28 was thought to exist as dimer (Dorsch et

al., 2009), the suggestion of CD28 existing as an exclusive dimer has not been
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conclusive in other studies (Greene et al.,, 1996; James et al., 2007; Lazar-
Molnar et al., 2006; Tacke et al., 1997), and higher order oligomer formation
of CD28 is plausible. Hence, the results in this chapter suggesting potential
tetrameric organisation of CD28 are not unreasonable. The oligomeric states
of ABCG2 and CD28 were further investigated using TIRF stepwise
photobleaching method in chapter 7 and extensive discussions will be

presented in section 7.5.1.

6.7.3 Experimental limitations
Criteria for autocorrelation analysis

To ensure robust autocorrelation analysis, only appropriate measurements
were analysed (e.g. G(t) reach an asymptote of 1.0), see examples in section
6.4. The measurements that did not meet the required criteria are likely to be
caused by potential clustering of the fluorescent proteins or continuous
photobleaching during data collection. Further analysis of the traces shows
that rejected traces were highest in the CD86-sfGFP data set. Figure 6.12
shows that CD86-sfGFP has the highest concentrations compared to CD28-
sfGFP and sfGFP-ABCG2. This could explain the increased likelihood of
clustering of CD86-sfGFP fluorescent molecules detected during data
acquisition and the difficulty in selection of low expressing cells during the
experiments. The final results presented were obtained from the accepted

measurements that allow accurate analysis with the FCS and PCH models.
Effects of binning time on PCH analysis

The effects of binning time on PCH analysis were also investigated in this
study to ensure that 1 ms was a suitable binning time of choice. The PCH
theory assumes that the particles remained within the detection volume
during the sampling/binning time. If the binning time size is too large, it could
lead to under-sampling (e.g. 5 ms binning time sampling of a 10 s trace would
result in 2000 total bins compared to 10000 bins for 1 ms binning time, Figure

6.14). The binning time chosen should be faster than the dwell time (tp) of
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the fluorescent protein of interest as PCH models assume that the fluorescent
proteins are immobile during the sampling period (Macdonald et al., 2013;
Perroud et al., 2005). However, if the binning time size chosen is too small,
the signal-to-noise ratio of the analysis will be reduced, and fewer photons
are collected per bin, Figure 6.14 (Wu and Miller, 2005). Larger binning time
size is however beneficial to reduce the molecular brightness contribution
from fluctuations of the fast-moving component (7pz) caused by GFP
photophysics, and to ensure that the molecular brightness was mostly
contributed by the slow-moving component (tp2), which is the membrane
fluorescent protein of interest (Kilpatrick et al., 2012). The large differences
(more than 100-fold) in dwell times between the proteins in the cytoplasm
(sfGFP and tandem-sfGFP) and the membrane proteins (CD86-sfGFP, CD28-
sfGFP and sfGFP-ABCG2) meant that it was impossible to use a binning time
that is suitable for both. Additionally, dwell times of sfGFP and tandem-sfGFP
(approximately 0.15-0.5 ms) were identical to those of 7p; photophysics
(approximately 0.3-0.8 ms) and two-component autocorrelation analysis
could not separate the two in the sfGFP and tandem-sfGFP data sets. The final
binning time chosen for all the PCH analysis in this study was 1 ms, which was
only appropriate for the membrane proteins of interest. Therefore, the PCH
results of sfGFP and tandem-sfGFP in Figures 6.13 and S6.2 were subject to an
under-sampling effect. Nonetheless, analysing these data sets with faster
binning time (0.1 ms) did not alter the conclusions of a 2-fold increase in

molecular brightness of tandem-sfGFP compared to sfGFP (data not shown).

Adequacy of PCH models and other presence of other artefacts in PCH

analysis

In this study, the 1-component and 2-component 3D PCH models available in
Zen 2010 were employed to analyse the FCS traces. Although the same PCH
models were employed previously to determine the molecular brightness of
membrane proteins (Herrick-Davis et al., 2013; Kilpatrick et al., 2012; Youker
et al., 2013), there are deficiencies in these models and these can lead to

ambiguity in the molecular brightness results. First, the molecular brightness

194



values of the membrane proteins with 2D diffusion were obtained from 3D
PCH models and this could introduce inaccuracy or errors when fitting the
experimental distributions. The potential use of 2D models in PCH analysis is
currently under development and could be employed as the model of choice
in the future for PCH analysis of membrane proteins when they become
readily available (Anikovsky et al., 2011). Second, although it has “single
molecule” resolution, FCS measures the fluctuations of a number of particles
during the data acquisition and the average ensemble molecular brightness of
the particles in the confocal volume was obtained, instead of the molecular
brightness of the individual fluorescent particles. The 2-component PCH
model is also unlikely to resolve brightness of multiple components accurately
when there are more than 2 fluorescent species involved. A global analysis
was previously employed to analyse sample with more than 2 fluorophore
species but was found to be insufficient to describe the model experiment
(Muller et al., 2000), and a suitable multiple component PCH analysis is yet to
be established. The degree of variability in the PCH data sets shown in Figures
6.16 and 6.17, particularly CD28 and ABCG2, could indicate possible presence

of multiple oligomeric species detected in the sample.

Additionally, the properties of the fluorophore, which are detectable by the
highly sensitive nature of the FCS, could also introduce systemic errors in this
study and these could not be accounted for appropriately in the models
employed. These factors could contribute to the presence of apparently
monomeric fluorescent species found in the CD28 and ABCG2 data sets from
the 2-component PCH analysis (Figure 6.17) and this will also be discussed in
section 7.5.3 later. Several factors have been suggested to lead to non-
fluorescent proteins and underestimation of the oligomeric state of

fluorescent particles using PCH analysis: (Chen et al., 2010)

1. Quenching caused by changes in microenvironment (e.g. pH and
fusion protein)

2. Presence of long-lived dark state of the fluorophore
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3. Incomplete fluorescent protein maturation

For example, the same group of authors reported that the red fluorescent
protein (mRFP1) has a higher portion of long-lived dark state than EGFP
(Hillesheim et al., 2006), making mRFP less suitable for brightness
measurements (Chen et al.,, 2003). However, these authors also observed
lower than expected brightness for the EGFP dimer controls on some
occasions (less than two times brightness compared to single EGFP), and
suggested that non-fluorescent EGFP is possible due to incomplete
maturation of the fluorescent protein (Chen et al., 2010). Interestingly, the
authors also suggested that dimerisation of EGFP-fusion proteins could also
lead to reduction in brightness, possibly due to quenching of the fluorophores
(Chen et al., 2010). Overall, the limits to which the PCH models can resolve
multiple fluorescent species and the presence of non-fluorescent GFP are
likely to affect the molecular brightness results. Therefore, the molecular
brightness ratios among the fusion membrane proteins (with similar
microenvironments) were regarded as the key results for the final
interpretation whilst the molecular brightness of sfGFP and tandem-sfGFP
were only used for validation of the PCH analysis. Also, although the
molecular brightness ratios provided good quantitative indicators of ABCG2
oligomerisation in living cells for the first time, the interpretation of the
results relies on the assumptions of the “unit” brightness component (C1),
which was assumed to be a monomer on the basis of the expected behaviour

of CD86.

6.7.4 Concluding remarks

In conclusion, by employing “single molecule” resolution FCS measurements,
the diffusion and molecular brightness results here presented novel evidence
of multiple ABCG2 oligomeric species, including tetrameric formation, in live
cells. Although PCH results indicate that ABCG2 could exist as tetramers,
these conclusions depend on key assumptions, such as the brightness of a

“monomeric unit”, and the observation that CD28 may form higher order
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oligomers (compared to dimers as suggested previously). The current PCH
models are limited to separating a maximum of two fluorescent species
components and will require further fine-tuning and modifications.
Additionally, this technique measures the average molecular brightness of a
number of particles at “single molecule” level but does not identify the
molecular brightness of the individual fluorescent particles. Therefore, total
internal reflection fluorescence (TIRF) microscopy in combination with
stepwise photobleaching analysis was employed in the next chapter to
establish the oligomeric state of ABCG2 by resolving some of the limitations

of PCH analysis.
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Chapter 7 Total internal reflection
fluorescence microscopy and stepwise
photobleaching analysis to resolve the

oligomerisation of ABCG2

In the previous chapter, brightness analysis of FCS measurements (PCH)
indicated tetrameric formation of ABCG2 in live cells. This suggestion was
potentially limited by factors such as the appropriate reference controls to
clearly define monomer and dimer species and the non-optimal PCH models
used to estimate average molecular brightness albeit at “single molecule”
resolution. Therefore, an imaging technique that allows single particle
imaging of fluorescently labelled ABCG2 is desirable, to provide a clear
illustration of ABCG2 oligomerisation. In this chapter, the combination of total
internal reflection fluorescence (TIRF) microscopy and stepwise
photobleaching analysis to elucidate the oligomerisation of ABCG2 will be
presented. The theories and applications of TIRF microscopy and stepwise
photobleaching analysis will be first described, followed by an explanation of
the automated step detection algorithm to analyse the acquired TIRF videos.
Finally, statistical modelling of the final photobleaching step distributions to

determine the oligomeric state of ABCG2 will be discussed.

7.1 Background and theory — TIRF microscopy and
stepwise photobleaching analysis

David Axelrod first combined total internal reflection fluorescence (TIRF)
illumination and cellular microscopy in the 1980s and provided means of
selective visualisation of fluorophores close to the excitation surface in
cellular environment (Axelrod, 1981). TIRF microscopy excites fluorophores

through the generation of an evanescent field resulting in a thin layer of
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excitation of the sample. This enables fluorescence detection of in-focus
fluorophores within a limited z-axis depth, with reduced “out-of-focus”
contribution from fluorophores above or below this region. Since its
establishment, TIRF microscopy has been widely applied in biochemistry and
cell biology and some of these applications will be discussed in the following

sections.

7.1.1 Evanescent field theory

The principle of TIRF illumination is based on the production of an evanescent
field generated by refraction of the excitation light arriving at the plane of
incidence between two mediums of different refractive indices (n). Figure 7.1
below provides an illustration of this phenomenon as the excitation light
(purple) propagates from the glass (higher refractive index) to the aqueous

medium (lower refractive index). Refraction is governed by Snell’s law where:
n, *sinf; = n, x sin 6,

As light propagates through a medium of higher refractive index (n;) into a
medium of lower refractive index (n,) the angle of the subsequent refracted
beam (%) is affected by the initial angle of incidence (%;), see Figure 7.1. If §;
reaches a “critical angle” (J.), the refraction direction of the excitation light
becomes parallel to the plane of incidence, and &, = 90° (i.e. sin &, = 1).
Hence, the U, is given the by the simplified Snell’s function:

R AL
0, = sin™! (—)
nq

When 8; > ¥, (also known as the supercritical angles), the excitation light is
completely reflected back into the medium of high refractive index (the glass,
as shown in Figure 7.1). This is known as total internal reflection (TIR).
Although light does not then propagate through the aqueous medium, this
phenomenon results in the generation of an electromagnetic field in the
aqueous medium adjacent to the plane of incidence, also known as the

evanescent field (Figure 7.1). The intensity of this evanescent field decreases
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exponentially as it propagates into the aqueous medium, thereby generating
a thin layer of excitation (approximate 100 nm) of the sample above the plane
of incidence (Axelrod, 2001; Mattheyses et al., 2010).

Non-excited
fluorophore

Excited Adueous

fluorophore i
Plane of P ediun

incidence

Evanescent
field

0,

Excitation light Reflected excitation light

Figure 7.1: Schematic illustration of the generation of an evanescent field through the total
internal reflection phenomenon. As the excitation light propagates from a high refractive
index medium (glass) into the lower refractive index medium (aqueous medium) at an angle
of incidence (8,) larger than the ‘critical angle’, excitation light is reflected back into the glass
medium. This total internal reflection phenomenon generates an evanescent field of
excitation at the glass-aqueous medium interface, yielding a thin layer of excitation, an
advantage exploited in TIRF microscopy for single particle imaging. Figure adapted from
Nikon MicroscropyU (Ross, S.T., Schwartz, S., Fellers, T.J., and Davidson, M.W. TIRF
microscopy: Introduction and application, http://www.microscopyu.com, accessed
15/11/2014).

7.1.2 TIRF microscopy instrumentation

Most commercial or “home made” TIRF systems employ lasers as the source
of excitation and a high numerical aperture objective to achieve large incident
angles (8;) required for the TIR phenomenon as illustrated in Figure 7.1
above. This is also known as the through-the-objective TIRF illumination
method (Mattheyses et al., 2010). Figure 7.2 below compares the differences
between the TIRF and epifluorescence illumination methods, in which the
reduced depth of excitation generated in TIRF is desirable, approximately 100
nm in TIRF compared to > 800 nm in epifluorescence. The modifications of the
entry position of the excitation beam and utilisation of a high numerical

aperture objective are the main differences between the two illumination
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methods. In TIRF, the excitation beam (purple lines and arrows in Figure 7.2A)
is positioned away from the optical axis at the back focal plane of the
objective and the incident angle is increased as the excitation beam is
positioned further away from the optical axis. The numerical aperture (NA) of
an objective describes its ability to gather light and the maximum angle at
which the excitation light can emerge from the objective. This is described by

the following equation:
NA=n=+ siné

Where n is the refractive index of the sample and & is the angle of the
refracted beam measured from the optical axis. According to Snell’s Law (see
above), for TIR to occur, the NA of the objective must be greater than the
refractive index of the sample (so & > 90°). The refractive indices for water
and cytoplasm are 1.33 and 1.38 respectively; hence, the common objectives
employed in TIRF microscopy have an NA of at least 1.45 (Axelrod, 2001;
Mattheyses et al., 2010). The radial position of the excitation beam and the
numerical aperture of the objective employed are therefore established as

the vital components in TIRF microscopy.
A B

HEK293T cell HEK293T cell

Glass coverslip Glass coverslip
High numerical
aperture TIRF A
Thin layer of objective
excitation
Back focal
| plane
ouT Optical IN IN

axis

Figure 7.2: Schematic representations to compare TIRF and epifluorescence illumination
methods. A — TIRF illumination of the sample (e.g. HEK293T cell) is achieved using a high
numerical aperture objective and by positioning the excitation beam away from the optical
axis at the back focal plane of the objective. A thin layer of excitation (yellow) is produced at
the lower plasma membrane just above the coverslip. B — Standard epifluorescence
illumination of the HEK293T cell produces increased excitation depth in the cell (yellow),
compared to TIRF illumination.
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7.1.3 Single particle imaging in TIRF and stepwise photobleaching analysis

The ability of TIRF microscopy to produce selective excitation at the glass
coverslip, as shown in Figures 7.1 and 7.2A, is beneficial for high resolution
investigation of cellular trafficking and accurate determination of protein
kinetics at the cell surface. In the early 2000s, Axelrod summarised several
key applications of TIRF microscopy in biochemistry and cell biology, such as
visualisation of single fluorescent particles, tracking of secretory granules in
cells, and determination of micro-morphological structures and dynamics in
living cells (Axelrod, 2001). One of the foremost applications in TIRF
microscopy routinely employed today is the detection of single fluorescent
particles in the plasma membrane. Sako et al. first described the use of single
particle TIRF imaging to visualise and detect the dimerisation of the epidermal
growth factor receptor (EGFR) in combination with FRET measurements. The
EGFR molecules were labelled using Cy3 and Cy5 fluorophores and they were
visualised as single fluorescent spots in the plasma membrane of A431
carcinoma cells (Sako et al.,, 2000). lino et al. then demonstrated the
oligomerisation of GFP-tagged E-cadherin molecules using single particle TIRF
imaging methods by analysing the intensities and diffusion of the fluorescent

spots (lino et al., 2001).

The single fluorescent spots resolved by TIRF microscopy on the plasma
membrane could represent single fluorescent molecules, or more importantly
oligomers of a fluorescent species. Therefore, photobleaching of these spots
over time should occur in a number of discrete steps, allowing the potential
of this technique to determine the molecular composition of the fluorescent
spots. Mashanov et al. were the first to demonstrate this by reporting single
step photobleaching behaviour of immobilised single GFP molecules
(Mashanov et al., 2003). Subsequently, a variation in photobleaching step
behaviour of GFP tagged MotB molecules was observed in a study where the

total of number of GFP-MotB molecules per motor was estimated by dividing
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the total intensity of individual fluorescent spots by the average intensity of

an untagged GFP molecule (Leake et al., 2006).

Accurate determination of oligomeric organisation using this photobleaching
technique requires first the identification of fluorescence intensities of many
individual fluorescent spots over time and second the identification of the
“photobleaching steps” extracted from background photobleaching or
fluorescence decay. Ulbrich and Isacoff addressed these by developing a
novel TIRF imaging and stepwise photobleaching method to determine the
subunit composition of glutamate NMDA receptors in Xenopus laevis oocytes.
The GFP-tagged NMDA receptors were immobile when expressed in X. laevis,
and this allowed for feasible spot selection and fluorescence intensity
determination over time. Additionally, low expression of GFP-tagged NMDA
receptors can be easily achieved by controlling the expression levels in X.
laevis. Low-pass and high-pass filters were applied to the final images to
remove the background fluorescence and Poisson noise within the
fluorescence intensity traces for final extraction of photobleaching steps
(Ulbrich and Isacoff, 2007). Figure 7.3 below shows a schematic
representation of this method where photobleaching of single fluorescent
spots can reveal the oligomeric state of fluorescent proteins of interest in a

stepwise manner.
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Figure 7.3: lllustrative representation of single particle TIRF imaging in combination with
stepwise photobleaching analysis to determine the oligomeric state of fluorescent
membrane proteins.

This method has since then become popular and employed in no less than 50
different studies (see recent mini-review by (Arant and Ulbrich, 2014)). It is of
no surprise that due to the ability of TIRF to directly illuminate the lower
plasma membrane in the sample, most of these studies were perform to
investigate fluorescently labelled membrane proteins expressed in X. laevis
oocytes or mammalian cells. Within their research groups, M. H. Ulbrich and
E. Y. Isacoff have successfully identified the subunit compositions of the
voltage-sensing phosphatase (Kohout et al., 2008), the potassium channel
complex of KCNQ1 and KCNE1 (Nakajo et al.,, 2010), the acid sensing
heteromeric complex (Yu et al., 2012), and the organisation of glutamate
receptors such as the NMDA receptors (Ulbrich and Isacoff, 2007, 2008), the
kainate receptors (Reiner et al., 2012), and the AMPA receptors (Hastie et al.,
2013). Various other research groups have also applied the stepwise
photobleaching analysis method in mammalian cells to determine the subunit
organisation of membrane proteins (see Table 7.1 below). The protein
subunit organisation of functional ion channel complexes has been

extensively studied using the TIRF stepwise photobleaching method in
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mammalian cells. For example, results from Ji et al. and Demuro et al.
together have successfully resolved the subunit organisation of STIM (stromal
interaction molecule) and Orai proteins in the formation of functional store-
operated calcium channels in resting and activated states (Demuro et al.,
2011; Ji et al., 2008). This technique was also employed to determine the
changes in the oligomerisation of tumour growth factor B receptor and
ABCA1 cholesterol transporter in the presence of ligands/substrates (Nagata
et al., 2013; Zhang et al., 2009b, 2010). In the studies of CFTR (cystic fibrosis
transmembrane regulator) and SERT (serotonin transporter) oligomerisation,
the authors employed stepwise bleaching analysis as a complementary
method to supplement their conclusions obtained from brightness/intensity

analyses (Anderluh et al., 2014; Haggie and Verkman, 2008).

Although the underlying theory is identical, the means of applying spot
bleaching methods vary considerably among the studies listed in Table 7.1.
For example, McGuire et al. demonstrated the oligomeric state of two well
known receptors (GluK2 and glycine-a receptors) in mammalian HEK293 cells
using a fully automated system (PIF algorithm) for unbiased selection of
fluorescent spots and detection of photobleaching steps developed in-house.
This method has a potential advantage over the majority of the TIRF stepwise
photobleaching studies where spot selection and analysis of photobleaching

steps were performed manually (Arant and Ulbrich, 2014).
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Table 7.1: Subunit and complex organisation of the proteins investigated using single
particle TIRF imaging and stepwise bleaching analysis. “Monomeric” denotes the presence
of A206K mutation in the GFP variant employed by the authors to reduce dimerisation of

GFP.
Protein Fluorescent Expression References
complex/subunits proteins/Dye  systems
investigated used
Calcium channels (Orai 1) EGFP Fixed HEK293 (Ji et al., 2008)
cells
Calcium channels (Orailand 3) EGFP Fixed and live (Demuro et al., 2011)
HEK293 cells
CaCC, calcium activated EGFP Fixed HEK293 (Ohshiro et al., 2014)
chloride channels cells
Potassium channels (K2P1) EGFP Live CHO cells (Plant et al., 2010)
Potassium channels (Kv2.1) (Plant et al., 2011)
Potassium channels (lIgs) (Plant et al., 2014)
TRP channel (TRPMS8) EGFP Live HEK293 or (Veliz et al., 2010)

F11 cells

Glutamine receptor (Gluk2)

Glycine al receptor

Monomeric sfGFP

Fixed HEK293
cells

(McGuire et al., 2012)

ABCA1 cholesterol transporter

Monomeric EGFP

Live Hela cells

(Nagata et al., 2013)

ABCC7/CFTR, Cystic fibrosis
transmembrane regulatory

EGFP

Live COS7 and
CHO cells

(Haggie and Verkman,
2008)

SERT, Serotonin transporter

Monomeric EGFP

Live HEK293 cells

(Anderluh et al., 2014)

TGFp receptors type 1,2, and 3

EGFP, DBCO545

Live Hela, MCF7
cells and
cardiomyocytes

(Cheng et al., 2014; He
et al., 2011; W. Zhang
et al., 2010; W. Zhang

protein)

lysed HEK293
cells

et al., 2009)
Toll-like receptor 4 EGFP Fixed DC2.4 (Wang and Yang,
(dendritic cells) 2014a)
Insulin receptor EGFP Fixed MDA-MB- (Wang and Yang,
231 cells 2014b)
Prestin (membrane motor EGFP Membranes of (Hallworth and Nichols,

2012)
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7.1.4 Aims of current study

In chapter 6, stable low expressing clones of HEK293T cells expressing sfGFP-
ABCG2 and CD28-sfGFP were generated and characterised. PCH analysis
indicated that both ABCG2 and CD28 could potentially exist as dimers or
higher order tetramers. However, the results were limited by several factors
and the suggestions remained inconclusive. The same cell lines were further
investigated in this chapter using single particle TIRF imaging and stepwise

photobleaching analysis to establish the oligomeric organisation of ABCG2.

7.2 TIRF imaging and photobleaching

In contrast to PCH analysis (which was performed on data obtained from live
cells), it was necessary to perform TIRF imaging using fixed cells to ensure
fluorescent spots remained stationary throughout the acquisition period.
Figure 7.4 below shows the images of a HEK293T cell expressing sfGFP-
ABCG2, acquired using epifluorescence illumination at the equatorial level
(Figure 7.4A) and TIRF illumination at the lower plasma membrane (Figure
7.4B). Low expressing cells were chosen (see section 2.10.1) to ensure that
the individual fluorescent spots were visibly separated in the TIRF images
(Figure 7.4B). Figure 7.4C shows progressive photobleaching of the same cell
under TIRF illumination at high laser power. Images were captured at 10 Hz
(100 ms per frame), and complete photobleaching was observed after 15 s.
TIRF videos obtained in Zen 2012 were subsequently converted to 8-bit TIF
videos as described in section 2.10.1 before they were analysed using the PIF

algorithm (developed by McGuire et al).
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Figure 7.4: Epifluorescence and TIRF imaging of a fixed HEK293T cell expressing sfGFP-
ABCG2. A - Epifluorescence image of the cell at equatorial focal plane acquired using
standard acquisition laser power. B — TIRF image of the cell at lower plasma membrane focal
plane acquired using high laser power, prior to photobleaching. C — Photobleaching images of
cellin B from 0 to 15 s under TIRF configuration. A and C — Scale bar = 10 um

7.3 Stepwise photobleaching analysis

The fully automated PIF algorithm was subsequently employed to perform
stepwise photobleaching analysis on the TIRF videos acquired as described
above (McGuire et al.,, 2012). The algorithm first identifies the stationary
fluorescent spots, calculates their fluorescence intensities over time, and
finally detects the number of discrete photobleaching steps in the spot
fluorescence intensity traces. Figure 7.5 below provides an illustration of the

analysis of a TIRF photobleaching video using the PIF algorithm. First, the
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region of interest (ROI) was drawn manually in the software (Figure 7.5A). The
algorithm parameters for subsequent analysis were then specified. Table 7.2
below provides a summary of the key parameters and these were described
in detail in section 2.10.2. Several parameters were pre-determined by
performing analysis of the intensity distributions prior to data collection as
discussed in the following sections. The individual fluorescent spots were
then identified. Figure 7.5B shows a screen shot of the spots selected (red)
within the sample image at 0 s. The fluorescence intensity traces were
calculated for the individual fluorescent spots, as described in section 2.10.2.
Figure 7.5C shows an example of a raw fluorescence intensity trace from one
of the fluorescent spots detected within the cell. The background
fluorescence intensity within the raw traces was subsequently removed using
a LoG filter, revealing the photobleaching steps and allowing for the final step

detection process by the algorithm, as illustrated Figure 7.5D below.
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Figure 7.5: Automated PIF algorithm used for stepwise photobleaching analysis of the TIRF
videos. Example analysis of the TIRF data in Figure 7.4 is shown here. A — Manual definition of
the region of interest (ROI). The whole cell region was chosen as the ROI. Scale bar = 10 um. B
— Automated spot selection performed by PIF algorithm based on the chosen parameters, see
section 2.10.2. C — Example fluorescence intensity trace calculated from one of the
fluorescent spots selected in in panel B. D — Trace filtration and photobleaching step
detection. Background fluorescence was removed using LoG filter and the intensity here was
calculated using a reference theoretical estimation (section 2.10.2). Hence, the absolute
fluorescence intensities in C and D are not comparable. Photobleaching step detection within
the fluorescence intensity traces was also shown in the example trace.
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Table 7.2: Key parameters defined for stepwise photobleaching analysis of the TIRF videos
using PIF algorithm. The parameters that required pre-determination (‘max no of
neighbours’, ‘minimum amplitude’, ‘fixed sigma’ and ‘min. step amplitude’) were highlighted
in blue, respectively. The other parameter highlighted in purple, ‘step/noise ratio (SNR)’, will
be discussed further in section 7.5.4. See section 2.10.2 for a full description of the algorithm
parameters.

General Spot Filter Step Accepted/
parameters detection detection Rejected
Time per Max. no. of Background 1st approx. Proximity
frame neighbours  removal step detection sigma
100 ms 5 4} FI.X ﬁlte'r size First SNR 195
M Fixed sigma 0.75
Starting frame Minimum 16 Counter fit/fit
no. amplitude ! Progress 1
1 150 ™ S.ymmetric fraction _
filter 10 Reduced chi?
No. of average 6F/F max.
frames for 10% Intensity 15
image display calculation Progr.ess
20 M Theo. LoG fraction Max. step
intensity 1000 amplitude
No. of average ) 900
frames for Trace filter Min step
baseline [ Chung- length Step/noise
estimation Kennedy 3 ratio (SNR) >
20 [JifSNR< 1.8
Amp. 1.6
Tolerance
0.6
Min. step
amplitude
75
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7.3.1 Algorithm optimisation: pixel size of fluorescent spots

The first parameter that required determination prior to the individual cell
analysis is the size of the fluorescent spots in the TIRF images, which is
defined by the acquisition system. This is represented as the ‘max no of
neighbours’ in the algorithm (see Table 7.2). In McGuire et al, a camera with a
pixel size of 24 um and a 60x TIRF objective were employed for acquisition,
yielding fluorescent spots with the size of 3 x 3 pixels. This results in a ‘max no
of neighbours’ of 1, indicating that the centre pixels of the selected
fluorescent spots have a maximum of one neighbouring pixel. However, a
different acquisition system (with a camera of 16 um pixel size and a 100x
TIRF objective) was employed in this study. Therefore, this parameter was
determined by careful examination of the TIRF images generated. Figure 7.6
shows a magnified pixel-by-pixel image (from the example cell shown in
Figure 7.4B). Fluorescent spot selections using two different spot sizes, 5 x 5
pixels (Figure 7.6A) and 3 x 3 pixels (Figure 7.6B), were compared. This
comparison indicated that most fluorescent spots were adequately selected
with 5 x 5 pixels. The ‘max no of neighbours’ parameter was therefore set to
2, allowing two neighbouring pixels from the centre pixels for the selected
spots, as also recommended by the PIF algorithm authors for equivalent TIRF
acquisition set ups. Figure 7.6A also shows possible overlapping of fluorescent
spots (orange and light blue dotted lines) within the TIRF image that would be
rejected by the spot selection algorithm if they were too close to each other.
This rejection is based on the ‘proximity sigma’ parameter (Table 7.2),
described in more detail in section 2.10.2 ‘Fluorescent spots selection and

fluorescence intensity calculation’.
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Figure 7.6: Magnified pixel-by-pixel of raw TIRF images for the determination of fluorescent
spots size. Magnified images generated from TIRF example data shown in Figure 7.4.
Fluorescent spots were selected manually using two different sizes, 5 x 5 pixels (A) or 3 x 3
pixels (B), to confirm the appropriate ‘max no of neighbours’ parameter for the PIF algorithm
analysis. Each small square in the TIRF images represents a single pixel and each yellow box
represents the selection of fluorescent spots using the two different sizes. Potential
overlapping of fluorescent spots was shown in A as orange and blue dotted lines.
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7.3.2 Algorithm determination: Determination of analysis parameters using

spot fluorescence intensity and photobleaching step distribution histograms

Three other parameters have to be determined for each TIRF video

(highlighted in blue in Table 7.2) prior to analysis, comprising:

1. ‘Minimum amplitude’. This parameter defines the threshold
fluorescence intensity for a spot to be selected.

2. ‘Fixed sigma’. The sigma parameter describes the point-spread
function of the fluorescent spot and fixing this parameter is
advantageous to enable LoG trace filtration for background removal
(section 2.10.2).

3. ‘Min step amplitude’. This parameter determines the minimum
change in fluorescence intensity amplitude for a photobleaching step

to be detected.

The first two parameters were determined by performing an initial intensity
scan in the software. The resulting frequency distributions for the
fluorescence intensity and sigma of the fluorescent spots are plotted as
histograms in Figures 7.7A and 7.7B. The lowest high frequency of
fluorescence intensity observed was set as the ‘minimum amplitude’
threshold for spot selection, e.g. ‘150’ in Figure 7.7A. For sigma, the most
common value observed was used as the ‘fixed sigma’ as the reference point
for background removal by the LoG filter, e.g. ‘1.6’ in Figure 7.7B. The
‘minimum step amplitude’ was determined from the step size frequency
histogram as shown in Figure 7.7C after performing a full stepwise
photobleaching analysis with the software when the ‘min step amplitude’ was
set to zero. As before, the lowest common fluorescence intensity observed
was employed as the ‘min step amplitude’, e.g. ‘75" in Figure 7.7C. The three
parameters described in this section were individually determined for each
TIRF video. Typically, the ‘minimum amplitude threshold’ was found to be
100-150, the ‘fixed sigma’ was determined as 1.6-1.8, and the ‘minimum step
amplitude’ was determined between 50-100, for all the TIRF videos analysed

in this study.
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Figure 7.7: Determination of various parameters for stepwise photobleaching analysis using
PIF algorithm. Distributions of the fluorescence intensity amplitudes (A), sigma (B), and
fluorescence intensity step sizes (C) to determine the minimum amplitude threshold for spot
detection (A), the sigma for background removal using LoG filter (B), and the minimum step
amplitude for photobleaching step detection (C), respectively. Example optimisation analyses
shown here were performed on the TIRF data obtained in Figure 7.4.
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7.4 Determination of ABCG2 oligomeric state in

HEK293T cell membranes, compared to CD28 and ABCC4

Following optimisation of the analysis parameters, the number of
photobleaching steps of the fluorescent spots in each TIRF video was
determined. Figure 7.8 below shows a magnified section of the TIRF image of
Figure 7.4B and example analyses of four representative spots from the
sfGFP-ABCG2 expressing cell, in which 2, 3 or 4 photobleaching steps were
identified. The photobleaching step frequency histogram obtained from one
experiment was also shown in Figure 7.8. The frequency histogram does not
unambiguously reveal the oligomeric organisation as increased frequency was
detected for various photobleaching steps (instead of a single distinct
photobleaching step), Figure 7.8. This is caused by the presence of non-
fluorescent sfGFP molecules and potential overlapping spots. The use of
binomial models was therefore necessary to determine the oligomeric
organisation of ABCG2. A simple schematic representation of how the non-
fluorescent sfGFP molecules could affect a tetramer and a dimer complex is
shown in Figure 7.9. The consequence of this is a reduced number of
photobleaching steps detected corresponding to the number of fluorescent
sfGFP molecules. The second consideration is that a small percentage of
overlapping fluorescent spots could be detected, especially in high expressing
mammalian expression systems such as the HEK293T cells, and this results in
higher than expected number of photobleaching steps. To account for the
two events, double binomial distributions were used; with variable
proportions set to model different percentages of spot overlap (see next

section and section 2.10.3).
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Figure 7.8: Examples of photobleaching step detection analysis in sSfGFP-ABCG2 expressing
cell. Four selected fluorescent spots are highlighted with coloured circles in the magnified
TIRF image of a cell expressing sfGFP-ABCG2. Fluorescence intensity plots show the
corresponding intensity traces (LoG corrected for background) of the highlighted fluorescent
spots (according to colours). The arrows indicate the number of photobleaching steps
determined by the final idealised step detection traces (black curves) of the fluorescent spots.
The photobleaching step frequency histogram obtained from one experimental day is also
shown (bottom right panel).

Tetramer Dimer

Figure 7.9: Effects of non-fluorescent GFP molecules. Schematic representations of
fluorescent tetramer and dimer complexes that might be detected in the presence of non-
fluorescent sfGFP labelled subunits (grey). The lower than expected number of
photobleaching steps will resemble the number of fluorescent sfGFP molecules (green) within
the complexes.
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7.4.1 SfGFP-ABCG2 photobleaching step frequency histogram is best fit by a

tetrameric model

To determine the most appropriate oligomeric model, optimal % for
fluorescent GFP, various binomial fits assuming 10 % spot overlap were
compared against the actual sfGFP-ABCG2 photobleaching step frequency
histogram using a goodness of fit test (described in section 2.10.3). Dimer,
trimer, tetramer and pentamer models of different probability of fluorescent
sfGFP (when p = 0.50, 0.55, or 0.60) were investigated as shown in Figure
7.10. The tetrameric model was deemed as most appropriate to describe the
sfGFP-ABCG2 photobleaching step frequency histogram. This was confirmed
by calculating the reduced chi-square values (R-values) of the different
models (Table S7.1 in Appendix). Lower R-value indicates reduced difference
between the expected frequencies and the observed data, implying better

data fitting using the associated binomial models.

7.4.2 Single oligomeric model analysis suggests tetrameric organisation of

sfGFP-ABCG2

For the study of sfGFP-ABCG2 oligomerisation, photobleaching step frequency
histograms obtained using the PIF analysis for sfGFP-ABCG2 (analysing the
low expressing HEK293T stable clone described in chapter 6), were compared
against the CD28-sfGFP reference control (using low expressing HEK293T
stable clone, chapter 6) and the full-length ABC transporter ABCC4-sfGFP
(transiently expressed in HEK293T cells, chapter 4). Examples of PIF stepwise
photobleaching analysis for CD28-sfGFP and ABCC4-sfGFP are shown in
Figures S7.1 and S7.2 in Appendix respectively. In addition, the effects of
substrate incubation with 4 uM mitoxantrone (MX) for 30 min, on the sfGFP-
ABCG2 photobleaching step frequency histogram was also studied. In each
case, the frequency histogram shown represents combined analysis of over

30 cells and at least four independent experiments.
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Photobleaching step frequency histograms obtained for sfGFP-ABCG2, sfGFP-
ABCG2 in the presence of MX, CD28-sfGFP, and ABCC4-sfGFP were modelled
with the respective best fit binomial distribution, as indicated in Figure 7.11.
MX incubation did not affect the photobleaching step frequency histogram of
sfGFP-ABCG2 (Figure 7.11A versus Figure 7.11B), modelled optimally based on
a tetrameric model (Table S7.1). However, the frequency histograms of CD28-
sfGFP (Figure 7.11C) and ABCC4-sfGFP (Figure 7.11D) were different
compared to sfGFP-ABCG2, indicating potentially altered subunit
organisation. Determination of the most appropriate distribution by goodness
of fit (as for ABCG2; Table S7.1) suggested that these proteins existed as
lower order oligomers, with a trimer model reported as the optimal fit. The
same probability of fluorescent sfGFP (p = 0.55) was employed for all the

oligomeric binomial models shown in Figure 7.11.
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Figure 7.10: Fitting of the photobleaching step frequency histogram of sfGFP-ABCG2 data
set with different oligomeric models. The dimer, trimer, tetramer, and pentamer models
were calculated using probability of fluorescent GFP of 0.50 (A), 0.55 (B), and 0.60 (C).
Overlaying the various oligomeric models (assuming 10% fluorescent spot overlapping)
against the sfGFP-ABCG2 data set shows that the tetramer models in all three panels were
the best fit for the frequency histogram of sfGFP-ABCG2.
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Figure 7.11: Determination of oligomerisation of ABCG2 using photobleaching step
frequency histograms and oligomeric modelling. Frequency histograms (total number of
fluorescent spots) of the number of photobleaching steps acquired for sfGFP-ABCG2 (A),
sfGFP-ABCG2 in the presence of 4 uM mitoxantrone, 30 min (B), CD28-sfGFP (C), and ABCC4-
sfGFP (D). The double binomial oligomeric models that best described the photobleaching
step histograms are also shown as curves with coloured dots and lines in the respective
figures. The frequency histogram of sfGFP-ABCG2 in A (and in the presence of MX in B) was
best described using the tetramer model whilst the histograms of CD28-sfGFP (C) and ABCC4-
sfGFP (D) were best fitted by a trimer model. Oligomeric models with p = 0.55, and 10%
overlapping spots were employed. Data were collected from over 30 cells (at least 600 spots)
for each sample and 5 independent experiments (4 independent experiments for sfGFP-
ABCG2 + MX).

7.4.3 Multiple component oligomeric model suggests that sSfGFP-ABCG2

exists predominantly as tetramers

The models based on a single population of oligomeric composition (sections
7.4.1 and 7.4.2) provided adequate fit to the sfGFP-ABCG2 data. However, it is
also possible that the fluorescent proteins studied exist in a mixture of

different oligomers (for example dimers and tetramers). This can be modelled
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using a more complex binomial fit, in which the dimer and tetramer binomial
models shown earlier are combined together using various dimer: tetramer
(D/T) ratios. Figure 7.12 shows the dimer/tetramer model when fitted to the
frequency histograms of sfGFP-ABCG2, CD28-sfGFP and ABCC4-sfGFP. Figure
7.12A shows that the photobleaching step frequency histogram of sfGFP-
ABCG2 was best fitted using a dimer/tetramer model consisting of only 10%
dimer and 90% tetramer (teal curve) yielding an R-value (reduced chi’value)
of 5 from goodness of fit test, again indicating that sfGFP-ABCG2 exists
predominantly as tetramers. For CD28-sfGFP, the photobleaching step
frequency histogram (Figure 7.12B) was best fitted with a dimer/tetramer
model with equal % of each oligomer state (i.e. 1: 1 D/T ratio, blue curve), and
it yielded an R-value of 2, 2.5-fold smaller than the trimer model (R-value of 5
from Table S7.1). In contrast, the 1: 1 D/T ratio oligomeric model did not
improve the fitting of the frequency histogram of ABCC4-sfGFP, producing an

R-value of 5, compared to 3 when the trimer model was used (Table §7.1).
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Figure 7.12: Multiple component oligomeric models to determine mixture of oligomeric
species in sfGFP-ABCG2 and CD28-sfGFP. Photobleaching step frequency histograms of
sfGFP-ABCG2 (A), CD28-sfGFP (B) and ABCC4-sfGFP (C). The single oligomeric models that
best fit the data sets are shown, i.e. the tetramer model for sfGFP-ABCG2 (red) and trimer
model for CD28-sfGFP (green) and ABCCA4-sfGFP (orange) along with the dimer/tetramer
models — 1: 9 dimer: tetramer ratio for sfGFP-ABCG2 (teal), and 1: 1 dimer: tetramer ratio for
CD28-sfGFP (blue) and ABCCA4-sfGFP (light blue). Oligomeric models with p = 0.55, and 10%
overlapping spots were employed. Data were collected from over 30 cells (at least 700 spots)
for each sample and 5 independent experiments.
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7.4.4 Photobleaching step distribution variation among experimental data

sets

In Figures 7.11 and 7.12 above, the frequency histograms were presented
using the total number of fluorescent spots combined from all experiments.
This is a comprehensive view of the overall photobleaching step distributions
and ensured that the distributions were not affected by any experiments
where there was lower than usual number of fluorescent spots analysed.
However, it might also mask potential variability that could occur between
the individual experiments. As the number of cells and the number of
fluorescent spots accepted for each experiment were different, a single
experiment with high number of fluorescent spots accepted could skew the
overall frequency histograms significantly. To analyse the extent of
experimental variability, Figure 7.13 shows the histograms calculated from
the average normalised distribution of sfGFP-ABCG2 and CD28-sfGFP fitted to
the expected dimer/tetramer oligomeric models. This confirms that the
distributions of the average data obtained were fairly represented by the
pooled histogram data based on the total number of fluorescent spots
(Figures 7.11 and 7.12). Therefore, the variability between the independent
experiments was not a factor that could influence the final interpretations
obtained based on the frequency analysis of the total number of fluorescent

spots.
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Figure 7.13: Normalised average photobleaching step frequency histograms to examine the
variability between experiments. Mean + SEM of the % of fluorescent spots and the number
of photobleaching steps for sfGFP-ABCG2 (A) and CD28-sfGFP (B). The appropriate dimer:
tetramer models (dimer: tetramer ratios of 1: 9 for sfGFP-ABCG2 (teal) and 1: 1 for CD28-
sfGFP (blue)) employed to fit the histograms are shown. Average data were generated from
normalising the photobleaching step frequencies of 5 independent experiments; over 30 cells
and at least 700 spots were examined.
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7.5 Discussion

7.5.1 Single particle TIRF imaging and binomial distribution analysis

demonstrate that ABCG2 exist as a tetramer in mammalian cell membrane

TIRF imaging and stepwise photobleaching analysis of cells expressing sfGFP-
ABCG2 have successfully indicated higher order oligomeric organisation of
ABCG2 molecules in the plasma membrane. We concluded that ABCG2
molecules organised predominantly as tetramers, with 10 % existing as
dimers. In contrast the CD28 frequency histogram is best described by the

dual oligomeric model, which assumed an even mix of dimers and tetramers.

The general consensus of a minimal functional unit for ABCG2 is thought to be
a dimer (section 1.6) because it only contains a single NBD and at least two
NBDs are required for ATP hydrolysis and substrate transport in ABC
transporters. It has been demonstrated by several studies that ABCG2 are
likely to form dimers or higher order oligomers (Bhatia et al., 2005; Haider et
al.,, 2011; Henriksen et al., 2005b; Kage et al., 2005; Ni et al., 2010). However,
current evidence regarding precise ABCG2 subunit organisation is often
inconclusive and/or limited by the use of denatured ABCG2 protein samples,
as reviewed in section 1.6. For example, fluorescence-based techniques on
mammalian cells such as FRET (Ni et al., 2010) and our data in chapter 5, and
bimolecular fluorescence complementation (BiFC) (Haider et al., 2011) using
mammalian cells cannot distinguish between dimerisation and higher order
oligomerisation. PFO (perfluoro-octanoic acid)-PAGE and gel filtration
chromatography analyses indicated that ABCG2 molecules could organise as a
dodecameric complex (Xu et al., 2004). Additionally, using SDS-PAGE and
electron microscopy analysis of purified ABCG2, Dezi et al. suggested that
tetrameric organisation could be at least one of the oligomeric states of
ABCG2 present in the native membrane (Dezi et al., 2010), but did not rule
out the existence of other oligomeric states reported elsewhere. In this study,

we resolved that tetrameric organisation is the predominant oligomeric form
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of ABCG2 when investigated in intact mammalian cells. The implication of the
tetrameric organisation of ABCG2 on its functionality or mechanism is yet to
be established, but it is possible that the higher order tetrameric organisation
enhances the structural stability of ABCG2 complex in the membrane (Ali and
Imperiali, 2005; Cymer and Schneider, 2012), see chapter 8 for further

discussion.

The presence of substrate (mitoxantrone) did not alter the oligomerisation of
ABCG2, unlike the dynamic organisation of ABCA1 transporters, where dimer-
monomer inter-conversion was observed upon binding of apolipoprotein A-1
during the generation of HDL (Nagata et al., 2013). However, it is also possible
that the potential substrate specific alteration of ABCG2 organisation may not

have been detected as TIRF imaging was performed after the cells were fixed.

CD28-sfGFP was employed in this study as a control to predict the
characteristics of an oligomeric protein in the plasma membrane using this
technique. CD28 is a T-lymphocyte receptor that binds to co-stimulatory
molecules such as CD80 and CD86 to regulate T cell stimulation (Aruffo and
Seed, 1987; Greene et al., 1996) and it is widely thought to form homodimeric
complexes through disulphide interactions (Lazar-Molnar et al., 2006).
However, Greene et al. could not rule out presence of tetrameric species in
their CD28 samples prepared from gel permeation chromatography (Greene
et al., 1996). This is a limitation that could explain the binding heterogeneity
observed in their experiment as suggested in a review (Collins et al., 2002).
FRET experiments reported that removal of intermolecular disulphide
interaction (mutation of cysteine-123 residue) did not affect the
oligomerisation of CD28 at the plasma membrane (Lazar-Molnar et al., 2006),
suggesting that other domains could contribute to the CD28 dimeric
interactions. These other domains may also play further roles in the
formation of higher order CD28 oligomers. Furthermore, a non-reducing

radioimmunoprecipitation assay of CD28 showed that higher order oligomeric
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formation (than dimer) was possible (Tacke et al., 1997). Although
inconclusive, results from brightness analysis in chapter 6 also suggested that
CD28 could form higher order oligomers (e.g. tetramers). Therefore, the
suggestion presented in Figure 7.12 above indicating that CD28 exists as even
mixture of dimers and tetramers in the plasma membrane of HEK293T cells is
realistic and also more likely than a homogeneous population of trimers

(Figure 7.11).

ABCC4 is a less well-characterised ABC transporter thought to be involved in
the regulation of cAMP (Copsel et al., 2011), the transport of antiviral agents,
and offering protective function for multiple organs against toxic compounds
(Abla et al., 2008). Although it is known to have two NBDs and two
transmembrane domains (TMDs), its oligomeric structure remains unknown.
Results in Figure 7.11 indicate that ABCC4 molecules could organise as
trimers, and the use of dimer/tetramer model did not improve the fitting of
the ABCC4 frequency histogram (Figure 7.12). The CFTR, also known as
ABCC7, belongs to the same ABCC protein subfamily, and contains identical
number of NBDs and TMDs as ABCCA4. Its oligomerisation has been studied
more extensively, and contradictory evidence has been reported. Multiple
electron microscopy studies suggested that ABCC7 molecules organised as
dimeric complexes (Cant et al., 2014; L. Zhang et al., 2009) whilst TIRF imaging
and intensity analysis suggested that ABCC7 should exist only as monomers
(Haggie and Verkman, 2008). The oligomeric structure of ABCC4 therefore
cannot be proposed based solely on our TIRF stepwise photobleaching
experiments. The likelihood of ABCC4 molecules existing as trimers or as a
mixture of dimers and tetramers cannot be ruled out. Regardless of these
uncertainties, the full length ABC transporter, ABCC4, was clearly shown to
exist as lower order oligomeric structure compared to the half transporter,

ABCG2.
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7.5.2 Critical appraisal of TIRF stepwise photobleaching method

The combination method of TIRF imaging and stepwise photobleaching
employed here offers several advantages and limitations when compared to

other studies.

First, it is highly advantageous when compared to the oligomerisation studies
of ABCG2 performed previously (see above and section 1.6). Our
fluorescence technique allows the estimate of precise stoichiometry ABCG2
oligomeric organisation, in contrast to the FRET and BiFC methods or the
biochemistry  techniques (e.g.  co-immunoprecipitation and  gel
electrophoresis). Second, ABCG2 was expressed and investigated in
mammalian cells. Although the cells were chemically fixed prior to image
acquisition, ABCG2 remained in the plasma membrane during acquisition. It is
therefore more likely to represent its native state, when compared to
biochemical and electron microscopy studies in which ABCG2 protein samples
were purified and removed from the plasma membrane. Furthermore,
accurate analysis of the electron microscopy data relies on homology
modelling of electron map using current available ABC transporter structures,
most of which have low sequence similarities compared to ABCG2 (see

section 1.4).

Using the fully automated PIF algorithm, this method provided means of
impartial data analysis (spot selection and step detection) and strong
statistical power in which a large number of spots were investigated. This is
advantageous compared to the TIRF stepwise photobleaching studies
performed on ABCC7 (Haggie and Verkman, 2008) and ABCA1 (Nagata et al.,
2013), where manual step detection was performed (see Table 7.1). However,
the PFA fixation in our method could result in the quenching of GFP
fluorescence (Brewis et al., 2000; Ganguly et al., 2011) and undesired protein-

protein crosslinking. Despite this, immobilisation of the fluorescent spots was
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necessary for accurate tracking of the fluorescent spots over time and
determination of the number of photobleaching steps, as suggested in (Arant
and Ulbrich, 2014). This disadvantage in our study is complemented by the
oligomerisation results from brightness analysis of FCS measurements
obtained from live cells, where tetrameric organisation of ABCG2 was also

indicated (see chapter 6).

Another limitation within the TIRF stepwise photobleaching technique is that
each fluorescent spot was assumed to represent a single protein complex (or
oligomer). However, the size of the fluorescent spots detected in this study is
in fact limited by Abbé diffraction limit, which is approximately 100 nm for
the wavelengths employed here. Each fluorescent spot could therefore
comprise of more than a single protein complex and this assumption was
modelled as the 10% overlapping fluorescent spots in the binomial
distributions (see next section). Again, this limitation is somewhat
complemented by the PCH analysis in chapter 6 as the molecular brightness
data were generated from “single molecule” statistical analysis of FCS

measurements.

7.5.3 Assumptions in the binomial fitting of histograms

Two key assumptions were required for generating the binomial oligomeric
models to fit the frequency histogram, for which the experimental data are

difficult to obtain.

First, it was assumed that there were 10 % overlapping fluorescent spots in
the TIRF videos. Although most of the closely located fluorescent spots were
rejected during the spot selection process (see section 2.10.2 and Figure
7.6A), it is not inconceivable that two protein complexes could be too close to
each other and detected as a single fluorescent spot, because of Abbé limit as

discussed above. Overlapping of fluorescent spots will result in higher than
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expected oligomer and number of photobleaching steps. Another theory is
that this assumption could also imply the existence of higher order oligomeric
states, e.g. 10 % of ABCG2 could exist as octameric complex. This supports the
biochemical evidence presented in (McDevitt et al., 2006) where a tetrameric
dimer complex was suggested. However, we could not resolve these two

theories with the necessary justification at the time.

Another influential factor when calculating the oligomeric models was the
probability of fluorescent sfGFP molecules. This was estimated at 0.55 in this
study. It is comparable to the 53 % reported in (McGuire et al.,, 2012), in
which identical methods, e.g. fixed HEK293T cells and monomeric sfGFP as
the fluorescent tag, were employed. However, the exact reason for the
presence of a proportion of non-fluorescent GFP is thus far unclear. It was
suggested by Ulbrich and Isacoff in their pioneer publication (Ulbrich and
Isacoff, 2007) that this phenomenon is similar to that of the DsRed (Garcia-
Parajo et al., 2001) where a certain fraction of the GFP molecules existed in a
non-fluorescent “dark” state and resulted in a lower than expected number of
photobleaching steps observed. Table 7.3 below summarises the probability
of fluorescent GFP reported in the literature thus far. McGuire et al. explained
that the low maturation rate (probability of fluorescent GFP) observed in their
studies (0.53), compared to those reported by Ulbrich and Isacoff (0.8), was
due to the higher temperature (37°C) in which the HEK293T cells were grown,
as compared to the lower temperature (18°C) for X. laevis oocytes. The
reasoning behind this suggestion was unclear, as the EGFP variant was shown
to have improved chromophore maturation at high temperature (Macdonald
et al., 2012; Patterson et al., 1997). The description of this probability as the
“maturation rate” of GFP by McGuire et al. was probably unsuitable, and the
reason for the differences in the probability of fluorescent GFP could not be
accurately explained. However, other studies have also reported lower than
0.8 probability of fluorescent GFP using mammalian or oocyte expression

systems (Coste et al., 2012; Nagata et al., 2013; Nakajo et al., 2010), see Table
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7.3. Quenching of GFP fluorescence emission caused by cell fixation with
paraformaldehyde (Brewis et al., 2000; Ganguly et al., 2011) may explain the
lower % of fluorescent sfGFP molecules observed in this study compared to
the 66 % reported in live Hela cells (Nagata et al.,, 2013). This quenching
caused by cell fixation could also explain the inconsistency observed in
chapter 6, where the assumption of a proportion of non-fluorescent sfGFP
was not required in the PCH analysis of live cell data, and a 1.8-fold increase
in molecular brightness was observed in tandem-sfGFP, compared to
monomeric sfGFP. Finally, considering all the above arguments, it is
reasonable to conclude that the probability value is likely to be multifactorial

depending on cell types, fluorophores and measurement conditions.

Table 7.3: Summary of the expression systems, fluorescent proteins employed and
probability of fluorescent GFP reported in various TIRF stepwise photobleaching studies.

Methods of
Expression Fluorescent determination and
. e References
system protein probability of

X. laevis oocytes (live)

X. laevis oocytes (live)

HEK293 (membrane

from lyse cells)

HEK293 cells (fixed)
HEK293 cells (fixed)

Hela cells (live)

HEK293 cells (fixed)
HEK293 cells (live)
HEK239 cells (live)

HEK293 cells (fixed)

Monomeric EGFP
or EGFP

Monomeric EGFP

EGFP

Monomeric sfGFP

EGFP

Monomeric EGFP

Monomeric EGFP

GFP

GFP

GFP

fluorescent GFP

Best fit model, 0.8

Best fit model, 0.64

Best fit model, 0.67

Best fit model, 0.53
Best fit assumption, 0.8

Fluorophore labelling and
co-localisation, 0.66

Best fit model, 0.75
Best fit assumption, 0.8
Best fit model, 0.9

Best fit assumption, 0.8

(Reiner et al., 2012;
Ulbrich and Isacoff,
2007)

(Nakajo et al., 2010)

(Hallworth and Nichols,
2012)

(McGuire et al., 2012)
(Ji et al., 2008)

(Nagata et al., 2013)

(Ohshiro et al., 2014)
(Plant et al., 2014, 2011)
(Anderluh et al., 2014)

(W. Zhang et al., 2009)

Finally, the use of single or multiple oligomeric models could also affect the

final interpretation of the frequency histograms. For ABCG2, there was no

232



such problem as both models predicted a predominant tetrameric
organisation. In contrast, it was less conclusive for CD28 and ABCC4 as it was
difficult to distinguish a best fit between the trimer and the 1: 1
dimer/tetramer models. For CD28, the use of 1: 1 dimer/tetramer model to
describe the frequency histogram is deemed to be more plausible based on
other supporting evidence from the literature. However, the lack of literature
evidence for the oligomerisation of ABCC4 means that accurate

determination is not possible at this stage (see section 7.5.1).

7.5.4 Excluded traces to compensate for experimental limitations

The other potential limiting factor in the final analysis was the high number of
traces rejected. Only cells with higher than 20 % accepted traces were
accounted for in the final frequency step histograms, and approximately 60 %
of the cells analysed in this study were excluded from the final analysis. The
two main criteria that resulted in the rejection of the traces were 1) the
inadequate spot separation and 2) the low step to noise ratios yielded in the

step detection traces.

The uncontrolled increased expression of membrane localised fluorescent
proteins in HEK293T cells results in difficulty in obtaining cells with clear spot
separation. For example, despite selection of a low expressing clone of CD86-
sfGFP (monomeric control), the cells were inappropriate for this analysis. The
majority of the TIRF images acquired for CD86-sfGFP cells were inadequate
for further stepwise photobleaching analysis due to poor spot separation
(spots not visibly separated by eye) in the TIRF images, shown in Figure S7.3 in
Appendix. This could be due to the higher expression of CD86 compared to
CD28 and ABCG2 at the plasma membrane. The use of a fully automated
algorithm to analyse every single spot detected and setting rejection criteria

within the software was therefore critical for compensating for this limitation.
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Additionally, the mammalian cells were also known to produce higher
background autofluorescence noise compared to X. /aevis oocytes (McGuire
et al, 2012). The use of SNRs as a rejection criterion allowed the
photobleaching steps to be clearly distinguished from the background noise
due to random fluorescence fluctuations produced in mammalian cells. By
setting a minimum step to noise ratio as threshold, traces with high
background noise were rejected and excluded from the final analysis.
Although a high SNR threshold is preferred to ensure that good quality traces
were analysed, it would in turn cause an increase in traces rejected (see
Figure S7.4A in Appendix). The SNR in this study was chosen as 1.6 based on
the results and suggestions in (McGuire et al., 2012), and to ensure sufficient
traces were accepted for final analysis (see Figure S7.4 in Appendix for further
explanation). In summary, the high number of traces rejected in this study
was necessary to compensate the experimental limitations caused by the

mammalian expression system.

7.5.5 Concluding remarks

Single particle TIRF imaging and stepwise photobleaching analysis employed
in this study, for the first time, has provided strong evidence of tetrameric
organisation of ABCG2 in mammalian plasma membrane. In comparison, the
control CD28 protein organisation was optimally modelled as a mixture of
dimers and tetramers, and the full length transporter ABCC4 is likely to exist
as lower oligomeric state compared to the half transporter ABCG2. Further
studies on the importance of tetrameric organisation on ABCG2 function
could potentially lead to new strategies in drug development for targetting

ABCG2 oligomerisation.
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Chapter 8 Final discussion and future

perspectives

8.1 Key findings

The use of several fluorescence techniques to investigate ABCG2 expressed in
mammalian cells has enabled comprehensive characterisation of ABCG2
organisation within living and fixed mammalian cell membranes. Overall, the
findings in this study can be categorised into three sections — function and

localisation, membrane dynamics, and oligomerisation.

Using confocal imaging and fluorescence accumulation assays, we first
established that N-terminus tagging of ABCG2 with fluorescent proteins was
not detrimental to its localisation and function, as previously suggested in
(Haider et al., 2011; Ni et al., 2010). We also verified that C603A and T362A
point mutations did not affect the function of ABCG2. It is therefore unlikely
that the intermolecular disulphide bridge involving the Cys-603 residue or the
phosphorylation of ABCG2 by Pim-1 kinase at the Thr-362 residue (Xie et al.,
2007) has a significant impact on the drug exporter function over the time
frame of our experiments. The localisation results of truncated YFP-tagged
ABCG2 mutants suggested that the NBD (or at least part of the N-terminus of
ABCG2) and the transmembrane helices 5-6 could be proposed as important

for successful folding and membrane trafficking of ABCG2.

The pioneer investigation of membrane dynamics of ABCG2 using two
different techniques (FRAP and FCS) for the first time successfully
characterised the membrane diffusion of ABCG2 in live cells. The slower
diffusion of ABCG2 suggests that it forms larger complexes or is restricted by
more membrane component interactions (increased number of

transmembrane helices), compared to the study controls (membrane
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localised sfGFPs and CD28 and CD86 glycoproteins). We showed that C603A
and T362A mutations did not affect the diffusion of ABCG2 measured using
FRAP. We also presented evidence that suggests ABCG2 diffusion was not
affected by the presence of ligands (transport substrates and inhibitors) and

cell cytoskeleton disruption.

The primary objective of this study was to resolve the uncertain evidence
regarding oligomeric organisation of ABCG2, using fluorescence techniques.
Using three different fluorescence techniques that were carefully controlled,
we provided evidence for ABCG2 oligomerisation in live cells and indications
of its precise oligomeric organisation. We showed that the transmembrane
domain of ABCG2 is most likely to be important in the oligomerisation of
ABCG2. However, it was challenging to establish the exact domains within
ABCG2 that are important for its oligomerisation using FRET microscopy, since
the truncated mutants were not localised at the plasma membrane.
Nonetheless, two complementary fluorescence techniques successfully
demonstrated tetrameric organisation of ABCG2. PCH analysis indicated 4-
fold increase in the average molecular brightness of ABCG2 (compared to its
“monomeric unit”) in live cells, while TIRF stepwise photobleaching analysis in
fixed cells also suggested that the photobleaching step frequency histogram
of ABCG2 (obtained from individual fluorescent spots) was best described
using tetrameric models. Furthermore, we also demonstrated that presence
of ligands did not alter the subunit organisation of ABCG2 oligomers in live or

fixed cells.

8.2 General advantages and limitations of experimental

methods

The pros and cons of each of the individual fluorescence techniques have

already been discussed in the respective results chapters. Here, we highlight
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several general advantages and limitations of these experiments, comparing

across the fluorescence techniques.

First, fusion of ABCG2 to a fluorescent protein has allowed the visualisation of
ABCG2 and direct investigation of ABCG2 behaviour in live/fixed cells by
studying the genetically fused fluorescent protein. The use of HEK293T cells
as the expression system (instead of yeast or bacteria) with identical
translation and membrane trafficking machinery should also generate ABCG2
that closely resembles the physiological state of the protein. The main
advantage of using fluorescent protein tagging with genetic fusion is that the
cell is in theory, likely to produce a 1: 1 ratio of fluorescent protein and
ABCG2 molecules, unlike other fluorescent labelling methods (e.g. antibodies
or SNAP labels) which have concerns regarding the tagging efficacy and
feasibility of antibody treatments in live cells. As discussed in section 7.5.3,
although “dark” fluorophores were not detected in the PCH analysis (chapter
6), statistical modelling of photobleaching step frequency histograms (chapter
7) suggested that only 55 % of the GFP molecules are fluorescent. The
presence of non-fluorescent GFP molecules could be explained by the
incomplete maturation of GFP chromophore (section 1.7) or quenching of

GFP due to treatment of the cells, e.g. fixation.

Fluorescent protein tagging of the NBD of ABCG2 could also mask potential
interactions of ABCG2 (with intracellular domains or other molecules) where
the NBD was implicated in. This may affect some of our interpretations
regarding the roles of NBD in ABCG2 oligomerisation and lack of interactions
of ABCG2 with the cell cytoskeleton. However, it is unlikely that the “head-to-

III

tail” dimer interactions of NBDs are disrupted since the fluorescent protein
tagged ABCG2 remained functional. This limitation could be improved in
future using small molecule fluorescence tagging of short epitope sequences,
such as the 11-residue coenzyme A systems (Yin et al., 2005) and the

biarsenical labelling of tetracysteine recognition sequences (6 to 8 residues;
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(Adams et al., 2002)) to investigate the effects of fluorescent protein tagging
in future studies. Expressing the recombinant proteins in HEK293T cells using
strong a CMV promoter also resulted in high expression of fluorescent
proteins. Although it may not present a fair reflection of ABCG2 at normal
physiological levels, increased expression of ABCG2 is common in cancer cells
(e.g. multiple myeloma (Turner et al., 2006)). This potential limitation was
also minimised by the selection of low expressing clonal cell lines in certain

experiments.

A brief comparison of the four techniques employed in this study is
summarised in Table 8.1. Although the mobility measurements obtained from
different spatial resolution techniques (FRAP and FCS) presented novel
observations of ABCG2 diffusion in the plasma membrane, they are poor
indicators of oligomerisation since the diffusion coefficient is relatively
insensitive to molecular weight changes and it can be markedly affected by
other factors (e.g. interactions with other membrane proteins or cell
cytoskeleton) as discussed in chapter 4. FRET studies demonstrated at least a
dimer formation of ABCG2 but they could not distinguish potential higher
order oligomerisation. In contrast, PCH analysis (based on single particle
statistics) was able to demonstrate higher order oligomer ABCG2 formation
by detecting more than 2-fold increase in ABCG2 molecular brightness, when
compared against CD86 monomer control and the C1 “monomeric unit” of
ABCG2 (2-component PCH analysis). However, current PCH models are limited
to distinguishing two different fluorescent species and are derived based on a
3D fluctuation model. Accurate determination of the oligomeric organisation
using PCH analysis also relies on the knowledge of the true brightness of a
“monomer” for comparison, and accurate determination of this can be
difficult (chapter 6). Equally, TIRF stepwise photobleaching analysis also
provided evidence of higher order oligomeric organisation of ABCG2 (more
than dimer). Although this method did not rely on the knowledge of the

brightness of a “monomeric unit”, the cells had to be fixed for immobilisation
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of fluorescent spots and statistical modelling of the photobleaching step
frequency histograms required other assumptions to be made, in particular
that not all the genetically tagged GFP was fluorescent. Of these methods,
TIRF stepwise photobleaching was able to provide strongest evidence for
tetrameric organisation of ABCG2 and model the possible heterogeneity in
the oligomerisation of ABCG2 (e.g. dimer: tetramer ratios of 1: 9 for ABCG2
and 1: 1 for CD28), whilst methods such as FRET and PCH (1-component
model) assume “homogeneous” ABCG2 oligomers. Despite the different
pitfalls, the techniques (especially PCH analysis and TIRF stepwise
photobleaching) have generated complementary results that suggested

predominant tetrameric organisation of ABCG2 molecules.

Table 8.1: Comparison of the fluorescence techniques employed in this study.

TIRF stepwise
FRAP FRET FCS/PCH .
photobleaching
Live cell Yes Yes Yes Yes/No
application
Stable/ Stable Transient Stable Stable or
transient cells transient
Single Yes No Yes Yes
wavelength
detection
Final Fluorescence Increase in Fluorescence Number of
measurements  recovery donor fluctuation/ photobleaching
fluorescence  molecular steps
signal brightness
Measurement Ensemble Ensemble Single Single particle
types molecule
resolution
Detection of No Yes Yes Yes
dimers
Identification of No No Possible Yes
oligomeric indication
state

239




8.3 Future perspectives

8.3.1 Significance of ABCG2 tetrameric organisation

It was established that the minimum functional unit of an ABC transporter
contains two NBDs. Therefore, as a “half transporter”, it is safe to assume
that formation of ABCG2 dimers is required for its function (Bhatia et al.,
2005). Here, we demonstrated that ABCG2 is most likely to adopt a tetrameric
organisation in the plasma membrane. The questions that are yet to be
addressed are: 1) the importance of tetrameric organisation of ABCG2 and 2)

potential approaches to prevent the oligomerisation of ABCG2.

The majority of cellular proteins (over 35 %) exist as symmetrical oligomers, in
particular dimers and tetramers (Goodsell and Olson, 2000). Despite most of
the proteins in the Protein Data Bank being reported as monomers, this may
be a reflection of experimental limitations that favour determination of
monomeric protein structures (Jones and Thornton, 1996). If dimeric ABCG2
is the minimal functional unit (as suggested in (Bhatia et al., 2005) and
others), could the tetrameric organisation of ABCG2 be also important for its
function (e.g. ATP hydrolysis and substrate transport)? Or could it have a
different role in vivo? Evidence of dimerisation of the “full length” ABC
transporters (e.g. ABCB1 (Boscoboinik et al., 1990; Poruchynsky and Ling,
1994) and ABCC1 (Rosenberg et al., 2001)) suggest that ABC transporters may
indeed require more than 2 NBDs and 2 TMDs as a functional unit for ATP
hydrolysis and substrate transport. However, there is no direct evidence to
support this suggestion thus far. Larger protein complexes can be more
resistant to degradation and denaturation (Ali and Imperiali, 2005) and
examples elsewhere have proposed that oligomerisation can be important in
the structural stability of membrane proteins (Cymer and Schneider, 2012).
Therefore, it could also be argued that the tetrameric formation of ABCG2 is
important for the structural stability of the protein whilst the dimeric ABCG2

remains as the key functional component within the complex.
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The difficulty in the disruption of oligomerisation in ABCG2 is the main reason
for the lack of understanding in this area. How do membrane proteins such as
ABCG2 form oligomers? The evidence presented in this study implied that the
nucleotide binding domain is unlikely to be important in ABCG2
oligomerisation. Truncated TMDs of ABCG2 resulted in poor membrane
localisation, hampering the efforts for the accurate determination of domains
responsible for ABCG2 oligomerisation (chapter 5). Although it was previously
suggested that the transmembrane helices 5 and 6 are important in the
oligomerisation of ABCG2 (Xu et al., 2007), we cannot rule out the possible
roles of multiple interacting sites in other transmembrane helices that may be
responsible for the formation of an oligomer with a complementary
geometrical shape (Ali and Imperiali, 2005). A crystal structure or reliable
homology model that shows the binding interfaces between ABCG2
molecules is much desired to resolve potential interacting sites in the TMD.
This is also challenging at present because unlike ABCB1, ABCG2 has very low
sequence similarities in comparison to the X-ray crystal structures presented
thus far (e.g. for the bacterial Sav1866 transporter). Nevertheless, the
findings and fluorescence methods presented in this study can form a reliable

foundation for any future studies on the oligomerisation of ABCG2.

In past two decades, protein-protein interactions have become a therapeutic
target in the clinic. Small molecules of approximately 0.5 kDa have been
developed and showed promise in the inhibition of various protein-protein
interactions (Arkin et al., 2014). A recent macrocylic class of compounds
(Ensemblins) that inhibits the interaction between interleukin-17 and its
receptor has been reported, representing one of the major breakthroughs in
the search of protein-protein interaction inhibitors (Mullard, 2012). The wide
substrate specificity of ABCG2 indicates that some of these newly developed
compounds may even be applicable in the inhibition of ABCG2-ABCG2
interactions. Therefore, it is possible that as the drug design strategy and

understanding of ABCG2 oligomerisation progress, the use of small molecules
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(with good efficacy and sufficient bioavailability) to target protein-protein
interactions mediating the oligomerisation of ABCG2 may one day become a

therapy option in multidrug resistance of cancers.

8.3.2 Establishing the pharmacology of ABCG2

Aside from oligomerisation, current knowledge on ABCG2 pharmacology is
also lacking. Up to now, only one pharmacology study of substrate binding
affinity in ABCG2 has been reported (Clark et al., 2006). Stable HEK293T
clones (with varying expression levels) of sfGFP-tagged ABCG2 and various
fluorescence techniques employed in this study present an opportunity to
extend the knowledge of ABCG2 in this area. Pharmacology studies can be
designed using the fluorescence accumulation assays employed in this study,
although this may require new synthetic fluorescent ligands such as the
BODIPY fluorescent dye conjugated compounds (Loudet and Burgess, 2007). A
reverse of the accumulation assay set up can be exploited to study the rate of
efflux in ABCG2, providing further insights to the pharmacology of ABCG2. A
preliminary experiment of this efflux assay was successfully implemented and
could be used as guidance for further experiments. Furthermore, FCS has also
been routinely employed to study the pharmacology of adenosine receptors
(Briddon and Hill, 2007; Briddon et al., 2004; Corriden et al., 2014) and slight
modification of current FCS methods may allow quantitative determination of
binding and dissociation rates of ABCG2 ligands at “single molecule”

resolution.

8.3.3 Potential new imaging methods to study ABCG2

Finally, true “single molecule” imaging that allows investigation of ABCG2 at
single protein complex level was not achieved. Spatial resolution in
fluorescence microscopy (e.g. TIRF single particle imaging) was limited to a
minimum pixel size of 100 nm (in x and y) due to Abbé diffraction limit, which

is at least 10 fold greater than the approximate diameter of a protein
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molecule. Recently, commercial super resolution microscope systems
employing techniques such as photoactivation localisation microscopy (PALM)
and stochastic optical reconstruction microscopy (STORM) have become
available to biologists, allowing nanoscale imaging of proteins dynamics in
living cells (Godin et al.,, 2014), providing opportunity for true “single
molecule” investigations in the future. Second, the recent development of
intravital microscopy allows high resolution in situ fluorescence imaging in
live animals, achieved through the use of multiphoton excitation techniques
and far red fluorophores to overcome loss of fluorescent signal due to light
scattering and reduced absorption associated with tissue depth. This
technique may provide further opportunity to investigate the dynamics and
oligomerisation of ABCG2 in its natural environment and the determination of
importance of ABCG2 tetrameric organisation using in situ fluorescence

studies (Ellenbroek and van Rheenen, 2014).
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Figure S1.1: Sequence alignment to map biochemically identified ABCB1 binding sites on X-
ray crystal structures. Protein sequence of human ABCB1 was aligned against S. aureus
Sav1866 and C. elegans ABCB1 using Clustal Omega (Sievers et al., 2011).
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Figure S1.1 (continued)
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Figure $3.1: Sequencing data (DNA chromatogram) of YFP-ABCG2 obtained using T7F
primer.
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Figure S3.2: Sequencmg data (DNA chromatogram) of YFP-ABCG2 obtalned using Sequ
primer.
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6CAAGCTGCCCGTGCCCTGGCCCACCCTCGTG
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
CTGCCCGTGCCCTGGCCCACCCTCGTG

ACCACCTTCGGCTACGGCCTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCAC

LULLE TEEEEEELEL IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
ACCACNNTCGGCTACGGCNNGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCAC

GACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAG

LULLLLEEEEEELEE L L LR EL R EEL LT
GACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAG

GACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAAC
LECEERELETR LT e e e e e e e e e e eeeern
GACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGT TCGAGGGCGACACCCTGGTGAAC

CGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTG
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
CGCATCGAGCTGAAGGGCATCGA( GAGGACGGCAACATCCTGGGGCACAAGCTG

GAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATC
LELEEEELEREEEE LR e e e e ey
GAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATC

AAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCAC
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
GAGGACGGCAGCGTGCAGCTCGCCGACCAC

TACCAGCAGAACACCCCCATCGECGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTG

LULURLELEEEEELEEE LR R L EEEELELE LT
TACCAGCAGAACACCCCCATCGECGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTG

AGCTACCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTG

TULLEEELETEEEEREEEE L T R LR e L L v rerenl
AGCTACCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTG

GAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTCCGGACTC
FECRETERTTREE T e e e e e e e e e e e ey
GAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTCCGGACTC

AGATCTCGAGCTCAAGCTTCGAATTCTATGTCTTCCAGTAATGTCGAAGTTTTTATCCCA
TECLEEELEELRE L LR LR R e e nrrnl
AGATCTCGAGCTCAAGCTTCGAATTCTATGTCTTCCAGTAATGTCGAAGTTTTTATCCCA

GTGTCACAAGGAAACACCAATGGCTTCCCCGCGACAGCTTCCAATGACCTGAAGGCATTT

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
ACCAATGGCTTCCCCGCGACAGCTTCCAA

ACTGAAGGAGCTGTGTTAAGTTTTCATAACATCTGCTATCGAGTAAAACT GAAGAGTGGC
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
ACTGAAGGAGCTGTGTTAAGTTTTCATAACATCTGCTATCGAGTAAAACTGAAG!

TTTCTACCTTGTCGAAAACCAGTTGAGAAAGAAATATTATCGAATATCAATGGGATCATG

LULUREELEREEEEEEE e L L e e e irrerenl
TTTCTACCTTGTCGAAAACCAGTTGAGAAAGAAATATTATCGAATATCAATGGGATCATG

AAACCTGGTCTCAACGCCATCCTGEGACCCACAGGTGGAGGCAAATCTTCGTTATTAGAT
FEEEEREREELEE e e e e e e e e
AAACCTGGTCTCAACGCCATCCTGGGACCCACAGGTGGAGGCAAATCTTCGTTATTAGAT

GTCTTAGCTGCAAGGAAAG 1961

LULLLEELEEEEEE T
GTCTTAGCTGCAAG-AAAG

SeqR1

Figure S3.3: Examples of sequence alignment in YFP-ABCG2. DNA Sequencing data (Sbjct)
obtained for YFP-ABCG2 using T7F and SeqR1 primers were aligned against the predicted
sequences (Query).
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YFP-TMD YFP-TM1-2 YFP-TM1-4

Figure S5.1: Confocal images for three different YFP-tagged truncated ABCG2 constructs
expressed in single transfected HEK293T cells. Figure shows that all three constructs were
retained intracellularly. Whilst YFP-TMDs and YFP-TM1-4 localisation pattern was consistent
with retention in the endoplasmic reticulum, YFP-TM1-2 showed a diffuse cytoplasmic
localisation. Scale bar = 20 um.
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YFP-ABCG2 YFP-ABCG2
60 min MX only 60 min MX + Ko143

Figure S5.2: Fluorescence images acquired during the accumulation assay in HEK293T cells
transiently expressing YFP-ABCG2. A — Fluorescence images of YFP-ABCG2 expressing cells
(FITC channel, green, top) and the corresponding mitoxantrone (MX) accumulation (Cy5
channel, red, bottom) in a 96-well plate incubated with either 4 uM MX only or 4 uM MX +
1 uM Ko143, from 0 to 60 min at 37 °C. Images were acquired from 6 x 9 wells (4 sites each
well). Nucleus staining was not indicated in this panel. B — Overlay images showing nucleus
stain (DAPI channel, blue), YFP-ABCG2 (FITC channel, green), and MX (Cy5 channel, red)
acquired at 60 min incubation with either MX only (right) or MX + Ko143 (left). Scale bar =
20 pm.
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Figure S6.1: Diffusion coefficients (D) and membrane concentration (C) of sfGFP and
tandem-sfGFP. A — Examples of FCS data for sfGFP (top panel, light green) and tandem-sfGFP
(bottom panel, dark green). Fitting of autocorrelation curves with a single-component 3D
diffusion model (black dotted line) are shown together with the deviations. The D and C
values determined from the examples are also indicated in the tables. B — Diffusion
coefficients of tandem-sfGFP and sfGFP were presented as Log D (mean + SEM). C -
Concentration (number of particles per umz, C, mean = SEM) of the tandem-sfGFP and sfGFP.
B and C — Results were obtained using the 7p; and N; values from the single-component 3D
diffusion autocorrelation analysis. Data were collected from at least 25 cells over 3
experiments.
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Figure S6.2: 2-component PCH analysis of sfGFP and tandem-sfGFP validates the PCH
analysis methods. A — Molecular brightness (mean + SEM) of component 1 (Cl1l) and
component 2 (C2) of sfGFP and tandem-sfGFP. B — Component fractions of C1 and C2
obtained for sfGFP and tandem-sfGFP. 2-component PCH analysis was performed in Zen
2010. Data were collected from at least 25 cells over 3 independent experiments.
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Figure S6.3: No apparent differences in molecular brightness of CD86-sfGFP and normalised
brightness of CD28-sfGFP and sfGFP-ABCG2 using different binning times. A — Molecular
brightness of CD86-sfGFP obtained using various binning times in 1-component PCH analysis.
B and C — Normalised brightness of component 1 (C1) and component 2 (C2) of CD28-sfGFP
and sfGFP-ABCG2 (relative to the average molecular brightness of CD86-sfGFP in A) obtained
using various binning times in 2-component PCH analysis. A, B and C — Data were collected
from at least 10 cells from two independent experiments. Apart from the increase in C2
normalised brightness using 5 ms binning time analysis, no other noticeable difference was
observed using the different binning times.
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Figure S6.4: Example PCH analysis from CD86-sfGFP data set. 1-component (A) and 2-
component (B) 3D PCH models were used for the fitting of the PCH distributions obtained

from one of the FCS traces of CD86-sfGFP, using 1 ms binning time. The fit deviations and
reduced chi’ values provide an indication of goodness of fit for the different PCH models. The

average number of molecules and brightness values for component 1 (C1) and component 2
(C2, for 2-component analysis in B) are also shown in the tables. The applied first order
correction was determined from calibration experiments to correct for single photon
excitation employed (section 2.9.3). PCH analysis was performed in Zen 2010.
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Figure S6.5: Example PCH analysis from CD28-sfGFP data set. 1-component (A) and 2-
component (B) 3D PCH models were used for the fitting of the PCH distributions obtained
from one of the FCS traces of CD28-sfGFP, using 1 ms binning time. The fit deviations and
reduced chi’ values provide an indication of goodness of fit for the different PCH models. The
average number of molecules and brightness values for component 1 (C1) and component 2
(C2, for 2-component analysis in B) are also shown in the tables. The applied first order
correction was determined from calibration experiments to correct for single photon
excitation employed (section 2.9.3). PCH analysis was performed in Zen 2010.
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Figure S6.6: 2-component PCH model shows improved fitting for sfGFP-ABCG2 and CD28-
sfGFP data sets. Reduced chi’ values (mean + SEM) obtained from 1-component (1-comp) or
2-component (2-comp) PCH analysis for the various data sets (CD86-sfGFP, CD28-sfGFP and
sfGFP-ABCG2 in A; sfGFP and tandem-sfGFP in B). Reduced chi® values of 1 indicate optimal
fits were obtained with respective models, whilst values of > 1 suggest less optimal fit and
values of < 1 indicate “overfitting” and increased errors in the fit, for the respective models.
2-component PCH model significantly improved the fitting of CD28-sfGFP (green), sfGFP-
ABCG2 (red), and tandem-sfGFP (grey) data sets, as the reduced chi® values were significant
lower compared to those obtained from the respective 1-component PCH fits, p < 0.05 (*).
Data were collected from at least 30 cells over 4 independent experiments (A) or 25 cells over
3 independent experiments (B). Statistical significance was assessed using non-parametric
Kruskal-Wallis analysis followed by Dunnett’s multiple comparisons test.
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Figure S6.7: No difference in molecular brightness and component fractions between
component 1 and component 2 of CD86-sfGFP. Top panel: Molecular brightness (mean *
SEM) of component 1 (C1) and component 2 (C2). Bottom panel: Component fractions of C1
and C2. 2-component analysis was performed in Zen 2010. Figure shows that 2-component
PCH analysis did not identify a second component from the CD86-sfGFP data sets, as there
were no differences between the molecular brightness and fractions obtained for C1 vs C2.
Data were collected from at least 30 cells over 4 independent experiments.
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Table S7.1: Goodness of fit assessment using R-values for the determination of the best
oligomeric models. The goodness of fit of the various oligomeric models obtained with
different probability of fluorescent sfGFP was assessed using the reduced chi® values (R-
values) as shown in the table. R-values were calculated using the differences between the
observed and expected values obtained from the respective models (section 2.10.3), R-values
closer to 1 indicates better fit. Oligomeric models with p = 0.55 are shown to best describe
the photobleaching step frequency histograms, from which the lowest combined R-value was
obtained.

When p =0.50 sfGFP-ABCG2 CD28-sfGFP ABCC4-sFGFP
Dimer model 1162 254 185
Trimer model 83 4 3

Tetramer model 10 20 16
Pentamer model 10 57 43

When p = 0.55 sfGFP-ABCG2 CD28-sfGFP ABCC4-sfGFP
Dimer model 850 180 135
Trimer model 52 5 3

Tetramer model 6 39 29
Pentamer model 27 101 74

When p =0.60 sfGFP-ABCG2 CD28-sfGFP ABCC4-sfGFP
Dimer model 638 128 122
Trimer model 34 13 8

Tetramer model 12 70 51
Pentamer model 56 169 98
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Figure S7.1: Examples of photobleaching step detection analysis in CD28-sfGFP expressing
cell. Two selected fluorescent spots are highlighted in the magnified TIRF image of a HEK293T
cell expressing CD28-sfGFP. Fluorescence intensity plots show the corresponding traces for
the two fluorescent spots (according to colours). The arrows indicate the photobleaching
steps determined in the final idealised step detection traces (black curves). Scale bar = 10 um.
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Figure $7.2: Examples of photobleaching step detection analysis in ABCC4-sfGFP expressing
cell. Two selected fluorescent spots are highlighted in the magnified TIRF image of a HEK293T
cell expressing ABCC4-sfGFP. Fluorescence intensity plots show the corresponding traces for
the two fluorescent spots (according to colours). The arrows indicate the photobleaching
steps determined by the final idealised step detection traces (black curves). Scale bar =
10 pm.
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Figure S7.3: TIRF images of HEK293T cells expressing CD86-sfGFP. Two examples of TIRF
images obtained for from low expressing CD86-sfGFP clones (A and B). These images (and
most TIRF images obtained for CD86-sfGFP) were deemed inadequate for further analysis due
to poor spot separation. Scale bar = 10um.
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Figure $7.4: The effects of steps to noise ratios (SNR) on % of traces accepted and
photobleaching step frequency histograms. A — As the minimum SNR employed for the
analysis was increased, the % of traces accepted was reduced, i.e. more traces were rejected.
B — The resultant photobleaching step frequency histograms using the corresponding SNRs
are shown. A and B — Data were obtained from analysing the TIRF video shown in Figure 7.4
using different SNR whilst other parameters remained identical. The SNR chosen in this study
was 1.6. It was lower compared to the SNR employed by (McGuire et al., 2012) (2.5) because
the Chung-Kennedy (CK) filter incorporated within the software was not applied to the traces.
The CK filter was shown to increase the fluorescence signal and SNR significantly (McGuire et
al., 2012). However, in traces with higher SNR (> 2), a reduction of step detection accuracy
was observed, and McGuire et al. recommended excluding traces with SNR of < 1.8 from the
CK filter analysis. This feature in the software was not functioning and the authors
acknowledged that a further update is required. Considering this technical limitation within
the software, the CK filter was not applied to the fluorescence intensity traces in this study
and the SNR was set to 1.6.
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