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Abstract

The ATP-binding cassette super-family G member 2(ABCG2); also known as the breast
cancer resistant protein) mapped on chromosome 422 is known to have important
physiological roles in many tissues such as mammary gland, blood brain barrier and
gastrointestinal tract. Furthermore, ABCG?2 is involved in the transportation of chemically
diverse substrates such as steroids and other organic ions. Most importantly, ABCG2 has
been suggested to be involved in multidrug resistance in chemotherapy. Understanding the
thermostability of the ABCG2 protein, will allow a better understanding of how drugs and
inhibitor interact with the protein. The first aim in this thesis was to express, characterise and
purify ABCG?2 using Pichia pastoris, hence establish whether the thermostability cellular
thermal shift assay (CETSA) showed proof of principle on ABCG2. Results concluded that
Pichia pastoris is an excellent expression system which can be used to express and
characterise ABCG2. The thermostability CETSA assay performed on ABCG2 showed that
the melting temperature was 55°C, thus, proving that the CETSA assay could be used in
future to examine the thermostability of ABCG2 in the presence of a ligand. Understanding
the structure and mechanism of ABCQG2 starts by looking at the evolutionary relationship
with a common ancestor. The second aim of this thesis was to find potential evolutionary
relationship between ABCA and ABCG families to bacterial ABC transporter such as:
mechanotransducer MacB, WzmWzt, MlaE and MlaF. Results showed MacB transmembrane
domain (TMD), and nucleotide binding domain (NBD) had significant alignment to TMD
and NBD of ATP-binding cassette super-family A member 1 (ABCA1), ABCG2 and ATP-
binding cassette super-family G member 5 and 8 (ABCG5/G8). Henceforth, indicating
ABCA and ABCG families may have originated from MacB transporters. Similarly, the
TMD and NBD of WzmWzt, MlaE and MIaF are seen to align significantly well to the TMD
and NBD of ABCA and ABCG families, this suggest that convergence evolution may be

taking place between the two families.
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Chapter 1: Introduction

1.1 ATP binding Cassette family

In all living organisms the cell membrane has a crucial role to play, such that it needs to
maintain the cell’s integrity and the equilibrium conditions (Wilkens, 2015; Hulme et al.,
2010). Maintenance of the steady state conditions within the cell is assisted through the
presence of membrane protein transporters (Robey et al., 2018). The ATP binding cassette
(ABC) family is the largest protein transporter superfamily, which is present in all organisms.
As ABC transporters are found in all living organisms this proves how understanding the
structure and mechanism can help in understanding and treating various diseases associated

to disfunction of the ABC transporter (El-Awady,2017; Becker et al., 2007).

ABC transporters can be found in both prokaryotic and eukaryotic organisms; hence they are
known to serve many functions. Unlike the eukaryotic transporter, the prokaryotic transporter
has the ability to influx nutrients into the cell, efflux out cell waste and toxins of the cell
(Sheps et al., 2004). With a few exceptions, the eukaryotic ABC transporters also known as
‘efflux transporter’ have the feature of only expelling out toxins, and unwanted cell product
out of the cell (Nasim et al., 2020). The question still remains to this day as to why the
eukaryotic transporter has most probably lost the ability to influx substrates into the cell? (El-
Awady,2017; Moitra et al, 2011; Rice et al., 2014). Some of the answers to this question can
be found by looking at the evolution of the protein through bioinformatic analysis and
comparing the structure to its nearest evolutionary ancestors such as bacteria, to determine an
understanding of the mechanism of transport which could be beneficial in developing

treatments for diseases.

There are only four fundamentally different classes of membrane-bound protein transporters:
ion channels, transporters, aquaporins and ATP powered pumps. The mechanism used to
transport substrates by the ABC transporters is via ATP powered pumps, these membrane
protein transporters are involved in either primary active transport or secondary active
transport (Vasiliou et a/.,2009; Forrest et al., 2011). Primary active transport is involved in
the mechanism of using energy in the form of ATP to transport substrates against a
concentration gradient. Secondary active transport uses energy in other forms hence, this
energy is generated through electrochemical gradient which is created through pumping ions

out of the cell (Yang et al., 2015; Mishra et al., 2014). Primary transport mechanism is

15



assisted by the primary transporters which includes: the rotary motor ATPases (F-, A- and V-
ATPase), P-type ATPase and ABC transporters (Wilkens, 2015; Hollenstein et al., 2007).
To understand how ABC transporters functioned, the first step was to determine which

category of transporters that it belonged to (Forrest ef al., 2011).

It is known that the ATPase transporters use the hydrolysis of ATP to pump substrates into or
out of the cells (Hollenstein et al., 2007), however, the rotary motor and p-type ATPases are
only known to import and export metal ions and protons (Tomaszowski et al., 2015; Forrest
etal.,2011). The ABC transporters are known to transport a large amount of chemically
diverse molecules across the cell membrane (Robey et al., 2018; Jasinski et al., 2003).
Therefore, this allows the ABC transporters to regulate the cellular homeostasis such as the
levels of hormones, lipid molecules, saccharides, metal ions, oligonucleotides, xenobiotics
and other molecules which are required for various physiological roles (Robey ef al., 2018;

Wilkens,2015; Tarling et al., 2013; Jasinski et al., 2003).

ABC transporters are involved in intracellular compartmental transport, designed to regulate
the levels of intracellular organelles such as mitochondrion, lysosomes, endoplasmic
reticulum and Golgi apparatus (Hinz.,2012). ABC transporters are viewed as essential
proteins for the cell, as loss of these proteins leads to a large number of genetic diseases
(Tarling et al., 2013; Domenichini et al., 2019). The importance of the presence of the ABC
transporters are seen through germline mutation and the associated diseases, such as: a
mutation on ATP-binding cassette super-family C member 7 (ABCC7) also known as CFTR
(cystic fibrosis transmembrane conductance regulator) results in cystic fibrosis, mutation in
(ABCA1) results in Tangier disease; Stargardt Macular degeneration which is associated with
mutation in which is associated with mutation in ATP-binding cassette super-family A
member 4(ABCA4); mutations among two of the ABCG transporters, ABCG5 and ABCGS,
have been associated with Sitosterolaemia, mutations on ATP-binding cassette super-family
C member 6 (ABCC6), is associated with Psuedoxanthoma, and the mutations on ATP-
binding cassette super-family A member 12 (ABCA12) have been associated with Harlequin
Ichthyosis (Robey et al., 2018; Domenichini et al., 2019). There have been many research
studies which have been carried out to manage these disorders such as gene therapy,
stabilization of the messenger mRNA, and correction of trafficking defects to name a few
(Robey et al., 2018; Wilkens, 2015; Hollenstein ef al., 2007). However, there has been many

biological and clinical challenges which has led to the failure of these treatments due to the
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lack of understanding on the mechanism of transport for each transporter (Aguiar et al.,
2019). Understanding protein structure and mechanism enables one to understand how
specific substrates are transported across the cell membrane. However, obtaining high
resolution protein structures in action of transport is one of the most difficult tasks faced by

structural biologists.

1.2 The general architecture and structure of ABC transporters

The first step to understand the functional links and properties of the ABC transporter is by
looking at the fundamental layout of the ABC transporter. General architecture of ABC
transporters are composed of four functional units; two transmembrane domains:
transmembrane domain 1 (TMD1), transmembrane domain 2 (TMD2) embedded in the
membrane bilayer. Furthermore, the two nucleotide binding domains: nucleotide binding
domain I(NBD1), nucleotide binding domain 2 (NBD2) located in the cytoplasm, as seen in
figure 1 (Rees et al., 2009; Linton,2007).

The combination of the domains are encoded by a single polypeptide in prokaryotes, or two
polypeptides in eukaryotes, with the latter being half transporters (with either homodimeric or
heterodimeric halves) like in the ABCG family (Lewinson and Livnat-Levanon., 2017). The
four domains in bacteria may be found in a combination of individual pairs, pairwise
identical subunits, or a combination of fused NBDs and/or TMDs (Wilkens., 2015).

Although in bacteria there may be a varied combination of NBD and TMD, between
eukaryotic and bacteria there are high sequence similarities in the NBD, thus many similar

conserved regions as shown in the example of figure 1.

17



P-gp Y GnsGsGKST sQe  LSGGQ ILLDEAT LD AHR
MsbA Y GrsGsGKST sQn LSGGQ ILiDEAT LD AHR
Sav Y CmsGgGKST qQd LSGGQ ILiDEAT LD AHR
BtuD 1 GpnGaGKST gQg LSGGe ILLDEpm Ls sHd

~14 ~36-44 ~83-86 ~14044  ~160-67 ~170-71 ~195-97
aromatic Walke Q-loop ABC D-loop H-loop
signature

Figure 1: The fundamental features of ABC transporter and conserved regions in NBD

This figure is known as the ‘minimal ABC transporter’, the diagram represents the presence of two
transmembrane domains which are embedded in the membrane bilayer,; exporting out ligands is one of its
Sfunctions whilst transport is driven by the ATP binding and hydrolysis by the two nucleotide binding domains.
The sequence alignment shows there are seven highly conserved regions of the NBD throughout different
Sfamilies: P-gp(human ABC transporter), MsbA (ABC transporter which function as a homodimer and is found
in Gram-negative bacteria), Sav (Bacterial multidrug ABC transporter), BtuD (ABC transporter found in
Escherichia coli) — important in the process of uptake of Vitamin B12) (Linton,2007).

1.3 ABC Importers and Exporters

The general architecture of the ABC transporter superfamily provides the first features for
detecting whether the membrane protein belongs in the family, when positively identified the
membrane transporters are grouped into either exporters or importers depending on the basis
of transport reaction, architecture and mechanism of transport (Hollenstein et al., 2007).
Thus, the ABC importers are further divided into two classes (I and II) depending again on
the small details of differences in the mechanism and architecture and a third class (I1I)
known as energy coupling factor (ECF) transporters as shown in figure 2, however this
transporter will not be discussed any further. The mechanism in which ABC importers
transport their substrate is by requiring a binding protein that delivers captured substrates to
the external face of the transporter, whereas ABC exporters recruits their substrate from their
cytoplasm or from the inner leaflet of the bilayer. (Wilkens., 2015; Hollenstein et al., 2007;
Lewinson and Livnat-Levanon., 2017). The presence of ABC importers and exporters are
seen in bacteria, however, eukaryotes (with a few exceptions) are known to only have ABC

exporters. ABCA4 is one of the few novel importers present in eukaryotes; it is found in
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retinal photoreceptor cells and has association with Stargardt macular degeneration. One of
the main questions related to ABCA4 is why is it one of the few importers found in

eukaryotes? Furthermore, why are there only a few importers found in eukaryotes?

trans

cis

Importers Type | Importers Type I Exporters ECF transporters
(Importers Type Ill)

Figure 2: The difference in features of importers: types I, II, III and exporters

The diagram shows four distinct fold of ABC transporters, they all share a general structure with two NBD
(shown as a blue and sky blue) and two TMD (orange and yellow). There are a few differences which can be
seen in the diagram of which some of the transporters have extra domains (represented green). There has been
association of this extra domain to have regulatory function — C-terminal regulatory domain (CRD). There are
specific differences noticed between the importers and exporters; ECF as the energy coupling factor (which will
not be discussed any further). Type I and Il importers both have an substrate binding domain (SBD) represented
in magenta, present in the periplasm for Gram negative bacteria or external space for Gram positive and
Archaea; whereas the exporter does not have any SBD as it is only exporting compounds out of the cell and not
importing it in the cell (ter Beek et al.,2014).

1.4 Structure and properties of Nucleotide binding domains (NBDs)

Determining whether an integral transmembrane protein belongs to the superfamily of ABC
transporters is based on a few characteristics which are known as the hallmarkers. In both
eukaryotes and bacteria, the sequence similarity of the NBD could be of high percentage
between 30-50%, thus, through evaluation it shows there to be a similar three-dimensional
fold and a conserved mechanism of energy coupling (Wilkens., 2015). In all ABC
transporters the crucial role of the nucleotide binding domains is to act as the motor providing
the driving force to facilitate the movement of the substrate (Chen et a/.,2017). Regardless of
the physiological role of the transporters in different classes, the three-dimensional
organisation of the NBD remains highly conserved (Lewinson and Livnat-Levanon., 2017).
In addition to the three-dimensional similarity, the NBD contains approximately 90-110
amino acids and can be identified at the sequence level with seven highly conserved motifs as

seen in figure 3:
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The A loop — Positioning of the ATP for hydrolysis is an important role, thus the A
loop is seen to contain a conserved aromatic residue which usually contains a
tyrosine; hence this helps the positioning of the ATP through stacking of the adenine

ring

Walker A motif or P loop - this is the catalytic core domain hence the phosphate-
binding loop, containing a highly conserved lysine residue. The lysine residue is
crucial as the amide nitrogen and the - amino group is responsible for the interaction

of the - and y- phosphate of the ATP.

The Walker B motif - This motif is involved in coordinating the movement of the
magnesium ion via a conserved aspartate residue. Another role of walker B motif is
that the acidic residue at the end of walker B motif is likely to be the general base that
polarizes the attacking water molecule. Furthermore, the presence and the role of the
glutamate residue is still unclear and under debate, however recent crystal studies of
the maltose transporter MaLEFGK?2 from Escherichia coli (E.coli )suggests that

glutamate is associated with functioning as the general base.

The D loop (motif SALD) — as seen from figure 3, the D loop is seen to follow the
walker B motif, from bioinformatic studies it is observed that the D loop from the two
monomers run alongside each other and any conformational changes affect the D loop

geometry of the catalytic site, hence assisting and forming the ATP hydrolysis site.

The H loop — The H loop is also known as the switch region; this loop contains a
highly conserved histidine which is responsible for forming the hinge between the f
strand and the a-helix near the C-terminus of the NBD. This histidine is important as
it interacts with the conserved aspartate from various conserved regions such as D

loop, the glutamate residue on walker B motif and the y- phosphate of the ATP.

The Q loop — As seen from figure 3, the Q loop is located in the interface between
RecA- like subdomain and the a-helix subdomain. It is observed that when there is a
conformational change during ATP hydrolysis cycle the Q loop allows the movement
of the glutamine in and out of the active site; it forms the active site when the Mg-

ATP is bound and is disrupted when the ATP hydrolysis is complete. The Q loop is
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also seen to be a crucial site for interactions with the TMDs, which suggests its role in

ligand movement.

o The ABC signature motif - This motif is a significant and characteristic feature of
the ABC superfamily, it is located on the N terminal end of the long helix, thus,
assists a positive change of the helical dipole towards the y- phosphate of the ATP
during the ATP hydrolysis.

A-loop a-helical domain

Figure 3: The conserved regions of NBD

In the catalytic core domain Walker A (P-loop) and Walker B (the residues in this motif is mainly hydrophobic),
signature motifs (also known as the ‘C’ loop or the ABC signature motif); Q, H, D loop (Chen et al.,2017). Each
of the motifs are believed to play an important role for binding and hydrolysing ATP to ADP+P and energy
coupling, forming the ATP binding sites as well as the coupling of ATP hydrolysis to substrate translocation by
the TMDs. Interaction between the motifs of separate NBDs is also crucial and shown when the P-loop binds to
the signature motif which forms contacts with the nucleotide in the opposing NBD in the ATP- bound state
(Hollenstein et al., 2007). Furthermore, the glutamate which is present in Walker B acts as the catalytic base
Jfor ATP hydrolysis, specifically, it is involved in the nucleophilic attack from H>0 on ATP (Hollenstein et al.,
2007; Chen et al., 2017). The glutamate is seen to be a major contributor in hydrolysing ATP as it is seen to be
conserved in both prokaryotic and eukaryotic ABC transporters. The histidine side chain on the H loop (also
known as the ‘switch motif’) is thought to contribute to the catalytic reactions; the A loop contributes by
providing an aromatic side chain (Lewinson and Livnat-Levanon., 2017; Hollenstein et al., 2007). More
importantly, throughout all ABC transporters the NBD dimers are conserved and are important to form a head
to tail dimer sandwich in order to hydrolyse the ATP, thus, this conformational change is dependent on the
binding of the ATP (ter Beek et al., 2014).
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1.5 Properties of the transmembrane domains (TMDs)

In contrast to the nucleotide binding domains, the TMDs lack the primary structure
conservation. The transmembrane domains have been less well conserved throughout
evolution and therefore they are highly heterogenous, hence producing a large diversity of
transporters with varying function. The membrane spanning TMDs vary in primary
sequence, length, architecture and the number of transmembrane helices (Hollenstein et
al.,2007). The transmembrane domains consist of two highly hydrophobic domains which
come together to form a channel, through which the substrate by-passes during translocation
(Biemans-Oldehinkel, Doeven and Poolman., 2005). Typically, the transmembrane domain
contains approximately 6-11 membrane-spanning a helices (with most exporters having 6),
when the bundle of alpha helices gathers together, they form into a zigzag fashion (Stetkova
et al., 2003). Furthermore, most commonly the ABC transporters form into a ‘six -times-six’
alpha helix structure, which yields approximately of 12 transmembrane segments per-
functional units (Sridharan et al., 2019). However, the transmembrane segments may vary
from 5-11 for each individual transmembrane domain (Biemans-Oldehinkel, Doeven and

Poolman., 2005; Hollenstein et al.,2007).

1.6 Eukaryotic ABC transporters

To our current understanding, we know so far that ABC transporters are present in all living
organisms, and the various classes of importers and exporters had probably evolved quite
early in the development of life (Kos and Ford, 2009). It is possible that at some point in
evolution eukaryotes had lost their importer, in Ward et al study the eukaryotic ABC exporter
still retained a high resemblance to the bacterial ABC exporters: Sav1866 and MsbA (Ward
et al.,2007; Arumugam ef al., 2016). The understanding as to why the eukaryotes evolved to
not have ABC importers still remains a mystery until this day, as many components of the

eukaryotic cell still contains relics of prokaryotic cell such as the mitochondria.

The eukaryotic ABC transporters contain seven sub-families (ABCA, ABCB, ABCC, ABCD,
ABCE, ABCF, ABCG) and 48 ABC systems (Dean et al., 2001). Although theABCE and
ABCEF families are classified as transporters, they do not function as transporters as they only
contain twin nucleotide binding domains, of which the twin nucleotide binding domain
function is still not known (Kerr et al., 2004; Karbanova et al., 2019). Furthermore, these two

families are known to be involved in cellular processes such as ribonuclease inhibition and
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translation control, but not transportation of substrates, since they are not transporters they

will not be discussed further in this project (Xiong et al., 2015; Sun et al., 2016).

All the other eukaryotic ABC transporters are characterised with both nucleotide binding
domains and transmembrane domains. The eukaryotic ABC genes are organised as full
transporters, containing two nucleotide binding domains and two transmembrane domains, or
as half transporters (Dean et al., 2001; Kerr., 2004). Through sequence analysis conducted in
the Kerr et al study, it was concluded that the ABC transporters were a probable result from
the gene fusion events, leading to at least two of the domains fused together and in most

cases four of the domains are fused together (Kerr., 2004).

1.6.1 ABCA family

The ABCA family contains 12 other subfamily members, where they are associated with the
involvement in lipid trafficking across various tissues (Xavier et al., 2019). Out of the ABC
transporters the ABCA subfamily is known to contain the largest members, such that ATP-
binding cassette super-family A member 13 (ABCA13) contains 5058 residues, making it the
largest known protein in the ABC transporter family. Any mutation in the ABCA genes have
resulted in genetic disorders related to lipid transportation, such as Tangier disease, high
density lipoproteins (HDL) deficiency and age-related muscular degeneration (Vasiliou ef al.,
2008). Furthermore, one of the many studies conducted by Xiong et al have shown that
ABCAI1 have the highest sequence similarity to ABCG2; understanding the structure and
function of ABCAT1 will help to make connection to ABCG2 and a possible common
ancestor (Xiong et al., 2016; Liu et al., 2019).

1.6.2 ABCAL1 and its expression in tissue

ABCAL is mapped on chromosome 9q31.1 (Albrecht et al., 2006); ABCAL1 is predominantly
found to be expressed in all human tissues but of a high abundance in the liver and lungs (He
et al.,2019). The tissue expression of ABCAL is seen to be the second highest in the lungs
after the liver; suggesting its critical role in lipid homeostasis and transport in pulmonary
function (Sonett et al., 2018). Alongside involvement in cellular lipid homeostasis, ABCA1

has been found to have a major role in anti-inflammatory function (Chai et al., 2017).
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1.6.3 The structure of ABCA1 family

ABCAL is part of the ABCA family, studies have suggested ABCA1 to be involved in
mediating cellular efflux of the phospholipids and cholesterol to the extracellular acceptor
apolipoprotein A-1, thus allowing the generation of nascent high -density lipoprotein. Any
harmful mutations to ABCAT1 are known to lead to diseases such as tangier disease and
familial HDL (Qian ef al., 2017; Kopecka et al., 2020). The cryogenic electron microscopy
(cryo-EM) structure of the human ABCA1 mapped out by the Qian et al group, as shown in
figure 4, shows the roles of each TMD and NBD in the lateral access mechanism proposed

for the export of lipid.
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Figure 4: The human lipid exporter ABCAI

The human lipid exporter ABCAI represented in this diagram has been resolved using cryo-EM at a resolution
of 4.1A. The structure is an outward facing conformation in the nucleotide free state, there is an elongated
hydrophobic tunnel which is formed by the extracellular domain. The structure contains 2 TMDs and each TMD
contains 6 TMs, this is followed by the presence of 2 NBD and regulatory (R) domain; the NBD and the R
domain are both components which are significantly conserved throughout evolution. Another unique property
of ABCAI is that it is the only member of ABCA subfamily which contains extracellular domain 1(ECD)
between TM1 and TM2; extracellular domain 2 (ECD2) between TM7 and TMS8 (Qian et al., 20 17).
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1.6.4 ABCG family

The human ABCG subfamily contains five members (ABCG1, ABCG2, ABCG4, ABCG5
and ABCG8), the members of this family are represented as half transporters. ABCGl is
known to be involved in cholesterol efflux, whilst ABCG?2 is known to be involved in
multidrug resistance in chemotherapy and transportation of chemically diverse substrates
such as steroids and organic ions (Lopez-Marques et al,2015; Rosenberg et al., 2015). The
expression of ABCGS and ABCGS is predominantly seen in the liver, colon and intestines,

and mutations to either of these genes has been linked sitosterolaemia (Vasiliou et al., 2008).

1.6.5 ABCG?2 and its expression in tissue

ABCG?2 is mapped on chromosome 4q22; initially ABCG2 was known as the breast cancer
resistant protein (BCRP). It was found highly expressed in the placental tissue (Woodward et
al.,2011; Taylor et al, 2017; Domanitskya et al.,2014). ABCG2 was discovered as a
xenobiotic multidrug transporter, with important physiological roles in many tissues such as
the placenta and mammary gland, maternal-foetal barriers, testis, blood brain barrier (BBB),
liver, gastrointestinal tract and kidneys (Gil-Marins et al., 2020). Research has shown that
ABCG?2 has a minor role in the transportation of Uric acid. However, the major role
associated with ABCQG?2 is the urate excretion in the kidney as the expression of ABCG2 was
seen on the apical membrane of proximal tubules. A dysfunction in the transport of Uric acid
results in several diseases such as hyperuricemia (one of the four stages of gout formation),
kidney disease, and hypertension (Fetsch et al., 2006; Huls et al.,2008; Xu et al., 2017). A
significant amount of ABCG2 expression is seen in the luminal surface of the brain
microvessel endothelium, this suggests the involvement of ABCG2 and its importance to the
blood brain barrier (Harwood et al., 2016). ABCG2 has been found to be a marker for a

number of diseases, including cancer.

1.6.6 The structure of ABCG2

Recently accomplishments in understanding the architecture of ABCG2 have been made. As
a member of the ABCG family, ABCQG2 is a half transporter and contains one nucleotide
binding domain and one transmembrane binding domain which are fused into a single
polypeptide chain (Ford et al, 2020; Taylor et al., 2017). A few important features of the
ABCG?2 structures were found. For example, the ABC signature motif (ALSGGQ) was found
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on the N-terminal nucleotide binding domain. Furthermore, six hydrophobic segments and an
extracellular loop, which is located between transmembrane 5 (TMS5) and transmembrane 6
(TM6), was found at the C terminal transmembrane domain as shown in figure 5 (Basseville
et al., 2016; Manolaridis et al., 2018). ABCG?2 existing as a homodimer is an important
feature allowing it to work as an efflux pump. Furthermore, through crystallisation studies it
has been observed that the homodimers form a disulphide bridge linkage at the cysteine 603
which is located on the extracellular loop, as shown in figure 5, and the molecular mass of the

homodimer has been approximated to be 144kDa.
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Figure 5: The structure of ABCG2

This figure shows three representations of ABCG?2 a) the ribbon representation of ABCG2-5D3 Fab complex. b)
ABCG?2 structure without the Fab complex being present, hence one of the monomers is coloured in salmon, the
important motifs loops and transmembrane domains are coloured as a rainbow spectrum as in the third
diagram. Furthermore, this figure shows the TMD to be made up of TM1a, TM1b, TM2, TM3, TM4, TM5a,
TMS5b, TM5c, TM6a, TM6b ¢) The topology is coloured in the rainbow spectrum and focuses on the disulphide
bonds formed with the cysteines (C592, C603 and C608) and shows the presence of the NBD near the N
terminal (Taylor et al., 2017).

Similar to ABCG2, other members of the ABCG family are half transporters. Compared to
the other eukaryotic ABC transporters the ABCG family members have a back to front
arrangement, as a result this imposed difficulties in building a homolog model of ABCG2 and
the ABCG members (Bickers ef al., 2020). Although difficulties were encountered, structural
studies were still conducted at a low resolution and were interpreted in terms of the bacterial
multidrug homolog Sav1866-model, however this interpretation turned out to be wrong
(Rosenberg.,2010; Ford et al., 2019). Structural studies on ABCG2 revealed that there were
differences in the folds compared to the Sav1866-model and distinct differences compared to

the ABCB subfamily. Results showed a smaller distance between the nucleotide binding
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domain and the membrane, therefore the transmembrane helices and intracellular loop in
ABCQG?2 are shorter compared to that of ABCB subfamily (Taylor et al., 2017; Ford et al
2019; Canet et al., 2015). As aforementioned, ABCG2 and ABCGS5/GS have a large
structural similarity, as they belong from the same family, however there are some
differences. The first difference noticed is the inward facing cavity which is formed by the
shift in TM2 and TM5a present in ABCG2 and not in ABCGS5/G8. The second difference
noticed is the distinct structure of the external loop 3 (EL3) associated to each structure, this
may be a result from the presence of cavity 2 in ABCG2 and not in ABCG5/ABCGS.
However, in general it was noticed that there was a low structural and sequence similarity of

EL3 between the ABCG subfamily members.

The first step in understanding how ABCQG2 are involved in specific diseases starts by
understanding the mechanism of substrate recognition and ATP driven transport. In the
recent studies conducted by Taylor et al, the formation of an ABCG2-5D3 (Fab) complex
revealed the intramolecular disulphide bonds were crucial for stabilising the structure of EL3.
As EL3 contains the three cysteines (C592, C603 and C608) an absence or destabilisation of
the structure will interfere with the disulphide bonds made by the three cysteines; this
disruption interferes with C592 and C608 which are crucial for ABCG2 maturation and
activity. Another residue important to the maturation of ABCG2 is N596, it was observed
that N-glycosylation of N596 was essential, and a mutation of this residue resulted in protein
destabilisation and an increased ubiquitin-mediated degradation (Taylor et al., 2017;

Nakagawa et al., 2009; Wakabayashi et al., 2006).

In previous studies it was proposed that only one Fab fragment was required to inhibit the
transportation activity of the asymmetric ABCBI1 transporter. Therefore, as ABCG2 has a
twofold symmetry the question was whether ABCG2 required two Fab fragments to inhibit
its ATPase activity. It was observed in the Taylor et a/ study that only one fragment was
required to clamp the ABCG2 monomers, thus prevent it from forming an outward facing

conformation and preventing the transport of substrate.

1.6.7 The translocation pathway in ABCG2

The ability to transport chemically diverse substrates requires specific structural features
enabling the protein to function efficiently. Analysis from the ABCG2-Fab complex revealed

a deep slit like curve or cavity (cavity 1) when the protein was in an inward-open
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conformation, where cavity 1 is shown to open to the cytoplasm and the inner part of the
bilayer during this conformation. Furthermore, as cavity 1 has a large surface area and
hydrophobic nature within ABCG2, this designated area is known as the multidrug binding
pocket. There is also the presence of cavity 2 which is separated by the leucine residues
(L554 and L554°) which forms a plug between these two cavities (cavity 1 and cavity 2) as
shown in figure 5 (Taylor ef al.,2017). So far little is known about cavity 2 as it is
inaccessible, however due to its less hydrophobic nature it is suggested to be involved in the

transportation of substrates out of the cell.

1.6.8 The transport mechanism in ABCG2

The alternative access model is a mechanism initially proposed for ABC exporters and is the
most widely accepted model for ABC transporters to date (Beis., 2015; Ford et al., 2019).
The alternative access mechanism involves the transporter alternating from an inward and
outward facing state to expose the ligand binding site to the substrate and translocate it from
inside the cell to the outside or vice versa, with the help of ATP binding and hydrolysis.
However, as more structural studies are being investigated at higher resolution it has come to
light that there may be other mechanisms that the ABC transporters adopt, such as the

transient opening, and the outward only mechanism (Bountra et al., 2017; Ford et al., 2019).

In general, most studies to date on ABCG2 have proposed that the transporter adopts an ATP
driven alternating access mechanism. Once the substrate is bound, the ATP conformation
changes from an outward facing state to an inward facing state and there is a closure of the
nucleotide binding domain interface (Petravicius et al., 2019). The inward-open conformation
of ATP to an outward-open conformation allows the movement of the substrate to cavity 2
(Taylor et al.,2017). As cavity 2 has a less hydrophobic nature, it has been suggested that it
facilitates the release of the substrate outside of the cell. In a recent study conducted by
Manolaris et al, the high resolution Cryo-EM structure of ABCG2 revealed that during an
ATP driven conformational change they noticed a ridged body shift in the transmembrane
domain and a change in the orientation of the nucleotide binding domain (Manolaris ef al.,
2018). Once the substrate is released and no ATP is bound to ABCG2 and the hydrophobic
substrate binding site (cavity 1) is vacant, it starts recruiting substrates from the cytoplasm
(cavity 2 is empty during this stage). Although there is a current in-depth understanding of

how the alternating access mechanism works in ABCG2, finding similarities in the TMDs
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WzmWzt and MlaE/MlaF bacterial ABC transporters, the knowledge of mechanism of

transport may change to some degree.

1.6.9 ABCG5/G8 and its structure

In all recent studies conducted it has been reported that ABC transporters have an important
role in maintaining sterol balances in higher eukaryotes (Lee et al., 2016). ABCG5/G8 has
been reported to have an important role in mediating excretion of neutral sterols in both the
liver and intestines (Lee et al., 2016: Zein et al., 2019). Furthermore, mutations found in
ABCGS5/G8 were associated to Sitosterolaemia, this disorder is characterised by sterol
accumulation and premature atherosclerosis (Lee et al.,2016). The epic structural
determination of the crystal structure of ABCG5/G8 was achieved by Lee et al, ABCG5/G8
was revealed to function as a heterodimer and 6 transmembrane helices were found in the
TMD of ABCGS5 and ABCGS. ABCGS5/G8 was found to contain an extracellular domain
(ECD) which has relatively close contact to TMD as seen in figure 6. It was observed, even
in the absence of ATP, the NBD had a tightly closed dimer. At the NBD site, the ABC
cassette and TMD were found to have close proximity to the triple helix bundle as seen in

figure 6.
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Figure 6: The structure of ABCG5/G8

ABCGS} is represented as the blue ribbons, ABCGS is represented as the green ribbon, ABCG5 NBD is
represented as the yellow ribbon, ABCG8 NBD represented in the pink ribbon. This figure illustrates ABCGS
TMD and ABCGS8 TMD to be composed of 6 transmembrane helices. ECDs and triple bundle helix is seen in
closed contact to the TMDs (Qian et al., 2017)
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Alongside publishing the crystal structure of ABCG5/GS, it was also postulated that the
overall structure of ABCG5/G8 had high resemblance to bacterial importers: ModBC,
MalFGK2 and MetNI (Lee ef al., 2016). However, in Ford et al review this postulation was
disagreed based on several features which were found to not align with the theory (Ford et
al., 2019). In the TMD of the bacterial importers the loops connecting them were very short
and there was no domain swapped cytoplasmic loop, when compared with ABCG5/G8. It
was concluded in the review that although the overall shape had similarity, the detailed
arrangement of the six transmembrane a helices of ABCG5/G8 and ABCG2 were very
different compared to ModBC. In general, it has been extremely hard to find the origin of the
ABCG family.

1.7 Bacterial ABC transporters

In the Ford et al review, alongside disagreeing with the theory of ABCG family having high
resemblance to ModBC as mentioned earlier, as an alternative bacterial mechanotransducers
MacB was postulated to have very similar arrangement to ABCG and ABCA family.
Although the theory was suggested, the results of the detailed arrangement of the TMD and
NBD of ABCA family and ABCG family to the mechanotransducers MacB was still to be
made. If there was significant structural alignment of the ABCG and ABCA family to MacB
it can potentially suggest that ABC transporters adopt a more classical transmembrane

pumping function.

1.7.1 MacAB-TolC

MacAB — ToLC (MacA - MacB — ToLC) assembly is an ABC- type tripartite multidrug
efflux pump which is found mainly in £.coli and other Gram-negative bacteria. However, it
can be found in Streptococcus pneumonia which is a gram- positive bacteria; the spr0693-
spr0694-spr0695 operon of Streptococcus pneumonia encodes for the ATP- Binding cassette
type efflux pump (Yang et al., 2018). In general, all MacAB-TolC efflux pumps and other
efflux pumps with the similar characteristics spans in the cell envelope, hence it is known as
the transmembrane machine with the function of extruding a range of substrates including
antibiotics such as macrolide, polypeptide virulence factor and enterotoxin STII. Each part of

the MacAB-Tol C efflux pump has a crucial role in the efficient transport of substrates.
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1.7.2 Mac A

MacA is also known as the periplasmic adaptor protein; the specific construction in this
hexamer adaptor protein is thought to act as a gate and form a nanotube channel with a gating
ring which helps to regulate the flow of substrates through the MacAB-TolC efflux pump as
shown in figure 7 (Fitzptrick et al., 2017).
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Figure 7: MacAB-TolC efflux pump

This figure represents the Pseudo-atomic model for the MacAB-TolC pump. IM — inner membrane, OM — outer
membrane. A) The density map for the pump which was created by Fitzpatrick et al; there are five different
colours which are represented on the diagram showing the five different protomers with ToLC - blue, MacA —
red, orange and yellow, MacB — purple. B) The arrangement in 7b is slightly different from 74 as it shows the
sliced view showing presence of the gating ring. The gating ring supposedly functions as a one-way valve to
substrate transport. C) This figure shows the presence of 3- barrel and helical sheets; specifically, the
interactions between MacA and the periplasmic domain of MacB is shown (Fitzpatrick et al., 2017).

1.7.3 MacB

Evaluating both crystal and cryo-EM studies, MacB is the motor domain of the MacAB-TolC
efflux pump which is responsible for the transportation of substrates such as antibiotics and
enterotoxins STII out of the bacterial cell (Crow et al., 2017). In Crow et al study, it was
found that MacB lacks a central cavity which allows the substrate to pass through, this is a
similar feature to what is found in ABCA1 suggesting that there may be a link to ABCALI

evolving from the same or similar family. As it was suggested in Ford et al review, ABCA1
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and ABCG?2, obtaining the detailed structural and sequence alignments of the TMD and NBD
of ABCG2 and ABCAL1 to MacB may potentially show an evolutionary link (Ford ef al.,
2019).

MacB contains four transmembrane helices as seen in figure 8 with the NBD being the N
terminal. There is the extensive periplasmic domain which is located between transmembrane
1 (TM1) and transmembrane 2 (TM2); it is specifically seen the periplasmic domain is
elevated above the cytoplasmic membrane by a four-helix bundle; this periplasmic domain is
the extensions of TM1 and TM2 where both these monomers are seen to interact along the
dimer’s symmetry axis (Crow et al., 2017). In comparison to TM1 and TM2, transmembrane
3 (TM3) and transmembrane 4 (TM4) are shorter and not involved in dimerization outside
the four-helix bundle. Another observation that can be made between TM3 and TM4 is the
presence of an 8-residue loop on the periplasmic side which essentially connects TM3 and
TM4 (Crow et al., 2017). On the cytoplasmic side of TM1 there is an 18 amino acid
amphipathic which is connected to the NBD by a 41-residue skirting loop. The 41-residue
skirting loop is highly flexible, however it has been found to lack a secondary structure,
making it hard to determine its role. Understanding the role of each fold, loops and helices
gives a significant understanding of each topology and an insight into the involvement into
the pathway in which substrates, especially drugs, are transported across the transmembrane.
The detailed structural alignment of the MacB to ABCG and ABCA family may reveal how
mechanism used by MacB may be more suitable for ABC proteins (Ford ef al., 2019).

The analysis of the transport of substrates through MacB would be to start by looking at the
general ABC transport of substrate through the transmembrane. The general pathway of
transportation of the substrate through the transmembrane shows the presence of a vestibule
of cavity which is located between the two halves of the dimer (Greene et al., 2018; Crow et
al., 201). However, significant analysis has revealed that there is no transmembrane pathway
for the substrate in MacB in either its ATP or nucleotide free state. Furthermore, through
studies it was concluded that MacB does not transport substrates across the inner membrane,
however, it gets in contact with the periplasm and becomes in contact with MacA, then the
substrate is ejected through the outer membrane via the Tol-C exit duct (Greene et al., 2018).
This type of mechanism that MacB has adapted is known as mechanotransmission
mechanism. In this proposed type of mechanism when the substrate needs to be transported,

as usual ATP binds to NBD and hydrolysis takes place, this causes a significant change in the
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transmembrane in the MacB structure. As mentioned before, MacB does not transport
substrates through the inner membrane, but has the ability to coordinate the reversible
dimerization of the NBDs in the periplasmic conformational change (Greene ef al., 2018). If
there is a detailed structural alignment of ABCA and ABCG family to MacB, this can suggest
that ABC proteins adopts more mechanotransmission mechanism rather than the alternating

access mechanism.
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Figure 8: The structure of MacB

This figure represents MacB, hence the periplasmic domain (PLD) bears the N terminal and C terminal
subdomains (PSN and PSC respectively). Furthermore, the figure shows MacB to be a homodimer; the TMD to
be composed of 4 transmembrane helices (Fitzpatrick et al., 2017).PSN: periplasmic subdomain N; PSC:
periplasmic subdomain C; IM: Inner membrane.

1.7.4 Lipopolysaccharide ABC transporter

The alternating access mechanism is the most widely associated mechanism to most ABC
proteins to date. However, through structural and biochemical determination more bacterial
ABC transporters have emerged to not obey this mechanism and are seen to adopt another.
LptB2FG is bacterial ABC transporter which belongs to a group of gram-negative bacteria
which comprises of Lipopolysaccharide (LPS). LPS is composed of lipid A, core
oligosaccharide and O-antigen polysaccharide (Caffalette et al., 2019; Ford et al., 2019).

In Caffalette et al study, it was found that in LPS there is a lipid gating mechanism for the
channel forming O-antigen ABC transporter. Within this lipid gating mechanism, the O-
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antigen was transported by the inner membrane WzmWzt ABC transporter; whilst
translocation took place large structural changes within the TMD and NBD was noticed, such
that the hydrophobic residue was present at the entry site towards the periplasm (Caffalette et
al., 2019). In Ford et al study the difference in mechanism in WzmWzt was noticed but no
structural similarities were looked at in detail. Looking at the structure of WzmWzt, Wzm
represents the TMD and is comprised of 6 transmembrane helices, hence Wzt represents the
NBD as seen in figure 9. Comparing the structures of ABCA1, ABCG2 and ABCGS5/G8 it
can be postulated that the TMD and NBD may have similar topology and fold, if a significant
structural alignment is found between ABCA1, ABCG2 and ABCG5/G8 to WzmWzt an

evolutionary link may suggest convergence or divergence evolution is taking place.
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Figure 9: The structure of AaWzmW?ztro bound to ATP

A) The ortholog view of AaWzmWztrowith ATP bound. The Wzm protomer is represented in green ribbons, the
N terminal interface helix (IF) and TM 1 helix is highlighted in black. B) The periplasmic and cytoplasmic view
of AaWzmWztro, thus each Wzm protomer contains 6 transmembrane helices. The loop present between TMS5
and TMG6 is the periplasmic gate helix (PGI) (Caffalette et al., 2019)

1.7.5 IM MlaFEDB

Understanding the mechanism of phospholipid translocation has been a major challenge
faced when trying to understand bacterial phospholipid homeostasis. The IM MIaFEDB is a
complex which functions as an ABC transporter to translocate phospholipid between the IM
and periplasm (Chi ef al., 2020). MIaFEDB is an example of another Gram-negative bacteria
which does not obey the alternative access mechanism and instead has an extrusion
mechanism as suggested by Chi ef al. However, as this mechanism was determined from two

low resolution structures of MIaFEDB, it still remains largely unclear to how translocation
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takes place. The M1aFEDB structure is comprised of MlaD, MlaE, MlaF and MlaB as seen in
figure 10. The structure is seen to be assembled in a stoichiometry of 2:2:6:6 (MlaF: MlaE:
MlaD: MlaB), MlaE and MlaF are found to represent TMD and NBD respectively (Chi et al.,
2020). Furthermore, MlaE and MlaF are homodimers which are associated with unique
auxiliary proteins MlaB and MlaD (Chi et al., 2020). MIaE is found to contain 5
transmembrane, one extracellular helix and one periplasmic helix, and the MlaF is shown to

contain the helical and Rec A like subdomain which makes up the NBD as seen in figure 11.
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Figure 10: The structure of MlaFEDB complex

The overall structure of MlaFEDB complex, the following is represented in each colour;, MlaD = light blue,
MIaE = Wheat, MlaF= actinium and pale green (Chi et al., 2020)

MlaE MlaE and MlaD TMs

Figure 11: The separate structure of MlaE, MlaF and MlaB
A) MlaFE contains CH and 5 transmembrane helices as part of the TMD, and the TM view of MlaE and MlaD is

seen when rotated 90°. B) Structure of MlaF composed of RecA like subdomain and helical subdomain C)
Cartoon structure of MlaB (Chi et al., 2020).
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1.8 Evolution

The simplest word defining evolution is change. Understanding change is by finding
evolutionary traits associated between ABCG and ABCA to bacterial ABC transporter.
Naturally on earth, biological evolution is how species have originated and the process of
evolution is a crucial and ongoing event in all living organisms (Sikosek et al., 2014). There
are many factors which are associated with the mechanism of evolution such as natural
selection, biased mutations, genetic drift and gene flow (Ashraf and Sarfraz., 2016). The
main focus in proteins is looking at patterns of mutations in order to understand the cause for
evolution. Mutations are generally neutral or harmful, however sometimes it can be
beneficial if the environment is under state change. There are several types of mutations that
take place such as: point mutation, frame shift, chromosome, deletion, duplication or
insertion, inversion and translocation mutation. All of these types of mutation lead to
adaptations, the adaptions have traits which helps in the survival and reproduction of the

population.

Mutations in cancer cells result in a major limitation in the treatment of cancer. The main
reason for acquired drug resistance to arise is changes in the host environmental factors
alongside genetic or epigenetic alterations in the cancer cell due to excess or long-term
exposure to the drug (Foo and Michor, 2014). The theory of evolution has been a major
factor in understanding the dynamics of resistance mutation in a cancer cell population, the
estimation risk of developing pre-existing resistance before the initiation therapy and
calculating the optimum drug administration in order to reduce the risks of acquired drug

resistance (Foo and Michor, 2014).

In the events of structural evolution of the eukaryotic ATP binding cassette transporter
superfamily, Xiong et al carried -out research to investigate the structural evolution of the
eukaryotic ABC transporter family. It was found that the ABCA & ABCG family have the
highest sequence similarity of 22.4% (Xiong et al., 2015). In addition to the conservation of
the Q loop, Walker B motif and the various amino acid sites of the NBD domain, the close
relationship between the NBDs suggest a common ancestor for the NBD. Furthermore, in
Xiong et al study they propose a theory of heterofusion and homofusion of the different half

transporters families giving rise to full transporter families.
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1.9 Membrane proteins and expression systems

Expressing, purifying and characterising of integral proteins starts by understanding its role
in the biological system, then understanding its role in a certain disease. These embedded
integral membrane proteins make approximately a quarter of the human genome and are
responsible for various extremely complex physiological roles including transport, signal
transducing, cell adhesion and response to physical and chemical stimuli (Danielczak ef al.,
2020). Therefore, any mutations or misfolding in the structure of these integral membrane
proteins may result in a disease, thus making membrane proteins pivotal and attractive for
therapeutic target. Approximately 50% of pharmaceutical drugs are designed to target
integral membrane proteins such as G-protein coupled receptor (GCRPs), ion channels, solute
carrier transporters and ABC transporters (Kwan et al., 2019; Frick ef al 2019). Although
many therapeutic drugs are designed to be targeted towards integral membrane proteins, most
of the time there is significant reduced efficacy and side effects. This relates to the poor
understanding of biochemical behaviour of the protein target and the protein interaction with
the specific drug (drug mechanism of action). Henceforth, the understanding of structure and
function relationship of membrane proteins is an absolute necessity and essential requirement
in drug discovery (Lengger et al., 2020). Understanding the structure - function relationship
is achieved through structural characterisation; however, the study of membrane proteins
encounters numerous technical difficulties during each step of crystallisation due to their
natural embedding in hydrophobic environment made by lipids (Galkin ef al.,2018; Kwan et
al., 2019).

There are a few steps required in the process of structural determination of membrane
proteins: expression, solubilisation and purification. Expression of the recombinant protein is
carried out in heterologous hosts; thus an expression system is used to optimise and produce

the membrane proteins of either bacteria, yeast based, mammalian or insect.

e Bacterial protein expression system- E.coli
Bacteria are very useful systems as they are rapid and simple in expressing their
recombinant protein. Furthermore, creating the media to grow the cell culture is both
cheap and scale-up bioproduction are straightforward as well (Rosano et al., 2014).
Currently the most widely used host system is E.Coli as there is extensive research
and knowledge upon the genetics, genome sequence and physiology. The advantages

of using E.Coli are that genetic manipulation is relatively easy and it can grow in high
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densities for large scale fermentations (Almenara et al., 2020; Magrone et al., 2020).
The disadvantage of using E. Coli, is that the cell wall contains toxic pyrogens
resulting in the expressed proteins to be extensively tested before being used in assays

or any type of experiments (Rosano et al., 2014; Goh et al., 2020).

Yeast protein expression system — Pichia pastoris

In general yeast systems are highly developed genetic systems; using yeast as an
expression system to produce large quantities of recombinant protein has the benefits
of being easy to use and has reduced time input. Furthermore, yeast can carry
specifically designed plasmids which is highly valuable in recombinant expression
system (Ahmed et al, 2014; Krainer et al., 2012). Pichia pastoris and Saccharomyces
cerevisiae are both very attractive organisms which are used to produce large

quantities of recombinant protein.

Insect cell expression system — Sf9 and Sf21

S19 and Sf21 are the two types of insect cells which are used to produce recombinant
proteins, these cells are derived from Spodopetra frugiperda. Both Sf9 and Sf21 are
frequently used in recombinant expression system, with cells used from the
lepidoptera family — baculovirus (lytic) and dsDNA (virus) are routinely amplified in
cells belonging from these families (Geisler et al., 2017)

Mammalian cell expression system

Although using mammalian cell expression system is ideal, the main challenges
facing expression of recombinant proteins is the reduced efficiency and the yield of
proteins which are expressed is relatively insufficient for purification. However, over
the past year HEK293 and CHO have been designed better to become efficient

transient and stable expression systems (Hayat Khan et al., 2013)

1.9.1 Detergents and solubilisation

Detergents are key in the process of cell lysis and protein extraction. Detergents are both

useful and unique as they have properties which enables them to disrupt or form hydrophobic

interactions, and hence manipulate hydrophobic and hydrophilic interactions between

biological molecules (Morrison et al., 2016; Rajesh et al., 2016). Understanding the chemical

properties of detergents are useful, such that detergents are amphipathic molecules;
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amphipathic molecules have both a nonpolar ‘tail” and a polar head. The nonpolar tail
features include aliphatic and aromatic residues whereas the polar head can be ionic, non-
ionic or zwitterionic, hence the detergents are classed accordingly (Duseel et al., 2007;
Robajac et al., 2017) A crucial property of the detergents is the ability to form a micelle in
aqueous environment due to the detergents having hydrophilic (head region facing outwards)
and hydrophobic (tail facing the interior) properties (Arnold et al., 2008; Cho et al., 2016).
The hydrophobic and hydrophilic properties help with the solubilisation of the targeted
protein, the detergent helps by disintegrating the lipid bilayer while incorporating lipids and
proteins in the detergent micelle. Although detergents are structurally diverse an important
step before solubilisation is determining the critical micelle concentration (CMC) (Orwick —
Rydmark et al., 2016; Swainsbury et al., 2017). Each detergent has its own properties such as
pH, temperature, ionic strength and CMC; there is an associated certain concentration in
aqueous environment as detergent molecules have the tendency of forming multimolecular
micelle complexes (Arnold et al, 2008; Duseel et al, 2007; Orwick — Rydmark et al, 2016).
Choosing the correct detergent and concentration (between 0.1-5% (v/v)) is important as the

main aim is to dissociate the targeted protein, stabilise and preserve the protein’s activity.

ABC transporters are known to be distributed throughout the biological cell membrane where
they are integrated into the bilayer of the membrane, furthermore the presences of membrane
lipids are known to affect the function of the ABC transporter (Neumann et al., 2016). In
many studies the importance of the ABC transporter- lipid interaction is seen in biochemical
assays such as the ATPase activity (Tarling et al., 2013; Aguiar ef al., 2019). It has been
evaluated, when ABC transporters have undergone solubilisation, the type of detergent and
the concentration is extremely important as too harsh solubilisation condition may result in
removal of important lipids. Thus, the function of the ABC transporter is known to be
influenced by membrane lipids however it has been hard to distinguish its particular role and
involvement in the activity (Neumann et al., 2017). Some of the question that are still raised
and investigated by scientist today are: do lipids act as a structural stabiliser in ABC
transporters? If so, does this imply that lipids have an integral role part of ABC transporters?
If not, does the absence of the lipid causes the ABC transporter to be less stable? (Neumann

et al.,2017; Tarling et al., 2013; Woebking et al., 2005).

39



1.9.2 Thermostability CETSA assay

Cellular thermal shift assays (CETSA) are based on the principle of how thermal shift assays
work but on a cellular basis (Friman ef al., 2020). Thermal shift assays are important in the
study of stabilisation of proteins upon ligand binding. Many of the thermal shift assays have
been used in drug discovery industry and academia to study purified proteins and drug
interactions (Martinez et al.,2018; Guo et al., 2020). However, with CETSA it gives an
insight into target engagement of drug candidates in a cellular context. Furthermore, when the
cells are treated with drug of interest, the drug directly binds to the protein, thus the
stabilisation between the protein and drug mainly relies on the principle of thermodynamics
stabilisation (Lin et al., 2019; Jafari et al, 2014). This principle will give an insight into the
estimation of binding free energies, hence other important thermodynamic properties in an

isolated system of equilibrium.

CETSA assays works as follows:
¢ An initial baseline at which the cells denature at a certain temperature
e The cells are then treated with the drug at a certain concentration
e Heat is applied to denature the cell and precipitation of the protein takes place
e Cell lysis takes place
e The separation of the cell debris and the aggregation from the soluble fraction. Any
unbound protein denatures and precipitates at the elevated temperature, ligand present

and bound to the protein will remain in the solution (Jafari et al., 2014).

A comparison between the melting curve (known as the temperature induced aggregation

curve) of the untreated protein and the ligand (drug) treated protein allows for calculation of
the shift in thermal stability of the protein (ATm) (Martinez et al, 2018; Jafari et al, 2014). A
positive ATm indicates protein stabilisation and ligand binding, using varying concentrations

of a ligand the ATm can be used to calculate the binding affinity of ligand to the protein.

2.0 Bioinformatic tools and analysis

Bioinformatic analysis of protein structure and sequence is important for determining the
function of that protein, hence looking at the structural evolutionary relationship between
different proteins. Chimera is an extensive molecular modelling bioinformatic tool, it

specifically helps in looking at the structural alignment between proteins hence conclude the

40



validity and similarity between the structures. The main parameters used in chimera to
evaluate the structural alignment of the proteins are: root mean square deviation (RMSD),

structural distance measure (SDM) and quality (Q) score.

e RMSD: The rmsd command evaluates essentially the root-mean-square-deviation
between specified set of atoms; the data of the structural alignment interpreted as the
smaller the RMSD value the better the alignment hence indicating high level of
similarity in structure (Aier et al., 2016).

e SDM: The structural distance measure is a quantitative way of measuring the
similarity of structure, with a value of 0 indicating identical structure and the value
increases as the similarity between structures decreases. The SM value was found
linearly related to the sequence derived distances and to yield of phylogenetic tree
(Johnson et al., 1990, Krissinel et al., 2004)

e Q score: The quality score is generated pairwise with the SDM score, evaluating the
quality in similarity when structures are superimposed. Unlike SDM score, when the
Q score is 0 this indicates dissimilarity or unsuperimposed structures, thus 1

indicating identical structures superimposed (Krissinel et al., 2004).

2.0.1 Project aim:

The aim of this project is to:
e Express and purify ABCG2 using Pichia pastoris
e Conduct CETSA assay on ABCG2 and establish the proof of principle of whether this
assay could be used to screen drugs and inhibitors in the future.
e Conduct Bioinformatic analysis to establish the structural evolutionary relationship
between:
1) ABCA and ABCG families
2) ABCA and ABCG families to mechanotransducer MacB
3) WzmWzt to ABCA and ABCG families
4) MlaE and MlaF to ABCA and ABCG families
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Chapter 2: Materials and Methods

2.1 Materials
The buffers were made using Mili-Q (MQ) water, sterilized through a 0.22 pym filter and

stored at 4°C. All media were prepared using MQ water and autoclaved prior to use.
Furthermore, the following can be found in the supplementary information: the overall
reagents (appendix 1), protease inhibitors (appendix 2), buffers (appendix 3) and equipment
(appendix 6).

2.1.1 Yeast Expression system — Pichia pastoris

The Pichia pastoris used in this project overexpresses ABCG2. Furthermore, Pichia pastoris
strain SMD1163, specifically designed to have two mutations making it more protease
deficient with the expression vector being pPICZA. DNA coding the full-length wild type
human ABCG2 and the Kozak sequence were obtained from ThermoFisher Scientific. The
FLAG, GFP and a Histidine tag consisting of 10 tandem histidines were introduced in order
to facilitate future protein purification. The ABCG2 UniProt (Q9(UNQO)) DNA sequence
was used as the full BCRP DNA sequence. Thus, the plasmid map for GFP/His/FLAG-
ABCG2 expressed using Pichia pastoris is yet to be published.

2.1.2 Yeast growth media:
e [B agar:

- 35g/L LB Broth Lennox
- 20g/L Agar
- lml of 50pg/ml Zeocin
e BMGY Medium for 1L:
- 700ml of YET (10g of yeast extract, 20g of Tryptone and MQ water)
- 100ml of 13.4 % (w/v) yeast nitrogen base without amino acid
- 100ml of 10% (v/v) glycerol
- 1M of 100ml phosphate buffer at pH 6.0 (13.6g of KH>POa: dissolved in
100ml 5.226g of K:HPOs dissolved in 30 ml)
- Iml of 50pg/ml of zeocin added once BMGY medium had cooled
e BMMY medium for 1L: protocol for BMGY medium followed, however 100ml of

5% methanol used in place of glycerol.
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2.2 Experimental methodology

2.2.1 Protein expression of Pichia pastoris

2.2.1.1 Inoculation of colonies of Pichia pastoris on Agar plate

¢ LB Broth Lennox and Agar reagents are weighed out and dissolved in 900ml of MQ
water, the solution was then made up to 1L with MQ water. The medium was

autoclaved for 2-3 hrs, once cooled (but not solidified) zeocin was added.

¢ Zeocin solution equivalent to the dilution of 50ug/ml was made up; 1ml of 50ug/ml
zeocin was added to LB Broth Lennox and Agar solutions upon cooling. The Zeocin

was stored in the fridge at 4 °C.

e Ethanol was used to disinfect the surface before Pichia pastoris cells were plated on
the petri dish to avoid any cross contamination of the plates. The petri dishes were
placed near a Bunsen burner before the agar solutions were plated to reduce
contamination; the agar plates solidified after 30 minutes. Cells were streaked on the
agar plates and left for 10 minutes before sealing and storing in an incubator at 30°C.
After 1-2 days the colonies would start to grow, and the plates streaked again for

larger growths and incubated for a total of 3 days.
2.2.1.2 Growth of Pichia pastoris cells

¢ Whilst the Pichia pastoris cells were left to grow over a 3-day period, the BMGY
medium was prepared. Yeast extract, Tryptone, Nitrogen Base without amino acid
and glycerol were added to 900 ml of MQ water. The medium was autoclaved, and

Phosphate buffer was added to maintain the pH.

¢ As expression and purification of membrane proteins are difficult, a large-scale cell

growth was required; in this project SL of Pichia pastoris cells were grown.

¢ The Pichia pastoris cells grown on the petri dishes were inoculated into a starter
culture of 100ml of BMGY medium and left in the orbital shaking incubator at
225rpm at 30°C for 24hrs. The starting culture OD600 = 4.38 (YET was used as a
blank to get an OD600 = 0.00, then a 1/10 dilution of starting culture and blank were
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used to measure the OD600 of the starting culture as the spectrometer does not

measure above OD of 2.0).
5L of BMGY media was prepared, autoclaved and phosphate buffer.

20ml of starting culture was added to each 1L flask. Each flask was placed in the
orbital shaking incubator for 24hrs. After 24hrs the OD600 = 5.63, the 15 methanol

induction (8% of 100ml) was made.

OD600 = 6.54 after the 1% induction of methanol, after 24hrs the 2" methanol

induction (8% of 100ml) was made.

OD600 = 7.14 after the 2™ induction of methanol, after 24hrs the 3" and final

methanol induction (8% of 100ml) was made.

Once the 3™ methanol induction was made the culture appeared cloudy with a fruity
odour indicating the growth of Pichia pastoris. A variation in the fruity odour could
indicate a sign of potential culture contamination. Finally, a reading of OD600 = 7.14

corresponded to approximately a total of 3.0 x 101 cells.

Flasks containing 1L of Pichia pastoris culture were weighed and transferred into
centrifuge containers. Cells were harvested using the centrifuge, where each

container was centrifuged for 10min at 3000xg, 4°C.

Upon centrifugation the supernatant was discarded, and the pellet was weighed; a

total of 105.21g of cells were weighed from 5L of Pichia pastoris culture.

Each Pellet was suspended in 50ml of mPiB before being snap frozen using liquid
nitrogen and stored in -80°C. Snap freezing is an important process before storing
any protein in the freezer, it reduces the presence of ice crystals in the sample whilst
the freezing process takes place. This slows the action of proteases, therefore
preventing degradation of membrane proteins and other molecules. In this instance,
mPiB buffer was specifically used due to its high protease inhibitor content, thus

slowing the protease degradation process.
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2.2.2 Cell Breakage, Microsome preparation and Microsome solubilisation

Cell breakage of Pichia pastoris cells took place using a BeadBeater. This involved the use
of glass beads with alternating shaking and cooling phases; the cooling phase was created by

the use of dry ice. It was crucial that cell breakage took place in the cold room at 4 °C.

¢ Pichia pastoris cells which were snap frozen and stored in mPiB at -80 °C were
thawed at room temperature. The cells were placed in 50 ml falcon tubes and
centrifuged. The pellet was collected and resuspended in fresh 100ml of mPiB buffer

containing DTT and protease inhibitor.

¢ The Pichia pastoris cells were resuspended (into a barrel specifically designed for the
BeadBeater machine) with 250g of dry glass beads with an approximate diameter of
426-600um.

¢ Cell breakage involved cycles of 1 min shaking and 2 min ice cooling phase which
involved taking the barrel and placing it in a box of dry ice (leaving the samples in

dry ice for more than 2 minutes risks the samples freezing up really quickly).

¢ To confirm cell breakage, OD600 of the sample was taken at various time intervals.
Firstly, the sample was centrifuged for 5 mins at 12000rpm at 4°C:
- Before starting breakage ODsoo = 0.006
- Cycle 11 ODesoo=0.019
- Cycle 15 ODes0o=0.019
¢ The OD did not change between cycle 11 and 15, therefore 11 cycles were adequate
for complete cell breakage. The sample was decanted from the beads in the barrel, the

bead and barrel were washed with ethanol and water several times after use.

¢ The sample was centrifuged at 11000rpm for 10 mins at 4°C using Beckman Avanti
J26XP with JLA25.50 rotor

¢ Once the sample had been centrifuged, the supernatant contained the membranes
expressing ABCG2, and the pellet contained unbroken cells, nuclei and other

organelles which were discarded.
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¢ The supernatant was centrifuged for a further 90mins at 40000 rpm (200000 X g) in
the Ti45 rotor at 4°C. Once complete, the supernatant was discarded, and the pellet
was collected and resuspended in 50ml of High salt Buffer (a paint brush was used to
aid the mixing).

¢ Samples were then centrifuged at 30000 rpm (100000 x g) for 60 mins at 4°C. The

supernatant was discarded, and the pellet was resuspended in 10ml of Buffer A.

¢ Next, the Bradford assay was used to determine the protein concentration of the

microsomes:

- The microsomes were diluted to 1/10 with buffer A to achieve a total
volume of 20 ul.

- Prior to measuring ODs9s of the microsomes, a blank was measured in
order to reduce the background. This consisted of 800ul of MQ water and
200ul of Bradford reagent.

- To measure ODs9s of the diluted microsomes, 10ul of the diluted
microsomes were added to the blank solution. The ODsoo measured at

0.198

- The total protein concentration was determined via the following
equation:
o Protein concentration (mg/ml) = ODs9s X 15=0.198 X 15 =
2.97mg/ml

Once the protein concentration was calculated, the Fluorimeter was used in order to
determine the GFP signal. YET was placed in the cuvette and was used as a blank to reduce
any background noise, N> was used to dry the cuvette before placing the microsomes for
detection of GFP signal. A peak was present at 512nm which is associated with the GFP tag,
thus positive expression of ABCG2. The microsomes were snap frozen and stored in an

-80°C freezer for solubilisation.
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2.2.3 Solubilisation
¢ The best solubilisation took place at 2% and 4% DDM, thus solubilisation at 2% of
DDM was shown to be the most effective. The following protocol was used for

solubilisation of the microsomes:

Iml of 20% DDM was added to the microsomes which were stored in

10ml of Buffer A, giving a final concentration of 2% DDM

- Once the detergent was added to the microsomes, the falcon tube
containing the sample was transferred to the shaker for 2hrs in the cold
room (4°C); the sample was centrifuged after 2hrs on the shaker at 10000
x g at 4°C (On the Ti45 rotor it is 30000rpm).

- The supernatant collected after centrifugation contained the soluble
proteins and the pellet contained the insoluble fraction.

- To determine whether solubilisation has been effective the soluble and
insoluble fractions were loaded on the 10% SDS PAGE, however the
bands on the gel were very faint and therefore unclear. Despite this,
purification was continued in order to determine whether significant pure

protein was present.

2.2.4 SDS-PAGE
¢ Sodium Dodecyl Sulphate Polyacrylamide gel electrophoresis is a method used to
separate proteins based on their molecular weight, the thickness of the gels can vary
between 0.75-1.5mm; the gel thickness used in this project was 1.5mm. The gels
prepared in this project were either 8% or 10% SDS—PAGE following the protocol
provided by the lab, with Tris-Glycine-SDS (TGS) as the running buffer. The
following protocol explains how to run an SDS-PAGE:
- Samples were first mixed with an equal volume of 2 X loading dye and
left on the bench for 1hr; the loading dye contains SDS and DTT, both
these reagents are prime components required for the migration of the

protein:

o DTT is a reagent which prevents oxidation of the thiol group and

reduces formation of intramolecular and intermolecular disulphide
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bonds which form between the cysteine residues present on the

protein. This helps with the migration of the protein along the gel.

o SDS essentially denatures the protein by binding to the
hydrocarbon chain, the amount of SDS bound to the protein is

proportional to the length of the hydrocarbon chain

- After lhr, the samples were spun in a microcentrifuge for 2 mins in order
to obtain a homogenous solution. The samples were then loaded into the

wells of the polyacrylamide gel.

- Electrophoresis was carried out at 120 V for approximately 2 hrs, the
length of time required for the completion of the electrophoresis varies on
the equipment used, size of protein to be separated and the thickness of the
gels. Once the dye disappears, this indicates that the electrophoresis has
finished.

- The gels are scanned using Biorad - Chemidoc equipment under Alexa488,
which detects the presence of GFP fluorescence signals. Furthermore, in
the toolbar a new protocol had been pre-set for the multichannel gel scan,
where channel 1 is represented in red named as colorimetric (excitation
wavelength: 650nm, emission wavelength: 670nm); channel 2 is green
represented as Alexa 488 (excitation wavelength: 485nm, emission
wavelength: 530nm) determining the GFP fluorescence, channel 3
represented in blue (excitation wavelength:440nm, emission
wavelength:500nm). Once the SDS-PAGE had been scanned the
multichannel presented bands of particular molecular weight, hence each

corresponding to green, blue and red.

2.2.5 Determining the ABCG2 concentration using the fluorimeter

To calculate the concentration of the ABCG2 microsomes fluorescence spectroscopy was
used; a fluorescence intensity at 512nm on the fluorimeter indicated the presence of a GFP
signal, the concentration was later determined using the following equation: y = 0.5* x

y = ABCG2 or other membrane protein concentration (ug/ml)
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x = the intensity of the GFP fluorescence at 512nm (arbitrary units)

Before measuring the concentration of the sample, the quartz cuvette was washed and blown

with N> gas in order to freeze any remaining water droplets, this was to ensure the

measurement of the intensity of the sample was not disturbed. The fluorimeter was set up

with an excitation wavelength at 485nm and emission range of 500-600nm.

2.2.6 Protein Purification of ABCG2

2.3.6.1 Purification using Ni NTA agarose beads

Initial purification of ABCG2 began with the use of Ni NTA agarose beads via a batch

method.

As Ni NTA agarose beads are prone to solidification having been stored at -4°C, their
container is shaken lightly and left on the bench for approximately 15 minutes for de-
solidification.
2ml of Ni NTA and 2ml of buffer A (BA) was mixed into the falcon tube and left on
the bench for 1hr
4ml of Ni NTA suspended in buffer A were added to soluble proteins expressing
ABCG2 and left on the roller in the cold room (4°C) for 24hrs, this allows the Ni
NTA to bind to the His tag which is present on the sequence. During purification,
however, the tag can be cleaved off which is why this particular method of
purification may not always have a high success rate.
The solution is transferred to an Eppendorf and centrifuged at 3000 x g 4°C for 10
minutes.
Once completed, the supernatant (representing the unbound fraction) and the pellet
(containing Ni NTA-bound membrane proteins) were collected. The supernatant was
collected as the wash fraction and the pellet was suspended in the first elution buffer.
The first elution buffer consisted of:
- 8mM Imidazole

0.1% DDM

After suspension of the soluble proteins in the first elution buffer, the falcon tube was

left on the roller for 1hr in the cold room.
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The sample was later loaded onto an 10% SDS PAGE in order to determine the
presence of a molecular band of 90kDa (which corresponds to GFP/His/FLAG-
ABCGQG2)

After 1hr in the cold room on the roller, the sample was transferred to an Eppendorf
and centrifuged at 3000 x g at 4°C. The supernatant was kept as the second wash
fraction and the pellet was resuspended into the second elution buffer.
The second elution buffer consisted of:

- 80mM Imidazole

0.1% DDM

After suspension of the soluble proteins in the second elution buffer, the falcon tube
was left on the roller for 1hr in the cold room.

The sample was later loaded onto an 10% SDS PAGE in order to determine the
presence of a molecular band of 90kDa (which corresponds to GFP/His/FLAG-
ABCG2)

After 1hr in the cold room on the roller, the sample was transferred to an Eppendorf
and centrifuged at 3000 x g at 4°C. The supernatant was kept as the third wash fraction
and the pellet was resuspended into the third elution buffer.
The third elution buffer consisted of:

- 100mM imidazole

- 0.1%DDM
After suspension of the soluble proteins in the third elution buffer, the falcon tube was
left on the roller for 1hr in the cold room.
The sample was later loaded onto an 10% SDS PAGE in order to determine the presence
of a molecular band of 90kDa (which corresponds to GFP/His/FIAG- ABCG2)
After 1hr in the cold room on the roller, the sample was transferred to an Eppendorf
and centrifuged at 3000 x g at 4°C. The supernatant was kept as the fourth wash fraction
and the pellet was resuspended into the fourth elution buffer.
The Fourth elution buffer consisted of:

- 400mM Imidazole

0.1% DDM

The sample was later loaded onto an 10% SDS PAGE in order to determine the presence

of a molecular band of 90kDa (which corresponds to GFP/His/FIAG- ABCG2)
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After many attempts of purification using Ni NTA resins, no molecular bands were
observed at 90kDa on the SDS-PAGE. This result was not dissimilar to previous
attempts of purification performed by a former student who found cleavage of the His
tag. A resolution to this involved the use of a GFP trap resin for purification in place of

NI NTA resins.

2.2.6.2 Purification using GFP trap resin

Purification of ABCG?2 in this project was also carried out using the batch method and a GFP

trap resin.

As GFP trap resin is stored at 4°C, the resins were rehydrated using buffer A and left
on the bench at room temperature for an hour.

50pl of the resin was mixed with 5Sml of solubilised protein supplemented with 100ul
of protease inhibitor and the left on the shaker at 4°C overnight. This allows the protein
to bind to the resin and consequently a more efficient purification.

The sample was spun down by centrifugation 2500 x g at 4°C for 2 minutes. The
supernatant collected was kept as the unbound fraction.

The pelleted resin present in the falcon tube after the suspension of the supernatant is
washed with buffer AA and spun down by centrifugation at 2500 x g at 4°C for 2
minutes. The supernatant collected was kept as the wash fraction.

The sample resin was then spun down by centrifugation at 2500 x g at 4°C for 2 mins
and the supernatant collected as the pure fraction.

The pure, unbound and washed fractions were loaded onto an 8% SDS PAGE. If
purified proteins were present then a molecular band at 90kDa would be observed,
however, this was not the case. After many attempts and due to time constraints, further
work could not be carried out in order to obtain purified ABCG2 proteins. ABCG2
microsomes, however, were used in my cellular thermal shift assay as part of my

functional studies.

2.2.7 Cellular thermal shift assay (CETSA)

The concentration of microsomes required for the CETSA assay was 5Sug/20ml.
Therefore 52.08ul of ABCG2 microsomes were added to 15.7ul of assay buffer and
0.628ul Mg-ATP and incubated in a PCR tube for 30 minutes at 37 °C
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e After 30 minutes, 3-minute incubation was carried out at various temperatures (37°C,
40°C, 43°C, 46°C, 49°C, 52°C, 55°C, 58°C, 61°C)

e The sample was treated with ice-cold PBS (made up of 0.8% DDM)

e The sample was snap frozen in liquid nitrogen and placed in a thermometer at 25°C
to initiate thawing before being transferred to ice until entire content were thawed

e Ultracentrifugation was carried out in order to precipitate the denatured protein at
100,000 x g for 20 minutes at 4 °C

e The soluble fraction was subjected to 10% SDS PAGE and Biorad Alexa 488 was
used in order to determine the presence of GFP fluorescence signals, which ultimately

indicated the presence of ABCG2.

2.3 Bioinformatic methodology

The bioinformatic tools used in this project are Chimera, Clustal omega and Uniprot.
Chimera is a programme designed to interactively visualise molecular structures and related
data (Pettersen et al., 2004; Sievers et al., 2011; UniProt: a worldwide hub of protein
knowledge,2018; Morgat et al., 2020). This programme can provide an insight into the

structural and sequence alignment of proteins.

2.3.1 The structural relationship between ABCA and ABCG families
e Chimera was the programme used to achieve the structural alignment and the
structural sequence alignment in this project (Pettersen et al., 2004).
e In order to establish the structural relationship between ABCA and ABCG families,
ABCA1, ABCG2 and ABCG5GS8 were used in the structural alignment.
e The PDB of each structure was obtained from the RCSB protein data bank (Bank,R.,
2019):
- ABCAI1 :5XJY (Qian et al., 2017)
- ABCG?2 : 5NJ3 (Taylor et al., 2017)
- ABCGS5GS8 : 5DO7 (Lee et al., 2016)

e Only the TMD and NBD were aligned in all the structural alignment; using fetch in
chimera the PDB structure ABCA1 and ABCG2 were inserted.
e Using action then colour the chains were coloured accordingly.

e Using tools then 2D depiction each chain was labelled.
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e Structural comparisons were made using Tools then Structure Comparison, within
that section Matchmaker was selected (Petterson et al., 2004). The reference structure
(ABCA1) was matched to ABCG2, hence the distance between the atoms were
chosen based on the whether the structural alignment was significant.

e After the structural superposition alignment was achieved using Matchmaker, Match
and align was used to generate the structural superimposed sequence alignment. This
programme gave the conservation and consensus of each alignment, alongside the
overall RMSD, SDM and Q score.

e To obtain the Clustal Omega sequence, Tools was selected first then Sequence; within
Sequence, Align Chain Sequence was chosen. The Clustal Omega sequence was
generated, and the percentage identity of each structural alignment were determined

(Petterson et al., 2004).

2.3.2 The structural evolutionary relationship between ABCA and ABCG families to

Mechanotransducer MacB

e To establish the structural evolutionary relationship between ABCA and ABCG to
MacB, three structures of MacB were aligned with:

- 5WS4: Crystal structure of tripartite-type ABC transporter
MacB from Acinetobacter baumannii (Okada et al., 2017).

- 5SLIL: Structure of Aggregatibacter actinomycetemcomitans
MacB bound to ATPyS (P21) (Crow et al., 2017)

- 5SNIK: Structure of the MacAB-TolC ABC-type tripartite
multidrug efflux pump (Fitzpatrick et al., 2017)

e Each MacB structure as mentioned above were structurally aligned with ABCAL,
ABCG2 and ABCGS5GS. The structural alignment, structural sequence alignment,
overall RMSD, SDM, Q score and percentage identity were obtained in the method
above (method used when establishing the structural relationship between ABCA and

ABCG families).
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2.3.2 The structural evolutionary relationship between ABCA and ABCG families to
WzmWzt

The structure used to find the evolutionary relationship between WzmWzt to ABCG
and ABCA families was the ATP-bound conformation WzmWzt O antigen ABC
transporter structure determined by Caffalette ef al. The PDB for this structure was

6m96 (Caffalette et al., 2019).

The WzmWzt structure as mentioned above was structurally aligned with ABCAL,
ABCG2 and ABCGS5GS. The structural alignment, structural sequence alignment,
overall RMSD, SDM, Q score and percentage identity were obtained in the method
above (method used when establishing the structural relationship between ABCA and

ABCG families).

2.4.3 The structural evolutionary relationship between ABCA and ABCG families to
MIlaE and MlaF components in MlaFEDB complex

Only MlaE and MlaF components of MIaFEDB complex were used in the structural
alignment to ABCA and ABCG families, as they represent the TMD and NBD
respectively. The structure used to find the evolutionary relationship between ABCA
and ABCG families was the overall structure of the nucleotide free MlaFEDB
complex published (Chi et al., 2020).

The MIaE and MlaF structure was structurally aligned with ABCA1, ABCG2 and
ABCGS5GS. The structural alignment, structural sequence alignment, overall RMSD,
SDM, Q score and percentage identity were obtained in the method above (method
used when establishing the structural relationship between ABCA and ABCG

families).
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Chapter 3 Experimental Results

3.1 Expression of ABCG2 using Pichia pastoris

The ABCG2 protein had a GFP-tag attached to the N-terminus and was expressed using
Pichia pastoris cells. Finding the correct conditions to obtain the optimal expression of
ABCG?2 using Pichia pastoris is crucial. The results recorded after the 3-day methanol
induction revealed that 0.8% of methanol, induced at 24hrs interval, gave the highest OD600
reading of 7.14, as seen in table 3. Diversely, the 3-day methanol induction at 22, 23 and
25hrs gave lower readings as seen in tables 1, 2 and 4, respectively. The lowest reading
recorded after the 3-day methanol induction was at 22hrs, with an ODe00 reading of 5.09.
This indicates that methanol utilising pathway was optimised when methanol was induced at

24hrs interval over 3 days.

Literature analysis have reported from many studies that membrane proteins are hard to
express. Since ABCG2 is a membrane protein, SL of Pichia pastoris culture was made to
ensure good yield of protein. Each 1L culture pellet weighed approximately total amount of

30.00g.

Pichia pastoris culture 1
Time of induction OD600o
(hrs)
0 4.38
22 4.60
22 5.00
22 5.09

Table 1: Pichia pastoris culture prepared with methanol induced at 22hrs over 3 days.

The table represents the first Pichia pastoris culture expressing ABCG2, prepared with 22hr interval of 0.8%

methanol induction over 3 days and its corresponding OD600 reading.
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Pichia pastoris culture 2
Time of induction ODe600
(hrs)
0 4.38
23 5.02
23 5.36
23 6.23

Table 2: Pichia pastoris culture prepared with 0.8% methanol induced at 23hrs over 3 days

The table represents the second Pichia pastoris culture expressing ABCG2 prepared with 23hr interval of 0.8%
methanol induction over 3 days and its corresponding OD600 reading.

Pichia pastoris culture 3
Time of induction ODe600
(hrs)
0 4.38
24 5.63
24 6.54
24 7.14

Table 3:Pichia pastoris culture prepared with 0.8% methanol induced at 24hrs over 3 days

The table represents the second Pichia pastoris culture expressing ABCG2 prepared with 24hr interval of 0.8%
methanol induction over 3 days and its corresponding OD600 reading.

Pichia pastoris culture preparation 4
Time of induction ODe00
(hrs)
0 4.38
25 4.63
25 5.04
25 5.14

Table 4: Pichia pastoris culture prepared with 0.8% methanol induced at 25hr over 3 days

The table represents the second Pichia pastoris culture expressing ABCG2 prepared with 25hr interval of 0.8%
methanol induction over 3 days and its corresponding OD600 reading.
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3.2 ABCG2 Expression

After the pellet was collected, the cells were broken and the microsomes were isolated and
obtained. Before proceeding further to solubilisation and purification the expression was
checked. As previously mentioned, the ABCG2 has a GFP-tag at its N-terminus, the
fluorimeter was therefore used to detect the presence of the GFP. Most proteins are not
fluorescent, especially recombinant proteins cultured from Pichia pastoris, as the green
fluorescent protein has a unique structure which is not common among other proteins. Hence,
this allows GFP to be useful as a tag in detecting the gene expression of the particular protein
of interest. Furthermore, the useful property of GFP is the fluorescence; any florescent
molecule absorbs light at a certain wavelength and emits light at a longer wavelength, for
GFP it has an exciting wavelength of 485 nm and emission wavelength of 530 nm. The
microsomes were placed in a cuvette and subjected to the fluorescent spectrophotometer,
figure 12 shows a small peak at 512 nm with an intensity of 52.59 - indicating the presence of
the GFP tag, hence the presence of ABCG2. The results from figure 12 were input into the
equation y=0.5*x, the estimation of the ABCG2 microsome concentration was determined as

29.795 ug/ml, as shown in table 5.

80

60

The peak indicates the spike
4——— corresponds to intensity of 52.59.

Intensity (a.u.)

T T T
500 600 700 800
Wavelength (nm)

Figure 12: The fluorescent spectrophotometer graph indicating the presence of ABCG2-GFP

The fluorescent spectrophotometer generated this intensity against wavelength graph showing the presence of a
small peak 512nm with an intensity of 52.59, thus around 512nm there are several peaks which can be seen

hence they indicate the background noise.

57



Wavelength (nm) | Intensity (a.u) | ABCG?2 concentration (ug/ml)

512.98 52.59 29.795

Table 5: ABCG2 concentration determined using the intensity wavelength graph

This table represents the concentration of ABCG2 determined using the equation y=0.5*x, hence applying x as
the intensity value determined at 512.98 by the fluorescence spectrophotometer.

Although figure 12 indicates the presence of the N-terminal GFP-tag on ABCG2, the
microsomes samples were subjected to a 10% SDS PAGE gel to further confirm the presence

of ABCG2-GFP rather than just a GFP tag.

The gels were scanned using the Biorad - Chemidoc equipment and Alexa 488 was used to
determine the presence of the fluorescence signal corresponding to the GFP. The GFP- Tag
has a molecular weight of 27kDa and ABCG2 has a molecular weight of 72kDa, however
through other studies such as Mao ef al and Rosenberg et a/ it was found that when ABCG2
is expressed using Pichia Pastoris it is normally in the under-glycosylated form, which
reduces the molecular weight by 10kDa. Therefore, the resultant molecular weight of the

fused ABCG2-GFP tag expressed by Pichia pastoris is approximately around 90kDa.

In figure 13, there is a clear indication of a band intensity at 90kDa which indicates to
ABCG2-GFP protein when scanned with Alexa488. In figure 14 the green fluorescence at
90kDa band intensity further confirms the presence of ABCG2-GFP, this concludes that the
microsomes have a significant amount of ABCG2 expressed. There are also bands at 50kDa
and approximately 30kDa present on figure 14, however within the microsomes other
molecules transcribed in Pichia pastoris may be present. It is possible that the 50kDa band,
represented in the blue fluorescence corresponds to the glycosylated secretomes (Burgard et
al., 2019). The 30kDa band represented in red fluorescence corresponds to Pichia pastoris
lipidome or proteomes present in the microsomes (Ivashov ef al., 2013). Another way of
determining positive expression of ABCG2-GFP is by doing an immunoblot using anti-
ABCG?2 or anti-GFP, however within the lab did not have any anti-ABCG?2 or anti-GFP, thus
these antibodies were not bought in as they were expensive. Therefore, in the future to further
validate the detection for the expression of ABCG2-GFP, an immunoblot using anti-ABCG2
or anti-GFP should be used.
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ABCG2- GFP
tag band
approximately
90kDa

Figure 13: SDS-PAGE gel scanned using Alexa
488 showing the presence of ABCG2-GFP

Lane I- protein biomarker. Lanes 2,3,4 -
microsomes expressing ABCG2-GFP. Alexa 488
[fluorescent band — (excitation wavelength:485nm,
emission wavelength: 530nm)

This 10% SDS Page gel scanned using Alexa488 a
strong band intensity present at 90kDa which
corresponds to ABCG2-GFP

3.2.1 Total protein concentration

150kDa —»

100kDa —p

75kDa  _p

50kDa >

37kDa —p

25kDa  —p

20kDa —p

15kDa  _p

10kDa —p

Figure 14: 10% SDS-PAGE gel scanned using
multichannel showing the presence of ABCG2-GFP

Lane I- protein biomarker. Lanes 2,3,4 -
microsomes expressing ABCG2-GFP. Alexa 488
green, fluorescent band — (excitation
wavelength:485nm, emission wavelength:
530nm). Blue fluorescent band — (excitation
wavelength: 440nm, emission
wavelength:500nm). Red fluorescent — (excitation
wavelength: 650nm, emission wavelength:
670nm).

This 10% SDS PAGE gel scanned using the
multichannel shows the presence of ABCG2-GFP
at 90kDa, glycosylated secretomes at 50kDa and
other lipidome or proteomes present at 30kDa.

The total protein concentration of the microsomes expressing ABCG2 were determined using

the quick Bradford protein assay; 10 puL of 10-fold protein sample was diluted to 1ml.

Initially, to measure the ODsoo blank it was composed of 800 uL of MQ water which was

mixed with 200 uL of the Bradford reagent, once the ODsoo was measured the blank was set.

10 pL of the diluted samples were added to the blank solution, which gave ODeoo= 0.198,

thus the total protein concentration worked out as 2.97mg/ml, as shown in table 6.
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Sample ODsoo Total Protein concentration (mg/ml) = ODeoo x 15

0.198 297

Table 6: Total protein concentration of ABCG2

The table represents the OD600 from the sample expressing ABCG2, and the calculations required to find the
corresponding protein concentration

3.3 Solubilisation and Purification

The microsomes expressing ABCG2 were solubilised with 2% DDM. The microsomes were
stored in a total volume of 10 mL of buffer A; to obtain a final concentration of 2% DDM of
the ABCG2 (microsomes) sample, 1 mL of 20% DDM was added to the ABCG2
(microsomes) sample. This sample was then left in the detergent on the shaker in the cold
room (4°C) for 2hrs; after the completion of the 2hrs the sample was centrifuged at 30000
rpm at 4°C for 1hr. Both the supernatant and the insoluble fraction was collected as they were
expected to contain the soluble and insoluble fraction, respectively. When both insoluble and
soluble fractions were run on both 8% and 10% SDS PAGE no visible bands around 90kDa
were present in the soluble fraction. Although no fractions were seen on the SDS PAGE gels

from the process of solubilisation, the ABCG2 sample was subjected to purification.

In addition to GFP-tag, ABCG2 has a His-tag and a FLAG-tag. There were two attempts of
purification made; the initial method was using Ni NTA agarose beads in a batch process and
the second method was using GFP trap resin. Ni NTA agarose beads have high affinity to the
his-tag present on ABCG2 therefore in theory the purification method should have worked,
however after many attempts of purifying with Ni NTA there were no molecular bands found
at 90kDa on the 8% or 10% SDS — PAGE, this may be as a result from the his-tag being
cleaved during the purification process. After the second method of purification using GFP
trap resin, there were still no molecular bands seen on the 8% or 10% SDS PAGE. Image J
was used to scan the gels for very faint intensity bands which was not very visible to the

naked eye.
The method of using the BSA calibration curve, as shown in figure 15, and the equation y=

13988x + 12036 with R*= (.9396, the protein concentration of pure ABCG2 worked out to
be 0.00143mg/ml. The BSA curve was generated by doing a Bradford protein assay, a blank
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sample of buffer A was used to calibrate the spectrophotometer, however it gave a higher
reading than expected. Therefore, in the future a different buffer could be used to calibrate
the instrument to give all subsequent sample absorbance is reflected to a more accurate
analyte absorbance. However, after many attempts it was determined that the concentration
of the pure protein was significantly small, therefore only small changes may be seen if the
buffer for calibration had been determined. Furthermore, as pure protein obtained through
many attempts were significantly small, dilution of the pure protein sample reduced the
detection of the pure protein present to almost 0 mg/ml. Therefore, no dilution of the pure
protein samples took place. After many attempts of purifying with both Ni NTA and GFP
trap resins no further steps were made to purify ABCG2 due to time constraint and the

microsomes expressing ABCG2 were used in the thermostability CETSA assay.

BSA calibration curve
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Figure 15: The BSA calibration graph used to determine the protein concentration

The BSA calibration standard graph generated using the protein concentration of BSA and its corresponding
intensity from the SDS PAGE gel. The trend line is shown to have the equation of y= 13988x + 12036 with R*=

0.9396. In general, the BSA standard curves constructed are not very accurate hence the R*= 0.9396 therefore
the actual protein concentration might be much less.
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3.4 CETSA assay

As both purification methods did not give rise to sufficient pure ABCG2 proteins, ABCG2
microsomes were used in a functional study to determine the thermostability of ABCG2. The
CETSA (cellular thermal shift) assay involves the study of the thermo-stabilisation of
proteins. Proof of principle of using ABCG2 within this assay would then make it possible to
screen small molecules as potential inhibitors and drug candidates. The initial baseline at
which ABCG2 denatured was determined by following the protocol for the CETSA assay as
mentioned in the methods. In figure 16, as the temperature increases from 37°C to 61°C
(increment of 3°C) the intensity of the fluorescent band present on the 10% SDS PAGE gel,
corresponding to the presence of the fused ABCG2 - GFP (90kDa) decreases (scanned using
Alexa488). After 55°C no bands were seen, concluding that ABCG2-GFP denatures around
55°C. Furthermore, this shows that ABCG?2 expressed from Pichia pastoris has a melting
temperature of 55°C and shows proof of principle for using the CETSA assay to screen for
potential inhibitors. Evaluation of the associated thermal shift in the denaturation temperature
in the presence of a ligand of interest would allow for the identification of potential binding

partners.
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Figure 16: CETSA assay gel conducted on ABCG?2 microsomes

On this 10% SDS PAGE gel microsome expressing ABCG?2 denatured at around 55 °C, as the intensity of the
band corresponding to ABCG?2 (90kDa) decreases as the temperature increases up until 55°C then no bands
are seen. Furthermore, the band intensity corresponds the green fluorescent detected by Alexa 488 (excitation
wavelength:485nm, emission wavelength: 530nm).
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Chapter 4: Bioinformatics results

4.1: The structural relationship between ABCA and ABCG family

Understanding the protein’s structure and mechanism starts by looking at the structure in
detail, this is achieved by using bioinformatic tools such as Chimera. Chimera has been used
in this project to look at both structural and sequence alignment between ABCA1, ABCG2,
ABCGS5/GS, bacterial ABC transporter MacB, MlaE, MlaF WzmWzt; the structural
alignment determined in this project between these ABC transporters will provide
information on whether there are similarities and differences of the TMD and NBD; with the
results, it can be postulated and determined whether convergence or divergence evolution

taking place.

Observing the structural alignment has to come with significance to make the alignments
valid; Match and Align is a programme used from chimera to look at the alignment from a
structural superposition point of view, the programme shows the conserved and weak
residues, overall RMSD across the sequence length, SDM and Q score. Looking at origin of
evolution of any protein is a very difficult task especially as the common ancestor may not
exist anymore, however the fully and weakly conserved residues in the structural alignment

helps map a picture of any possible evolutionary links that may exist.

4.1.1 The structure of ABCA1 used in the alignments

Looking at the eukaryotic evolution of ABCG family, helps by looking at other ABC
transporter families with similar structure to ABCG transporters. Ford et al has suggested the
topology and folds of the transmembrane helices of TMDs of ABCAL are similar to that of
transmembrane helices of the ABCG2 TMDs (Ford ef al., 2019). Before obtaining the
structural sequence alignment between ABCAland ABCG2, the extracellular domain (ECD)
and R domain (composed of C-terminal extensions 1 and 2) were removed as shown in figure
17 to obtain a better understanding of the alignment between ABCA1 TMD NBD to ABCG2
TMD NBD. The structural alignments of TMD and NBD were made separately to obtain an
even better understanding of the similarities and difference in alignment of the TM helices in

TMD, and the a — helices and [3- pleated sheets in the NBD.
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Figure 17:The original ABCAI present in chimera verses the structure of ABCAI used in the alignments

A) Front view: Original structure with all the components present such as the ECD,
TMD1,TMD2,NBD1,NBD2, CTEland CTE (which represents the R domain). B) Front view: The structure of
ABCAI which only contains TMD1, TMD2,NBD1 and NBDZ2. Both structures are represented in cornflour blue
ribbons.

Front view

™1

Figure 18:ABCA1 TMD! used in the alignments to ABCG2 and ABCG5/G8

In this figure there are 6 different views of ABCA1 TMD1 which contains IH1, TM1, TM2, IH2, TM3, TM4,
TMS5, EHI, EH2 and TM6. The structure is represented in cornflour blue ribbons . All views have been rotated
corresponding Front view (view 2); view 1: rotation by anticlockwise 90°, view 3: rotation by clockwise 90°,

view 4: rotation by anticlockwise 180°, view 5: rotation by anticlockwise 200°, view 6: rotation by
anticlockwise 300°.
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Front view

Figure 19:ABCAI TMD? used in the alignments of TMDs of ABCG2 and ABCG5/G8

In this figure there are 6 different views of ABCA1 TMDZ2 which contains IH3, TM7, TM8
AH4,TM9,TM19,TM11,EH3,EH4 and TM12. The structure of ABCAI TMD? is represented in cornflour blue
ribbons. All views have been rotated corresponding Front view (view 2); view 1: rotation by anticlockwise
10°,°, view 3: rotation by clockwise 90°, view 4. rotation by anticlockwise 180°, view 5: rotation by
anticlockwise 180°view 6: rotation by anticlockwise 300°.

4.1.2 The structural alignment of ABCA1 TMD1 and ABCG2 TMD

The best structural alignment of ABCA1 against ABCG2 was achieved at an RMSD 6.981A
across 215 pairs, as seen in figure 20. The structural alignment between ABCA1 and ABCG2
conveyed similar topological structure and folds for the TMDs and NBDs, however this
alignment did not show the details of which transmembrane helices of ABCAT1 align well
with the transmembrane helices of ABCG2. Therefore, structural alignment between the
transmembrane helices of ABCA1 TMD1 and ABCG2 TMD were made in order to look at
the relationship between the transmembrane helices of each domain. The conserved residues
mentioned in the alignment of ABCG2 TMD and ABCA1 TMDI are referred to in appendix
2 and quantitative results of the specific alignments are represented table 7, which shows a

quick and comparative overview of the fully and weak conserved residues of the alignments.
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Figure 21 presents the best alignment of ABCA1 TMD1 with ABCG2 TMD at RMSD
4.504A (across 190 C atom pairs). Through observation, there is significant alignment
between IH1 and TM1a as seen in figure 21A. Using the Match and Align tool in chimera,
IH1 and TM1a, represented between residue 407-430, had 3 fully conserved and 3 weakly
conserved residues. In figure 21A, B and 22A there is significant alignment between TM1b

and TM1, with only 1 fully conserved and 18 weakly conserved residues between residues

431-451.

In figure 21B, 21C and 22A, ABCG2 TM2 and ABCA1 TM2 are shown to align well as they
take similar form and topological structure; the structural sequence alignment in figure 23
further confirms this as there are 7 fully conserved and 28 weakly conserved residues. As
ABCA1 IH2 is very close to ABCA1 TM2, there is significant alignment of ABCA1 IH2 and
segments of ABCG2 TM2.

ABCA1 TM3 and ABCG2 TM3 are shown to align significantly, as seen in figure 21a and
22a, the structural sequence alignment shows from residues 1096-1130 that there are 4 fully
conserved and 28 weakly conserved residues. Similar to the alignment between TM3,
ABCA1 TM4 and ABCG2 TM4 also shows significant alignment, as seen in figure 21A, 21C
and 22A, there are 4 fully conserved and 29 weakly conserved residues between residues
1131-1162. Furthermore, in this structural alignment only at one point are there no
conservation of the residues, indicating good structural similarity. So far, the results show
conservation between ABCG2 TM1-4 and ABCA1 IHI TM1-4 indicating an evolutionary

relationship which may exist.

ABCG2 TM5a shows good alignment with ABCA1 TMS, as seen in figure 21a, 22¢ and 22d,
which is further reflected in the structural sequence alignment which contains 4 fully
conserved and 4 weak conserved residues between residues 1161-1181. ABCG2 TM5c aligns
well with ABCA1 EH2, as seen in figure 21C, 21D and 22C, the associated structural
sequence alignment shows 1 fully conserved and 16 weak conserved residues between
residues 1221-1240. ABCG2 TM6b is shown to align with ABCA1 TM6, as seen in figures
21A, 21C, 22C and 22d; the similarity in the alignment is seen in the structural sequence
alignment where between the residues 1291-1330 there is 1 fully conserved and 22 weak
conserved residues.

Overall, in the structural alignment of ABCA1 TMDI and ABCG2 TMD the Match and
Align programme found overall RMSD was 2.201 across sequence length of 266248, the
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SDM score was 44.827 and the Q score was 0.401 (appendix 1). The overall RMSD score of
the structural alignment is within a few angstroms, showing the structural alignment to be
significant. Furthermore, the SDM score is less than 50.00 which indicates more structural
similarity than difference according to Johnson ef al study. Finally, the Q score shows some

significant similarity in structure to consider evolutionary links according to Krissinel et a/

study (Johnson et al., 1990; Krissinel et al., 2004).

The results of the alignment between ABCA1 TMDI1 and ABCG2 TMD, shows only
segments of TMS5 and TM6 align well, interestingly there was no structural alignment
between ABCG2 TM5b and ABCA1 TMS, as seen figure 21C, 22C, 22D; through
observation ABCG2 TM5b would have been expected to align with EH1 of ABCAL,
however this was not the result. ABCG2 TMé6a had no alignment with any segment of
ABCA1 TM6. The results from the structural alignment of ABCA1 TMD1 and ABCG2
TMD suggests that ABCA1 and ABCG2 may have evolved from the same or similar ancestor
especially as the percentage identity was 15.30%. Although in figure 22 the structural
alignment demonstrates that regions ABCG2 TM5b and TMé6a do not have any alignment to
ABCAL, all the other helices do have significant alignment. The alignment of the NBD of
ABCA1 and ABCG2 showed high structural similarity as expected (appendix 8,9,10,11,12).

Front view

Extracellular

Intracellular

Figure 20: The alignment between ABCAI and ABCG2

Front view: The structure of ABCAI is represented in cornflour blue ribbons and ABCG2 transmembrane
helices are represented as followed: TM1a — green, TM1b — green, TM2 — light green, TM3 — yellow, TM4 —
yellow, TM5a — mustard, TM5b- mustard, TM5c — orange, TM6a- red and TM6b- Red. The initial alignment
made between ABCG2 and ABCA, the structural alignment in this figure shows how there is a similarity in size
and shape, however with this structure it is hard to study the alignment of the transmembrane helices and
nucleotide binding domain alignments.
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Figure 21:The alignment between ABCA1 TMD1 and ABCG2 TMD

A) Front view. B) Rotation of front view by clockwise 90°.C) Overview. D)Rotation of front view by 60°.

The structure of ABCAI is represented in cornflour blue ribbons and ABCG2 transmembrane helices are
represented as followed: TM1a — green, TM1b — green, TM2 — light green, TM3 — yellow, TM4 — yellow, TM5a
— mustard, TM5b- mustard, TM5c — orange, TM6a- red and TM6b- red. This figure shows the detailed
alignment of the specific transmembrane helices between ABCA1 TMD1 and ABCG2 TMD as followed: ABCAI
IH1/ABCG2 TMl1a, ABCAI TM1/ ABCG2 TM1b, ABCA1 TM2/ ABCG2 TM2, ABCAI TM3/ ABCG2 TM3,
ABCAI TM4/ ABCG2 TM4, ABCAI TM5/ ABCG2 TM5a, ABCA1 EH2/ ABCG2 TM5¢, ABCAI TM6/ ABCG?2
TM6b
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Front view
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Figure 22: Alignment between ABCAI IH1 TM1-4 and ABCG2 TM1-4; Alignment of ABCAI TM5 and TM6
to ABCG2 TMS5 and TM6

The structure of ABCAI is represented in cornflour blue ribbons and ABCG2 transmembrane helices are
represented as followed: TM1a — green, TM1b — green, TM2 — light green, TM3 — yellow, TM4 — yellow, TM5a
— mustard, TM5b- mustard, TM5c — orange, TM6a- red and TM6b- red. A) Front view: the alignment between
ABCAI IHI TM1-4 and ABCG2 TM1-4 shows the specific transmembrane alignment as followed: ABCA1 IH1/
ABCG2 TMl1a, ABCAI TM1/ ABCG2 TM1b, ABCA1 TM2/ ABCG2 TM2, ABCAI TM3/ ABCG2 TM3, ABCAI
TM4/ ABCG2 TM4. B) Alignment rotated by anticlockwise 90° front the front view (A). C)Front view: the
alignment between ABCA1 TM5 and TM6 to ABCG2 TM5 and TM6 shows the specific transmembrane
alignment as followed: ABCA1 TM5/ ABCG2 TM5a, ABCAI EH2/ ABCG2 TM5c, ABCAI TM6/ ABCG2
TM6b.D) Alignment rotated by anticlockwise 180° front the front view(C).
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Alignments and residue Fully conserved residues Weakly conserved residues
regions - ABCA1: ABCG2

IH1:TM1a 3 3

(407 -430)
TM1: TM1b 1 18

(431-451)

TM2:TM2 7 28

(456-700)

IH2: TM2 8 34
(702-1076)

TM3-TM3 4 28
(1096-1130)

TM4-TM4 4 29
(1131-1162)

TMS: TMS 4 4
(1161-1181)

EH2:TMS5c¢ 1 16
(1182-1290)

TM6:TM6b 1 22
(1291-1330)

Table 7:Quantitative data from the alignment between ABCA1 TMDI and ABCG2 TMD

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of
ABCAI TMD1 and ABCG2 TMD.

4.1.3 The structural alignment between ABCA1 and ABCGS8

To evaluate the relationship and evolution of the ABCA and ABCG family, in addition to the
structural and sequence alignment between ABCG2 and ABCAL1, a structural and sequence
alignment between ABCA1 and ABCG5/G8 may further validate the evolutionary
relationship between the ABCA and ABCG family. The quantitative structural alignment
data mentioned is referred to appendix 13, hence a summary of the fully and weakly

conserved regions are referred to table 8.

In the initial structural alignment between ABCA1 and ABCG5/G8, ABCGS aligned with
ABCA1 TMDI and NBD1, hence, ABCG8 TMD and NBD aligned with ABCA1 TMD2 and
NBD2 as seen in figure 23. When using the chimera programme for structural alignment,
many factors, such as loops and helices between the main transmembrane domain and
nucleotide binding domain can affect the alignment. As a result, ABCG5 and ABCG8 were
aligned with ABCAL separately without the presence of loops and helices. ABCGS aligned

70



well with ABCA1 TMD1 and NBDI, as seen in figure 24. Looking specifically at the
transmembrane helices alignment between ABCG8 and ABCA1 TMDI1, ABCA1 IHI1 had
significant alignment with ABCG8 TMI, as seen in figure 25A and 26A. Similar to the
structural alignment between ABCG2 TM1 and ABCA1 [H1, within the ABCA1 IH1 and
ABCGS8 TM1 structural sequence alignment, there were 2 fully conserved residues and 13

weak conserved groups between residues 421-450.

Furthermore, similar to the alignment of ABCG2 TM1b and ABCA1 TM1, ABCG8 TM1 has
significant alignment with ABCA1 TMI, as seen in figure 25A and 26A; with 2 fully
conserved residues and 17 weak conserved groups between residues 451- 480. In comparison
to ABCG2 TM1b and ABCA1 TMI the conserved residues and weak conserved groups are
better between ABCG8 TM1 and ABCA1 TMI.

TM2 from both ABCG8 and ABCA1 showed to take similar topology and fold similar to the
alignment between TM2 in both ABCA1 and ABCG2. Figure 25B and 26B showed
significant alignment between TM2 of both ABCG8 and ABCAL, in the structural sequence
alignment, there were 4 fully conserved residues and 28 weak conserved groups between
1061-1101; in comparison to the alignment of both ABCG2 and ABCA1 TM2 there are less

fully conserved residues present.

The alignment between TM3 of both ABCG8 and ABCA1 shows to take similar topology
and fold as seen in figure 25C and 26A, thus in the sequence alignment, there were 2 fully
conserved residues, and 25 weak conserved residues present between residue 1161-1160.
TM4 of ABCAT and ABCGS is also seen to take similar topology as seen in figure 25C and
26A, the structural sequence alignment showed 4 fully conserved residues and 30 weak

conserved group between residues 1161-1190.

The structural alignment of TM1-TM4 between ABCG8 and ABCA1 showed similar
structural alignment when compared to TM1-4 between ABCG2 and ABCA1. However,
similar to TMS5 and TM6 alignment between ABCG2 and ABCA1, only segments of ABCGS8
TMS align with ABCA1 TMS. ABCGS8 TMS has significant alignment structurally with
ABCA1 TM 5 between the residues 1191-1200 as seen in figure 25C, 26C and 26D. In the
structural sequence alignment, there were 2 fully conserved residues alongside 11 weak
conserved. ABCG8 TMS structurally aligns well with ABCA1 EH4 between residues 1251-
1264, with 1 fully conserved site and 11 weak conserved residues. TM6 from ABCA1 and
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ABCGS is also seen to have similar alignment as seen in figure 25D,26C and 26D, the
sequence structural alignment shows 2 fully conserved residues and 23 weak conserved

residues between 1311-1341.

Overall, in the structural alignment of ABCG8 TMD and ABCA1 TMD1 the Match and
Align programme found, overall RMSD was 2.264 across sequence length of 266248, the
SDM score as 46.253 and the Q score as 0.453. Similar to the alignment between ABCG2
and ABCAL, there is significant alignment between TM1-TM4 between ABCG8 and
ABCA1 compared to the alignments of TM5 and TM6.

Extracellular

ABCA1 TMD1/ABCGS5 TMD ABCA1 TMD2/ABCG8 TMD

Intracellular

ABCA1 NBD1/ABCG5 NBD ABCA1 NBD2 /ABCG8 NBD

Figure 23: The structural alignment between ABCG5/G8 and ABCA1

The structure of ABCAI is represented in cornflour blue. The structure of ABCGS is represent in red ribbons

and ABCGS represented in forest green ribbons. This figure shows ABCG) to align with ABCAI TMDI NBD1

and ABCG8 shows to align with ABCA1 TMDZ2 NBD2.

Extracellular

TMD1/G8 TMD

Intracellular

NBD1/G8 NBD

Figure 24:Alignment of ABCG8 andABCAI

ABCGS represented as forest green and ABCAI represented as cornflower blue. The alignment shows that
ABCGS8 TMD and NBD aligns well with ABCAI TMD1 and NBD1 rather than ABCA1 TMDZ2 and NBD
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Front view
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TM5/TM5
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Figure 25: The alignment between ABCA1 TMD1 and ABCGS8 TMD

A) Front view. B) Rotation by clockwise 90° from front view. C) Rotation by clockwise 100° from front view D)
Rotation by clockwise 200° from front view. The structure of ABCG8 TMD is represented in forest green and
ABCAI TMDI is represented in cornflour blue This figure shows the detailed alignment of the specific
transmembrane helices between ABCAI TMD1 and ABCG2 TMD as followed: ABCA1 IHI/ ABCGS8 TM1,
ABCAI TM1/ ABCG8 TM1, ABCAI TM2/ ABCGS8 TM2, ABCAI TM3/ ABCG8 TM3, ABCA1 TM4/ ABCGS8
TM4, ABCA1 TM5/ ABCGS8 TM5a, ABCAI EH2/ ABCG2 TM5, ABCAI TM6/ ABCG8 TM6
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Front view

TM4/TM4

TM3/TM3

TM1/TM1

Front view

TM5/TM5 TM6/TM6

Figure 26:Alignment between ABCA1 IHI TM1-4 and ABCGS5 TM1-4; Alignment of ABCAI TM5 and TM6 to ABCG$
TM5 and TM6

A) Front view. B) Rotation by anticlockwise 90° from front view (A). C) Front view. D) Alignment Tilted
upwards 45° front view (C). The structure of ABCG8 TMD is represented in forest green and ABCAI TMDI is
represented in cornflour blue. A, B) The alignment between ABCAI IH] TM1-4 and ABCGS TM1-4 shows the
specific transmembrane alignment as followed: ABCA1 IH1/ ABCGS8 TM1, ABCAI TM1/ ABCGS8 TM1, ABCAI
TM2/ ABCG8 TM2, ABCAI TM3/ ABCGS8 TM3, ABCAI1 TM4/ ABCGS8 TM4. C, D) The alignment between
ABCAI TM5 and TM6 to ABCG8 TMS5 and TMG6 shows the specific transmembrane alignment as: ABCA1 TM5/
ABCG8 TM5a, ABCAI1 EH2/ ABCG2 TMS5, ABCAI TM6/ ABCGS8 TM6
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Alignments and residue Fully conserved residues Weakly conserved residues
regions —- ABCA1:ABCG8
IH1:TM1 2 13
(421-450)
TM1:TM1 2 17
(451-480)
TM2:TM2 4 28
(1060-1101)
TM3:TM3 2 25
(1102-1160)
TM4:TM4 4 30
(1161-1190)
TMS: TMS5S 2 11
(1191-1200)
EH4:TM5 1 11
(1251-1264)
TM6:TM6 2 23
(1311-1341)

Table 8: Quantitative data from the alignment between ABCAI1 TMD1 and ABCG8 TMD

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of
ABCAI TMD1 and ABCGS TMD.

4.1.4 The structural alignment between ABCGS TMD and ABCA1 TMD1

As previously mentioned, the initial alignment between ABCA1 and ABCGS5/G8 showed that
ABCGS aligned with ABCA1 TMD1. Without the presence of ABCGS8, ABCGS5 continued
to align with ABCA1 TMDI1 as seen in figure 27. However, the alignment of the TM helices
was better in the alignment between ABCG8 TMD and ABCA1 TMD1 than with ABCGS.
As for the alignment of the TM helices of ABCG5 TMD and ABCA1 TMDI1 the overall
RMSD was 2.428 A; SDM value was 41.883 and Q score being 0.299. The structural
alignment data is referred from appendix 14, hence table 9 shows a summarised view of the

fully and weakly conserved residues in the superimposed structural alignment.

ABCAI1 IH1 structurally aligned significantly to ABCGS5 TMI as seen in figure 28A, which
is similar to the alignment between ABCG8 TM1 and ABCA1 IH1 as expected. Furthermore,
the sequence alignment of ABCGS5 TM1 and ABCA1 IH1 had 3 fully conserved sites and 9
weak conserved residues between residues 360 and 404. Interestingly, ABCGS5 TM1 and
ABCA1 TMI shown in figure 28A has some alignment but not as well as in the alignment
between ABCG8 TM1and ABCA1 TMI; the structural sequence alignment shows between

residues 405 and 442 , there were 2 fully conserved regions and 15 weak conserved residues.
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The alignment of TM2 of ABCGS5 and ABCA1 shows to have some structural alignment,
however the helices are shown to not align as well as seen in figure 28A, this is reflected in
the structural sequence alignment as there were no fully conserved residues and only 24 weak

conserved residues between 1031-1079.

TM3 from both ABCA1 and ABCGS5 is seen to align well as seen in figure 28C, where the
helices overlap and convey similar structure; the sequence alignment shows there to be 4
fully conserved residues alongside 35 weak conserved residues 1080-1150. Surprisingly,
TM4 from both ABCA1 and ABCGS is seen to structurally align well as the helices overlap
and convey similar structure as seen in figure 28C, the structural sequence alignment only
shows 1 fully conserved residue and 24 weak conserved group between 1150-1200. As the
alignments between ABCGS5 TMD and ABCA1TMD1 show high similarity this supports the
theory that ABCA and ABCG families may have a common ancestor.

Front view

Extracellular

TMDI1/ G5 TMDI

Intracellular

NBD1/ G5 NBDl1

Figure 27: The structural alignment between ABCAI and ABCGS

ABCGS represented as red and ABCAI represented as cornflower blue. The alignment shows that ABCG5
TMD and NBD aligns well with ABCA1 TMD1 and NBD1 rather than ABCAI TMD?2 and NBD2.
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Front view

TM1/TM1

TM1/IH1

TM1/IH1

TM2/TM2
Figure 28:The structural alignment between ABCGS5 TMD and ABCAI TMD1

A) Alignment rotated by clockwise 90° from front view. B) Front view. C) Alignment rotated by anticlockwise
60° from front view. .The structure of ABCGS5 TMD is represented in red and ABCAI TMDI is represented in
cornflour blue. This figure shows the detailed alignment of the specific transmembrane helices between ABCA1
TMD1 and ABCGS5 TMD as followed: ABCAI IH1/ ABCGS5 TM1, ABCAI TM1/ ABCGS5 TM1, ABCA1 TM2/
ABCGS TM2, ABCA1 TM3/ ABCGS5 TM3, ABCAI TM4/ ABCGS5 TM4, ABCA1 TM5/ ABCGS5 TMS5, ABCA1
EH2/ABCGS5 TM5, ABCAI TM6/ ABCGS5 TM6

Alignments and residue | Fully conserved residues Weakly conserved residues
regions — ABCA1:ABCGS5
IH1:TM1 3 9
(360-404)
TM1:TM1 2 15
(405-442)
TM2:TM2 0 24
(1031-1079)
TM3:TM3 4 35
(1080-1150)
TM4:TM4 1 24
(1151-1200)
TMS-TMS5 4 32
(1201-1260)
TM6-TM6 5 20
(1261-1300)

Table 9: Quantitative data from the alignment between ABCA1 TMDI and ABCG5 TMD

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of
ABCAI TMD1 and ABCGS5 TMD.
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4.1.5 The structural alignment between ABCA1 NBD1 and ABCGS5/G8 NBD

The alignment between ABCA1 NBD1 and ABCG5G8 NBD was carried out rather than with
NBD?2 as both ABCG5 and ABCGS aligned significantly with NBD1. The alignment
between ABCGS5 NBD and ABCA1 NBD1, most of the a helices and f pleated sheets are
seen to align (appendix 15), this reflected by the overall RMSD of 2.208, SDM as 45.973, Q
score as 0.403. These results show high structural similarity, hence supporting the structural
alignment. Similarly, the alignment between ABCG8 NBD and ABCA1 NBD1, most of the
a helices and [ pleated sheets (appendix 15), this reflected by the overall RMSD overall
RMSD of 2.263, SDM as 41.204, Q score as 0.427. Similar to the alignment of ABCG5 NBD
alignment to ABCA1 NBD, the results of the alignment between ABCG8 NBD to ABCA1

NBD shows high structural similarity, hence supporting the structural alignment.

Overall, the results showed a defined structural relationship between ABCA1 to ABCG2 and
ABCGS5GS, this establishes a clear indication that ABCA and ABCG families possibly
originated from the same ancestor. Furthermore, as TMD are highly variable and there were
significant structural alignment found between ABCA and ABCG families strongly supports

this postulation.

4.2 The relationship between bacterial ABC transporter MacB to ABCA
and ABCG families

4.2.1 The structural alignment between ABCG2 and SWS4

The first structure used in the analysis of the potential relationship between bacterial
mechanotransducers MacB and ABCG2 was the crystal structure of tripartite- type ABC
transporter MacB from Acinetobacter baumanni represented as SWS4 from RCSB protein
data bank. 5SWS4 is homodimer with the presence of a periplasmic domain, 4 transmembrane
domains on one protomer and a nucleotide binding domain, for the structural alignment of
5WS4 with ABCG2, ABCA1 and ABCGS5/GS8 the periplasmic domain was removed, hence,
the structure of SWS4 without the periplasmic domain is seen in figure 29. The conserved
and weak residues mentioned in the alignment of ABCG2 TMD and 5WS4 TMD is referred
from appendix 16, thus the quantitative data for the conserved and weak residues mentioned

in the alignments is represented in table 10.
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In the structural alignment between TM helices of 5SWS4 and ABCG2 there were very little
alignment of the TM helices as seen in figure 30. The alignment in figure 30 showed that
5WS4 was angled towards TM1-4 of ABCG2 yet no alignment towards ABCG2 TMS5 or
TM6. Considering that in Ford et al review paper it suggested there were similar structure of
ABCG2 TM1-4 and potentially bacterial mechanotransducers MacB TM1-4, TM5 and TM6
from ABCG2 was removed and the rest of the TM helices were aligned to SWS4 TMD. In
the structural alignment between SWS4 TM helices and ABCG2 TM1-4 there was an overall
RMSD of 2.316, SDM of 51.918 and Q score of 0.248, using Clustal omega alignment the
percent identity worked out to be 19.28%

In figure 31A, the SWS4 elbow is seen to take similar topological structure as ABCG2 TM1a
however no overlap of the helices was present. In the structural sequence alignment between
651-680 there were 10 weak conserved, although no fully conserved residues, the weak
conserved residues indicate some structural similarity. The alignment ABCG2 TM2 and
5WS4 TM2 showed to have some overlap of the helices, and overall seen to convey similar
structure as seen in figure 31B. The structural sequence alignment showed 3 fully conserved
residues and 31 weak conserved residues. The alignment of ABCG2 TM3 and SWS4 TM3
showed an overlap of the helices which conveys to take similar structure as seen in figure
31C and 31D, the structural sequence alignment shows the presence of one fully conserved
residue and 26 weak conserved residues. ABCG2 TM4 and 5WS4 TM4 showed to align well
as seen in figure 31C and 31D, where there were similarity in the overlap of the helices. The
structural sequence alignment for ABCG2 TM4 and SWS4 TM4 presented 27 weak

conserved residues between 1001-1090.

In the alignments between SWS4 TM1-4 and ABCG2 TM1-4, the best structural alignment
was seen with TM3 and TM4 of 5SWS4 and ABCG2 even though the structural sequence
alignment shows alignment of TM2 has higher fully conserved residues. Looking at the
overall results so far, the alignment between ABCG2 TM1-4 and SWS4 TM1-4 have good
structural alignment considering that structural analysis of ABCG2 and 5WS4 has not been
looked at in detail yet, this indicates that ABCG families may have MacB as the original

ancestor where it evolved from.

The structural alignment of the 5SWS4 NBD and ABCG2 NBD is shown to be highly similar

especially as the 8 a — helices overlap, the f — pleated sheets are also seen to take similar
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structure and conformation (appendix17); the overall RMSD as 1.930, SDM as 40.556, Q
score as 0.394 and the percentage identity worked out to be 20.01%. The structural sequence
alignment showed 49 fully conserved residues and 139 weak conserved residues between
residue 651-1100, indicating high structural similarity (appendix 18). The structural
alignment of the NBD of 5SWS4 and ABCG2 sheds light in supporting the theory suggested

by Ford et al that ABCG family may have evolved from bacterial mechanotransducers MacB.

5WS4

A

PLD

Extracellular

TMD

Intracellular
NBD

Front View Front View

Figure 29:Structure of 5WS4 present in chimera VS the structure used in the alignments to ABCAl, ABCG2
and ABCG5/GS8.

The structure of SWS4 in this figure is represented in magenta. A) The structure of SWS4 with the presence of
PLD, MD and NBD. B) The structure of SWS4 used in the alignments of ABCAI, ABCG2 and ABCG5/GS8.

Figure 30:The initial alignment of ABCG2 TMD and 5SWS4 TMD

In this figure 5SWS4 is represented in magenta and the ABCG?2 transmembrane helices are represented in
various colours of the rainbow. The initial alignment between the transmembrane domain of ABCG2 and 5WS4
showed the alignment to be slightly distorted, however SWS4 tended towards ABCG2 TM1-4.
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Front view

TM4/TM4

"%’ Elbow/ TM1a

Figure 31:Alignments between ABCG2 TM1-4 and 5WS4 TM1-4

The structure of SWS4 is represented in magenta, structure of ABCG?2 is represented in yellow and green. A)
Front view: the structural alignment between,; SWS4 elbow and ABCG2 TMia, 5SWS4 TM4 and ABCG2 TM4.B)
Rotation by clockwise 90° from front view: the structural alignment between; ABCG2 TM?2 and 5WS4 TM2,
ABCG2 TM1b and 5WS4 TM1. C) Rotation by clockwise 60° from front view. D) Rotation by anticlockwise 90°
from front view. C, D) The structural alignment between; ABCG2 TM3 and 5WS4 TM3, ABCG2 TM4 and 5WS54

TMA.
Alignments and residue | Fully conserved residues Weakly conserved residues
regions — SWS4 TMD:
ABCG2 TM1-4
Elbow:TM1a 0 10
(651-680)
TM2:TM2 3 31
(681-898)
TM3:TM3 1 26
(900-1001)
TM4:TM4 0 27
(1001-1090

Table 10: Quantitative data for the alignment between ABCG2 TM1-4 and SWS4 TMD

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of

ABCG2 TM1-4 and 5WS4 TMD
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4.2.2 The structural alignment between ABCG2 and SLIL

The second structure used in the analysis of the potential relationship between bacterial
mechanotransducers MacB and ABCG2, was the structure of Aggregatibacter
actinomycetemcomitans MacB bound to ATPyS (5LIL). Similar to SWS4, SLIL is a
homodimer with the presences of a periplasmic domain, 4 transmembrane and a nucleotide
binding domain on one protomer. There are 2 protomers which make up SLIL, in the
structural alignment made between SLIL and ABCG2, ABCG5/G8 and ABCAL the
periplasmic domain was removed as seen in figure 32. Furthermore, only one protomer of
SLIL was used in the alignment; the conserved residues mentioned in the alignment of
ABCG2 TM1-4 and 5LIL TMD is referred from appendix 19; table 11 represents the
summarised conserved regions in the alignment between ABCG2 TM1-4 and SLIL TMD.

When SLIL was first aligned with ABCG2, there were no significant alignment of the TMD,
however there were alignment of the NBD. When there was just alignment of the TMD of
ABCG?2 and 5LIL, there were some alignments; noticing that structurally SLIL has 4
transmembrane which aligns with ABCG2 TM1-4, TMS5 and TM6 were removed from
ABCG?2 and the alignments of ABCG2 TM1-4 and SLIL TMD were made. In the structural
alignment between ABCG2 TM1-4 and SLIL TMD there was significant alignment between
ABCG2 TM1a and the amphipathic helix of SLIL as seen in figure 33A. Through analysis
within that structurally superimposed region there were 2 fully conserved residues, and 20
weak conserved groups present between residues 646-670. Compared to the previous
alignment between ABCG2 TM1b to SWS4, it was expected that ABCG2 TM1b aligns with
SLIL TM1; interestingly in the alignment SLIL TM1 and ABCG2 do not align as well and

diverge outwards away from each as seen figure 33A.

There is partial alignment of ABCG2 TM2 and SLIL TM2 as seen in figure 33B, where both
the helices are seen to converge towards the end of the alignment. The structural sequence
alignment showed 2 fully conserved residues and 23 weak conserved groups between
residues 931-980. SLIL TM3 and ABCG2 TM3 is seen to align the best as they both convey
similar topology and fold as seen in figure 33C, the structural sequence analysis showed 3
fully conserved regions and 29 weak conserved groups between residues 981-1030. SLIL
TM4 and ABCG2 TM4 aligned well in the beginning however both the transmembrane

diverge out towards the end as seen in figure 33C, the structural sequence alignment showed
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only one fully conserved residue present alongside 21 other weak conserved groups between

residues 1031-1070.

The results of the alignment between SLIL TMD and ABCG2 TM1-4 take similar structure
and form as reflected by the conserved and weak residues of each helices alignment. Overall
TM3 and TM1a/amphipathic helix are seen to be the best aligned between SLIL and ABCG2
as structurally observed both the helix overlap and align better and have higher fully
conserved residues in the structural sequence alignment compared to in the alignment of
TM1, TM2 and TM4. There was significant structural alignment of the NBD between
ABCG2 and 5LIL (appendix 20), most of the a helices and [ pleated sheets are aligned well.
This is supported by the structural sequence alignment as there were 46 fully conserved
residues between residues 51-350; the overall RMSD as 2.413, SDM as 49.304, Q score as
0.329 (appendix 21). Although small divergences were noticed between SLIL TM1 and
ABCG2 TM1b it can be concluded there to be high structural similarity especially as the
showed overall RMSD as 2.309, SDM as 50.907, Q score as 0.364 and the percentage
identity worked out to be 15.36%. Henceforth, these results indicate high structural similarity

therefore indicating a high possibility that ABCG family originates from MacB transporters.

A

Extracellular

Intracellular

Front view Front View

Figure 32:The structure of SLIL in chimera VS the structure of SLIL used in the structural alignment to
ABCAIl, ABCG2, ABCG5/GS8.

The structure of SLIL in this figure is represented in purple. A) The structure of SLIL with the presence of

periplasmic domain, TMD and NBD. B) The structure of SLIL used in the alignments of ABCAI, ABCG2 and
ABCGS5/GS.
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Front view

v

TM1b/TM1

TM3/TM3

C

TM1a/Amphipathic

Figure 33:The structural alignment of SLIL TMD and ABCG2 TMD

TM2/TM2
TM1a/ Amphipathic

TM4/TM4

The structure of SLIL is represented in purple, structure of ABCG?2 is represented in yellow and green. A) Front
view: the structural alignment between,; 5SLIL amphipathic helix and ABCG2 TM1a, SLIL TM3 and ABCG?2
TM3,5LIL TM4 and ABCG2 TM4. B) Rotation by anticlockwise 90° from front view: the structural alignment
between; ABCG2 TM2 and 5LIL TM2, ABCG2 TM1b and 5LIL TM1.C) Rotation by clockwise 90° and tilt 25°
from front view: the structural alignment between; ABCG2 TM3 and 5LIL TM3, ABCG2 TM4 and SLIL TM4,

SLIL amphipathic helix and ABCG2 TM1.

Alignments and residue | Fully conserved residues Weakly conserved residues
regions — SLIL TMD:
ABCG2 TM1-4
Amphipathic helix:TM1a 2 20
(646:670)
TM2:TM2 2 23
(931:980)
TM3:TM3 3 29
(981-1030)
TM4:TM4 1 21
(1031-1070)

Table 11: Quantitative data for the alignment between ABCG2 TM1-4 and SLIL TMD

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of

ABCG2 TM1-4 and SLIL TMD
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4.2.3 The structural alignment between ABCG2 and SNIK

The third structure used in the analysis of the potential relationship between
mechanotransducers MacB and ABCQG2, is the structure of MacAB-TolC ABC type tripartite
multidrug efflux pump from E.coli -K12. In the structural alignment only the MacB
component from the MacA-MacB-TolC assembly was used, the periplasmic domain present
as part of MacB was removed as seen in figure 34. As MacB is a homodimer, one protomer
was aligned with one protomer of ABCG2. The alignment of the TMD between SNIK and
ABCG?2, the conserved residues mentioned are referred from appendix 22 and table 12

represents the summary for the conserved residues in the alignment.

Similar to the alignment of SLIL to ABCG2, there were no defined TM helices alignment of
SNIK TMD and ABCG2 TMD as seen in figure 35, however there was alignment of the
NBD (appendix 23). When there was just the alignment ABCG2 TMD and SNIK TMD there
were some alignments of the TM helices; noticing that structurally SNIK has 4
transmembrane which aligns with ABCG2 TM1-4, TMS5 and TM6 were removed from
ABCG?2 and the alignment between ABCG2 TM1-4 and SNIK TM were made. Figure 36
showed significant alignment between ABCG2 TM1a and the connective helix of SLIL.
Through analysis the structural sequence alignment showed the 2 fully conserved residues
and 16 weak conserved groups between residues 630-660. The alignment of ABCG2 TM1b
and SNIK TM1 is similar to the alignment of 5SWS4 TM1 and ABCG2 TM1b, where SNIK
TM1 and ABCG2 TM1b is seen to not align and diverge away from each other as seen in

figure 36B; the structural sequence alignment showed only 9 weak conserved residues.

There is partial alignment of ABCG2 TM2 and 5NIK TM2 as seen in figure 36B, where both
the helices are seen to converge towards the end of the alignment, the structurally sequence

alignment showed 1 fully conserved region and 24 weak conserved residues between residues

921-970.

SNIK TM3 and ABCG2 TM3 is seen to align the best, similar to the alignment of ABCG2
TM3 and SWS4 TM3. The alignment has significant similarity as there is overlap of the
helices as seen in figure 36C. The structural sequence alignment showed the highest fully
conserved residues compared to TM1,2 and 4; there were 4 fully conserved resides and 30

weak conserved groups between residues 971-1020. Although visually there was
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considerable alignment of ABCG2 TM4 and SNIK TM4 as seen from figure 36C,
interestingly structural sequence alignment only showed 22 weak conserved groups between
residue 1031-1061. There was significant alignment of the NBD similar to the other
alignments made by ABCG2 and 5SWS4 and 5LIL; the alignment of SNIK NBD and ABCG2
NBD showed most of the a helices and [ pleated sheets to be aligned well (appendix 23).
This is supported by the structural sequence alignment as there were 47 fully conserved
residues between residues 1 - 400; the overall RMSD was 1.921, SDM as 38.435, Q score as
0.438 and percentage identity of 16.82% (appendix 24).

Although small divergences were noticed between SNIK TM1 and ABCG2 TM1b it can be
concluded there to be high structural similarity especially as the showed overall RMSD as
2.476, SDM as 56.229, Q score as 0.227 and the percentage identity as 16.82%. Henceforth,
these results indicate high structural similarity therefore indicating once again high possibility

that ABCG family’s originates from MacB transporters.

A 5NIK B

k= Periplasmic domain -~ Extracellular

Intracellular

Front View Front View

Figure 34:The structure of SNIK in Chimera VS the structure used in the alignment to ABCA1, ABCG2 and ABCG5/G8

The structure of SNIK in this figure is represented in black. A) The structure of SNIK with the presence of
periplasmic domain, TMD and NBD. B) The structure of SNIK used in the alignments of ABCAI, ABCG2 and
ABCGS5GS.
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Side View

Extracellular

Intracellular

Figure 35: The initial alignment of SNIK and ABCG2

In this figure, SNIK is represented in magenta and the ABCG?2 transmembrane helices are represented in
various colours of the rainbow. The initial alignment between the transmembrane domain of ABCG2 and SNIK
showed the NBD to be aligned well, however the TMD to be distorted in the alignment.

Front view

TM3/TM3

TM1a/ Connecting helix
TM2/TM2

TM4/TM4
TM1a/connective helix

TM3/TM3

Figure 36:The alignment of SNIK TMD and ABCG2 TM1-4

The structure of SNIK is represented in black, structure of ABCG?2 is represented in yellow and green. A) Front
view: the structural alignment between,; SNIK connective helix and ABCG2 TM1a, SNIK TM3 and ABCG?2
TM3,5NIK TM4 and ABCG2 TM4. B) Rotated anticlockwise 90° from front view: the structural alignment
between; ABCG2 TM2 and 5NIK TM2, ABCG2 TM1b and SLIL TM1, ABCG2 TM4 and SNIK TM4.C) Rotated
clockwise 90° from front view: the structural alignment between;, ABCG2 TM3, SNIK TM3, ABCG2 TM4 and
SNIK TM4 and 5NIK connective helix and ABCG2 TM1a
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Alignments and residue | Fully conserved residues Weakly conserved residues
regions — SNIK TMD:
ABCG2 TM1-4
Connective Helix:TM1a 2 16
(630-660)
TM1b:TM1 0 9
(661-920)
TM2:TM2 1 24
(921-970)
TM3:TM3 4 30
(971-1020)
TM4:TM4 0 22
(1031-1061)

Table 12: Quantitative data for the alignment between ABCG2 TM1-4 and SNIK TMD

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of
ABCG2 TM1-4 and SNIK TMD

4.2.4 The structural alignment between ABCGS5/G8 and SWS4

5WS4 was aligned with ABCG5/GS8, SWS4 aligned better with ABCGS rather than ABCGS
as seen in figure 37. Therefore, the alignment between ABCGS8 and SWS4 was used to
evaluate the potential structural relationship between ABCG8 and mechanotransducer MacB.
The following conserved and weak residues mentioned with the alignments between ABCGS8
TM1-4 and SWS4 TMD from appendix 25; the conserved residues mentioned in the
alignment of ABCG8 TMD and 5WS4 TMD is summarised in table 13.

The elbow of 5WS4 aligned close to ABCG8 TMI as seen in figure 38A, thus the
corresponding structural sequence alignment showed only 4 weak conserved residues, this
showed that the structural similarity is not as high as expected however that may be as a
result from both helices not overlapping. The alignment of TM2 from 5SWS4 and ABCGS8
showed to convey similar structure and direction as seen in figure 38B, furthermore the
sequence alignment shows there are 2 full conserved residues and 26 weak conserved
residues within the aligned regions. TM3 from both ABCG8 and 5WS4 shows significant
alignment as seen in figure 38A; the structural sequence alignment from 1001-1060 showed 3
fully conserved residue and 24 weak conserved residues. From figure 38A, the alignment of
TM4 from 5SWS4 and ABCGS showed similarity in the alignment of ABCG2 TM4 and
5WS4 TM4. The structural sequence alignment showed between 1075-1110 there are 2 fully

conserved residues and 23 weak conserved groups.
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The alignments of SWS4 TM1-4 and ABCG8 TM1-4 were seen to be better when TM5 and
TM6 were not present, which is similar to the previous alignments made between ABCG2
and SWS4. Although the alignment between ABCG8 TM1 and 5WS4 Elbow was not as
significant compared to other TM helices alignment between the two transporters, overall, the
results showed the ABCG8 TM1-4 and SWS4 TMD do have reasonable structural alignment.
This is supported by the overall RMSD being 2.408, SDM as 47.909, Q score as 0.388 and
the percentage identity being 15.95%.

5WS4 NBD was aligned to ABCG8 NBD and the results showed the 8 a helices and the
pleated sheets to overlap and align well (appendix 26). The structural sequence alignment
showed 25 fully conserved residues and 72 weak conserved residues between residues 51-
450, reflecting high structural similarity as expected (appendix 27). Furthermore, this was
supported by the structural alignment having an over RMSD of 2.268, SDM as 48.933, Q
score as 0.381 and a percentage identity of 16.82%. Normally in literature the NBD sequence
alignment are suggested 20% or more, however when using chimera some loops external to
the area of focus are truncated, as a result the percentage identity is slightly lower. Overall

considerable structural alignment between SWS4 and ABCGS.

Extracellular

TMD

Intracellular

NBD

Figure 37:The structural alignment ABCG8 and 5WS4

The structure of SWS4 is represented in magenta and ABCGS is represented in forest green. The figure
represents the alignment between ABCGS and 5WS4, where the NBD are seen to align well.
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Front view

TM3/TM3

Elbow/TM1

TM2/TM2

Back view

Figure 38: The structural alignment between ABCG8 TM1-4 and 5WS4 TMD

A) The visible structural alignment between 5WS4 elbow and ABCGS TM1, ABCGS TM3 and 5WS4 TM3,
SWS4 TM4 and ABCG8 TM4. B) The structural alignment between SWS4 TM2 and ABCG8 TM2, 5WS4 TM4

and ABCGS TM4

Alignments and residue
regions — SWS4 TMD:
ABCGS8 TM1-4

Fully conserved residues

Weakly conserved residues

Elbow:TM1
(660-721)

TM2:TM2
(733-923)

26

TM3:TM3
(1001-1060)

24

TM4:TM4
(1075-110)

23

Table 13: Quantitative data for the alignment between ABCG8 TM1-4 and 5SWS4

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of

ABCGS8 TM1-4 and 5WS4 TMD.

4.2.5 The structural alignment between ABCG5/G8 and SLIL

SLIL was used as the second MacB structure to look at the structural relationship between

ABCGS5GS. The alignment was made between SLIL with no periplasmic domain; the
conserved residues mentioned between ABCG2 TMD and SLIL TMD is referred from

appendix 28. Table 14 represents the summary of the conserved residues in the alignment

between ABCG2 TMD and SLIL TMD.
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SLIL aligned with ABCGS rather than ABCGS similar to how SWS4 aligned to ABCGS.
Figure 39 showed ABCG8 NBD and 5LIL aligned well however the TMD alignment was not
as significantly aligned. When the TMD of ABCGS and 5LIL were aligned, there was
alignment of ABCG8 TM1-4 and SLIL TMD, but there was no alignment of TMS5 or TM6.
To look closely at the alignments of ABCG8 TM1-4 and SLIL TMD, TMS5 and TM6 were

removed.

The results showed some alignment of amphipathic helix and TM1 however it was not
significant as seen in figure 40A, this was reflected by the structural sequence alignment with
only 10 weak conserved residues between 651-690. In figure 40B, SLIL TM1 is seen to
diverge outwards and away from ABCG8 TM1, hence very little structural alignment is seen,
however the structural sequence alignment shows 16 weak conserved residues between 690-
741. The alignment between TM2 showed both helices started to converge and align well as
seen in figure 40B, this was reflected by the 3 fully conserved residues and 26 weak
conserved residues present in the structural sequence alignment between 940-990. ABCGS
TM3 and SLIL TM3 was seen to align well as seen in figure 40A and 40C, the structural
sequence alignment showed 3 fully conserved residues and 22 weak conserved resides
between 1001-1040. The best alignment was seen with TM4 structurally as there was a
defined similarity of both structures aligning as seen in figure 40C, the structural sequence
alignment showed were 4 fully conserved residues and 20 weak conserved residues between
1061-1200. Overall, the size and shaped of ABCG8 TM1-4 and SLIL TMD is shown to be
highly similar as reflected but the overall RMSD being 2.445, SDM was 56.907, Q score was
0.289 and percentage identity of 16.72%. However, the alignment was better alignment
between ABCG2 and 5LIL than between ABCGS8 and 5LIL. Nevertheless, the overall
structural alignment is supportive towards the theory of ABCG families originating from
MacB transporter, thus may adopt a more classical transmembrane pumping function rather

than the alternative access mechanism.

As expected from previous results, the alignment of ABCG8 NBD and SLIL NBD showed
high similarity especially as there are significance overlap of the a helices and f pleated
sheets (appendix 29). This was reflected by the 37 fully conserved residues between 651-
1150, an overall RMSD of 2.167, SDM was 47.210, Q score of 0.289 and a percentage
identity of 18.72% (appendix 30).
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Extracellular

Intracellular

Front view Back view

Figure 39: The structural alignment between ABCGS8 and 5SWS4

The structure of SLIL is represented in purple and ABCGS is represented in forest green. The figure represents the
alignment between ABCG8 and 5LIL, where the NBD are seen to align well. A) The alignment shows the front view, whilst
B) represents the side view once the structure is rotated 90°.

Front view Back view

TM1/TM1

TM4/TM4

TM1/Amphiphatic

Figure 40: The structural alignment between ABCG8 TM1-4 and 5LIL

A) The visible structural alignment between: 5LIL amphipathic helix and ABCG8 TM1, ABCGS8 TM3 and 5LIL
TM3, SLIL TM4 and ABCGS8 TM4. B) The structural alignment between: SLIL TM1 and ABCGS8 TM1, 5LIL
TM?2 and ABCGS8 TM2, SLIL TM4 and ABCGS8 TM4
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Alignments and residue | Fully conserved residues Weakly conserved residues
regions — SLIL TMD:
ABCGS8 TM1-4
Amphipathic helix: TM1 0 10
(651-690)
TM1:TM1 0 16
(690-741)
TM2:TM2 3 26
(940-990)
TM3:TM3 3 22
(1001-1040)
TM4:TM4 4 20
(1061-1200)

Table 14: Quantitative data for the alignment between ABCG8 TM1-4 and SLIL TMD

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of
ABCGS8 TM1-4 and SLIL TMD.

4.2.6 The structural alignment between ABCG8 and SNIK

The third structural alignment to look at the relationship between ABCG5/G8 and MacB,
ABCGS5/G8 was aligned to SNIK. Similar to the alignment made between ABCG2 and 5NIK,
only the MacB component from the MacA-MacB-ToLC assembly, thus the periplasmic
domain which is present as part of MacB was removed. The fully conserved and weakly
conserved residues mentioned in the alignment of ABCG8 TMD and SNIK TMD are referred
from appendix 31; table 15 represents the summarised data for the conserved residues in the

alignment.

Similar to SWS4 and SLIL, SNIK aligned to ABCGS rather than ABCGS as seen in figure
41. In the alignment, SNIK connective helix was seen to fold in the similar direction as
ABCG8 TMI as seen in figure 42A, however there were no overlap of the helices and this
was reflected in the structural sequence alignment as there is only 16 weak conserved
residues present between residues 650-671. There was significant alignment of SNIK TM2
and SNIK TM2 as seen in figure 42B, hence, the structural sequence alignment showed 2
fully conserved residues and 13 weak conserved residues present between residues 950-990.
Initially at the start of both TM3 there was some alignment, however there was some
divergence towards the end of the alignment as seen in figure 42B, the structural sequence
alignment showed there to be 2 fully conserved residues and 16 weak conserved groups
between residues 1001-1040. The alignment of TM4 was seen to be the best compared to
TM1,TM2 and TM3 as seen in figure 42A, this was reflected in the structural sequence

93



alignment where there was 4 fully conserved residues and 22 weak conserved residues
between 1061-1093. Overall, there was high structural similarity between ABCG8 and 5NIK,
all the transmembrane helices were seen to align well, this was reflected as the overall RMSD

was 2.452, SDM was 58.425, Q score was 0.286 and percentage identity was 16.82%.

There was significant alignment of the SNIK NBD similar to the other alignments made by
ABCGS8 to 5WS4 and SLIL. The alignment of SNIK NBD and ABCGS5 NBD showed most of
the a helices and f pleated sheets to be aligned well (appendix 32), the structural sequence
alignment shows there to be 55 fully conserved residues between residues 1- 450 with an
overall RMSD of 2.196, SDM was 42.937, Q score of 0.398 and percentage identity of
17.13% (appendix 33). As there is significant alignment of SNIK and ABCGS, this further

supports that ABCG families may have originated from MacB transporters.

Front view

Extracellular

Intracellular

Figure 41: The structural alignment between ABCGS8 and SNIK

The structure of SNIK is represented in black and ABCGS is represented in forest green. The figure represents
the alignment between ABCGS and 5SNIK, where the NBD are seen to align well.
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Front view

TM4/TM4

connective helix/ TM1

TM1/TM1

Figure 42:The structural alignment between ABCG8 TM1-4 and 5NIK TMD

Back view

TM2/TM2

A) The visible structural alignment between: SNIK connective helix and ABCG8 TM1, ABCG8 TM3 and SNIK
TM3, SNIK TM4 and ABCG8 TM4. B) The structural alignment between: SNIK TM1 and ABCGS8 TM1, SNIK

TM?2 and ABCGS8 TM2

Alignments and residue Fully conserved residues | Weakly conserved residues
regions — SNIK TMD:
ABCGS8 TM1-4
Connective helix: TM1 0 16
(650-671)
TM2:TM2 2 13
(950-990)
TM3:TM3 2 16
(1001-1040)
TM4-TM4 4 22
(1061-1093)

Table 15: Quantitative data for the alignment between ABCG8 TM1-4 and SNIK TMD

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of

ABCGS8 TM1-4 and SNIK TMD
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4.2.7 The structural alignment between ABCA1 and SWS4

As mentioned previously, Ford et al suggested there is a possibility that both ABCA and
ABCG family both might have evolved from the same ancestor and bacterial
mechanotransducers MacB may have been this ancestor as. Therefore, to find whether
ABCALI1 relationship with bacterial mechanotransducers MacB the alignment between SWS4
and ABCA1 was determined. The fully conserved and weakly conserved residues mentioned
in the alignment of ABCA1 TMDI1 and 5WS4 TMD is referred from appendix 34; table 16

represents a summary of the quantitative data of this alignment.

The results showed that one protomer of SWS4 TMD NBD aligned with ABCA1 TMD1
NBD rather than ABCA1 TMD2 and NBD2 as seen in figure 43. The alignment of SWS4
TM and ABA1 TM showed that ABCA1 IHI aligned with 5SWS4 TM 1 as seen in figure
44A, the sequence alignment showed that within that aligned region there were 2 fully

conserved residues and 16 weak conserved residues between 291-331.

TM2 from both ABCA1 and 5WS4 showed to align well as it conveyed similar structure as
seen in figure 44B. The structural sequence alignment showed within the aligned region
(from 1171-1211 residue) there were 2 fully conserved regions and 30 weak conserved
residues. The alignment of TM3 for both ABCA1 and 5WS4 showed to have similar structure
as seen in figure 44A, thus, the structural sequence alignment showed to have 8 fully

conserved and 30 weak conserved residues between 1221-1260.

Similar to the alignment of TM3, TM4 from both ABCA1 and 5WS4 showed significant
alignment as seen in figure 44A. The structural sequence alignment showed between residues
1271-1321 there were 23 weak conserved residues. TM5 and TM6 were shown to have no
alignment with any of the transmembrane helices of SWS4, which is similar to the alignment
made between ABCG2 and SWS4; the attempt of removing TM5 and TM6 of ABCA1 were
made in order to get the alignment of just ABCA1 TM1-4 and SWS4 TM1-4, however
chimera concluded that less than 3 residues present to match. Although chimera stated there
were 3 resides to match it was evident that SWS4 TM1-4 and ABCA1 TM1-4 aligned
significantly as the overall RMSD was 2.330, SDM was 58.922, Q score of 0.156; all of
which indicating high structural. Furthermore, this suggests a structural evolutionary
relationship between ABCA1 and MacB, hence, further implicating both ABCA and ABCG

families both originate from a MacB transporter.
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ABCA1 NBD and 5WS4 NBD was shown to align well (appendix 35), where 8 of the a
helices aligned well between SWS4 and ABCA1, the structural sequence alignment showed
between residues 951-1200 there were 48 fully conserved residues alongside 155 weak
conserved residues (appendix 36); high structural similarity was implicated as the overall
RMSD was 2.186, SDM was 47.986, Q score was 0.390. Clustal Omega was used to display
the percentage identity, as on chimera ABCA1 is a single chain the percentage identity of the
TMD and NBD was not worked out separately in the alignment with 5SWS4; the percentage
identity of entire ABCA1 and SWS4 structure was 21.20%.

Front view

Extracellular

TMD2

TMD1/5WS4 TMD

Intracellular

NBD1/5WS4 NBD

Figure 43:The structural alignment between SWS4 and ABCAl

The structure of SWS4 is represented in magenta and ABCA1 is represented in cornflour blue. The figure shows
SWS4 aligning with ABCAI TMD1 NBDI rather than ABCAI TMD2 NBD2.
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Front view

TM3/TM3

Figure 44:The structural alignment between ABCAI TMDI1 and 5WS4 TMD

The structure of ABCAI1 NBD is represented in cornflour blue and the structure of 5SWS4 NBD is represented in
magenta A) Front view: The visible structural alignment between SWS4 elbow and ABCA1 IHI, ABCAI TM3
and SWS4 TM3, 5WS4 TM4 and ABCG8 TM4. B) Rotated clockwise 90° from front view: the structural
alignment between SWS4 TM2 and ABCAI TM2, 5WS4 TM3 and ABCA1 TM3. C)Rotated anticlockwise
90°from front view: no alignment of TM5 and TMG6.

Alignments and residue | Fully conserved residues Weakly conserved residues
regions — SWS4 TMD:
ABCA1 TM1+4
IH1:TM1 2 16
(291-331)
TM2:TM2 2 30
(1171-1211)
TM3:TM3 8 30
(1221-1260)
TM4:TM4 0 23
(1271-1321)

Table 16: Quantitative data for the alignment between ABCA1 TM1-4 and 5WS4 TMD

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of
ABCAI TM1-4 and 5WS4 TMD
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4.2.8 The structural alignment between ABCA1 and SLIL

SLIL was the second structure used to look at the structural evolutionary relationship between
ABCA1 and MacB. Similar to the alignment made between ABCG2 and 5LIL, the
periplasmic domain of SLIL was removed and one protomer of it was aligned. The results
showed that SLIL aligned with ABCA1 TMD1 NBDI rather than ABCG2 TMD2 NBD?2 as
seen in figure 45. The NBD was seen to align better than the TMD in the structural alignment
between ABCG2 and SLIL. In the attempt to look closely at the detailed alignment between
ABCG2 TMD and 5LIL TMD, the alignment between just the TMD were made.
Surprisingly, according to chimera there were less than 3 residues able to align. Therefore,
looking at the comparison of the TM helices was not made. However, ABCA1 NBD1 and
SLIL NBD showed significant alignment (appendix 37), where the a helices and f pleated
sheets aligned well. This was reflected by the 40 fully conserved residues between residues
901- 1250 (appendix 38). To support the high structural similarity the overall RMSD 2.004,
SDM was 41.460, Q score was 0.435 and the percentage identity was 20.33%. Although there
were difficulties obtaining the detailed structural alignment of ABCA1 TMD and SLIL TMD,
the structural alignment seen in figure 45 shows overall shape and size to be significant. As
there was considerable alignment between ABCA1 NBD1 and SLIL NBD, therefore this
suggest ABCA1 originated from MacB transporters.

Extracellular

Intracellular

Front view

Figure 45: The structural alignment between ABCAI and 5LIL

The structure of ABCAI is represented in cornflour blue and 5LIL is represented in purple. This figure
illustrates SLIL aligned to ABCAI TMD1 NBDI rather than TMD2 and NBD2.
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4.2.7 The structural alignment between ABCA1 and SNIK

The third structure that ABCA1 was aligned with to evaluate the potential evolutionary
relationship between ABCA1 and MacB was SNIK. Similar to the alignment made with
ABCG?2, only the MacB component from the MacA-MacB-TolC assembly was used, hence
the periplasmic domain present as part of MacB was removed. Furthermore, the alignment of
the TMD between SNIK and ABCA1, the conserved residues are referred from appendix 39,

hence table 17 represents the summarised quantitative data for this alignment.

The results showed that one protomer of SNIK TMD NBD aligned with ABCA1 TMDI1
NBDI1 rather than ABCA1 TMD2 NBD2 as seen in figure 46. The alignment of SNIK TMD
and ABCA1 TMDI1 showed that ABCA1 IH1 aligned with SNIK connective helix as seen in
figure 47A, the structural sequence alignment showed that within the alignment region

(residues 271-300) there were only 18 weak conserved residues.

The alignment of SNIK TM2 and ABCA1 TM2 shown in figure 47C conveys similar
structure, the structural sequence alignment showed there to be 1 fully conserved residue and
30 weak conserved residues between residues 1151-1190. ABCA1 TM3 and SNIK TM3
showed to have the best alignment compared to the alignment of TM1, TM2 and TM4. The
alignment showed the helix conveying similar topology, this is reflected in the structural
sequence alignment where there were 3 fully conserved residues and 20 weak conserved
residues between residues 1195-1220. Visually the alignment of SNIK TM4 and ABCA1
TM4 was seen to have significant alignment as seen in figure 47B, however the structural
sequence alignment showed the presence of 2 fully conserved and 18 weak conserved
residues between 1262-1297. There was significant alignment of the NBD, similar to the
other alignments made by ABCA1 NBD to SLIL, 5SWS4; in the alignment of SNIK NBD and
ABCG2 NBD most of the a helices and [ pleated sheets are aligned well (appendix 40), the
structural sequence alignment showed 42 fully conserved residues between 901-1200
(appendix 41). Overall, the alignment between ABCA1 and 5NIK to convey very similar

structures which further indicates ABCA families to have originated from MacB transporters.
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Front view

Extracellular

Intracellular

Figure 46: The alignment between ABCAI and SNIK

The structure of ABCAI is represented in cornflour blue and 5SNIK is represented in black. This figure
illustrates, SNIK aligned to ABCA1 TMD1 NBDI rather than ABCAI TMD2 and NBD?.

Front view

TM3/TM3

44— TM3/TM3

IH1/connecting helix

C

Back view
TM1/TM1

Figure 47: The structural alignment between ABCA1 TM1-4 and SNIK TMD

The structure of ABCAI TMD is represented in cornflour blue and the structure of SNIK TMD is represented
in black A) Front view: the visible structural alignment between SNIK connective helix and ABCAI IHI,
ABCAI TM3 and SNIK TM3, SNIK TM4 and ABCAI TM4. B) Alignment rotated rotation by clockwise 90° from
the front view the structural alignment between: SNIK TM4 and ABCA1 TM4, 5NIK connective helix and
ABCAI IHI. C)Back view: the structural alignment between: SNIK TM1 and ABCA1 TM1, 5NIK TM?2 and

ABCAI TM2.
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Alignments and residue | Fully conserved residues Weakly conserved residues
regions — SNIK TMD:
ABCA1 TM1+4

IH1:TM1 0 18
(271-300)

TM2:TM2 1 30

(1151-1190)

TM3:TM3 3 20

(1195-1220)

TM4:TM4 2 18

(1262-1297)

Table 17: Quantitative data for the alignment between ABCAI1 TM1-4 and 5SNIK TMD

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of
ABCAI TM1-4 and SNIK TMD

4.3 The structural relationship between MlaE and MlaF to ABCA and
ABCG families

4.3.1 The structural alignment between ABCG2 with MlaE and MlaF

Recently in 2020 there has been a high-resolution structure of MlaFEDB determined by Chi
et al, where MIaE represents the TMD and MlaF represents the NBD. The structural
alignment of the TMD and NBD would shed some light into any evolutionary relationship
that may exist between MlaE and MlaF to ABCA and ABCG families.

The last 4 alignments with bacterial ABC transporters made with ABCG2 have had 4
transmembrane helices as part of their TMD, however, MIaE has 5 transmembrane, one
periplasmic helix (PH), one coupling helix and one EH which is attached to MlaE TM1
running parallel to the inner membrane plane as seen in figure 48. The EH is very similar to
the connecting helix of human ABC transporter (Chi et al., 2020). Although EH may seem to
have structural similarities to connecting helix, the alignment of MlaE TM1-5 and ABCG2
TM1-6 showed the presence of the EH helix completely distorted the alignment of the TM
helices. Once the removal of the EH helix, the alignment of ABCG2 TM1-6 and MlaE TM1-
5 was better however not as prominent. There was no alignment of the ABCG2 TM6 with
any MlaE transmembrane helices. Furthermore, in the following alignments the conserved
residues mentioned in the alignment between ABCG2 TM1-5 and MlaE TM1-5 is referred
from appendix 42; hence table 18 represents the quantitative summarised data for this

alignment.
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Removing ABCG2 TM6 and the EH helix from MIaE showed significant alignment between
MlaE TM1-5 and ABCG2 TM1-5 as seen in figure 49A and 49B. The first alignment
between MIlaE TM 1-5 and ABCG2 TM1-5 showed ABCG2 TM1a and MIaE TM1 were well
aligned as seen in figure 49A, the structural sequence alignment showed 1 fully conserved
residue and 12 weak conserved residues present between residue 421-440. ABCG2 TM1b
and MlaE TM1 was seen to align in the beginning but the helices started to diverge towards
the end, within the structural sequence alignment there were only fully conserved residue and
16 weak conserved residues. In figure 49B, the beginning of the alignment of ABCG2 TM2
and MlaE TM2, initially both helices were seen to converge from middle to the end of the
alignment. The structural sequence alignment reflects there to be higher sequence alignment
from middle of the alignment between residues 480-530 hence within the region there were 3

fully conserved region and 14 weak conserved residues.

In the alignment between ABCG2 TM3 and MlaE TM3 it was seen that both helices
converge towards each other in the alignment, both the helices did not overlap significantly
compared to the other TM3 alignment of the bacterial ABC transporters however there are 4
fully conserved and 24 weak conserved residues between 531-585. The alignment of ABCG2
TM4 and MlaE TM4 was by far the best aligned transmembrane within the alignment of
ABCG2 TM1-5 and MlaE TM1-5 as seen in figure 49A; the structural sequence alignment

showed there to be 2 fully conserved residues and 31 weak conserved residues.

In figure 49B, there was some initial alignment between ABCG2 TM5a and MlaE TMS,
however both helices were seen to diverge away from each other, this was supported by the
structural sequence alignment where only having 12 weak conserved residues between
residues 661-681. Overall, there was considerable alignment between the transmembrane
helices of ABCG2 TM1-5 and MlaE, especially as the percentage identity was 16.92%. The
structural similarity between ABCG2 TM1-5 and MIaE suggest that convergent evolution
may be taking place.

The alignment of the ABCG2 NBD and MlaF showed the 3- pleated sheets and « helcies to
be aligned well as expected (appendix 43). High structural similarity was seen with this
alignment as Clustal omega sequence alignment showed 19.70 % percentage identity

(appendix 44).
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Extracellular
™3
T™4
TMD
EH TMS
™1
Intracellular
NBD

Figure 48: The structure of MlaE and MlaF

The structure of MIaE is represented in light sea green. This figure shows MlaE to have 5 transmembrane, one

periplasmic helix (PH), one coupling helix and one EH which is attached to MlaE TM1 running parallel to the
inner membrane plane

Front view Back view

TM1b/TM1 TM1b/TM1

TM5c/TM5

TM3/TM3
TM1a/TM1

Figure 49:The structural alignment between ABCG2 TM1-5 and MlaE

The structure of MIaE is represented in light sea green. ABCG2 transmembrane helices represent in green, and
yellow ribbons. A) Front view: the structural alignment between: ABCG2 TM1a and MlaE TM1, ABCG2 TM1b
and MlaE TM1, ABCG2 TM3 and MlaE TM3, ABCG2 TM4 and MlaE TM4. B) Back view: the structural

alignment between: ABCG2 TM1b and MlaE TM1, ABCG2 TM?2 and MlaE TM2, ABCG2 TM5a and MlaE
TMS.
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Alignments and residue | Fully conserved residues Weakly conserved residues
regions — MlaE: ABCG2
TM1-5
TM1a:TM1 1 12
(421-440)
TM1b:TM1 1 16
(441-479)
TM2:TM2 3 14
(480-530)
TM3:TM3 4 24
(531-585)
TM4:TM4 2 31
(630-660)
TMSa: TMS 0 12
(661-681)

Table 18: Quantitative data for the alignment between ABCG2 TM1-5 and MlaE

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of
ABCG2 TM1-5 and MIaE.

4.3.2 The structural alignment between ABCG5/G8 with MlaE and MlaF

The MIaE used in the alignment is the same as the one used in the alignment with ABCG2,
hence the MlaE EH helix was removed when making the alignment of ABCG8 TMD and
MlaE. Furthermore, the conserved residues in the alignment of ABCG8 TMD and MIaE
TMD is referred from appendix 45, thus table 19 represents the summarised quantitative data

from this alignment.

MlaE showed to be aligned with ABCG8 rather than ABCGS5. Once ABCG8 TMD and MlaE
were aligned the structural alignment showed ABCG8 TM1 and MIaE TMI to be aligned
well as seen in figure 50A. The structural sequence alignment of ABCG8 TM1 and MlaE
TM1 showed 3 fully conserved and 10 weak conserved residues. ABCG8 TM2 and MIaE
TM2 were seen to converge towards each other and have significant structural alignment.
The structural sequence alignment showed 3 fully conserved residues and 20 weak conserved
residues between residues 460-483. ABCG8 TM3 and MIaE TM3 were also seen to align
significantly well as seen in figure 50C, this was reflected in the structural sequence
alignment where there are 2 fully conserved and 22 weak conserved residues between 500-
620. Although ABCG5 TM4 and MlaE TM4 showed visually the best alignment, the
structural sequence alignment showed 24 weak conserved residues between residues 631-

670, which was lower than expected.
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The structural alignment of ABCG8 TM5 and MlaE TMS5 was structurally aligned better
compared to the alignment between ABCG2 TMS5 and MIaE TMS5, however the ABCG8
TMS5 and MlaE TMS is seen to diverge towards the end. The structural sequence alignment
showed 3 fully conserved and 8 weak conserved residues between residues 681- 710 for
ABCGS5 TMS and MIaE TMS. The alignment of the ABCG8 NBD and MlaF showed the -
pleated sheets and a helcies to be aligned well as expected (appendix 46). High structural
similarity was seen with this alignment as Clustal omega sequence alignment showed 23.05%
percentage identity (appendix 47). Overall, the results showed great structural alignment
between ABCGS8 to MlaE and MlaF, indicating convergence structural evolution taking place
within the ABCG family.

Front view Back view

TMI/TM TM1/TM1

TM4/TM4

TM3/TM3

TM4/TM4

Figure 50:The structural alignment between ABCG5/G8 TM1-5 and MilaE

The structure of MlaE is represented in light sea green. ABCGS transmembrane helices represent in forest
ribbons. A)Front view: The structural alignment between: ABCGS TM1 and MlaE TM1, ABCG2 TM3 and
MiaE TM3, ABCG2 TM4 and MlaE TM4 B)Back view: the structural alignment between: ABCG8 TM1 and
MiaE TM1, ABCG8 TM?2 and MlaE TM2, ABCG8 TMS5 and MlaE TM5.C) Rotated clockwise by 300° from the
front view the structural alignment between: ABCGS8 TM3 and MlaE TM3, ABCG2 TM4 and MlaE TM4.
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Alignments and residue | Fully conserved residues Weakly conserved residues
regions — MlaE: ABCGS8
TM1-5
TM1:TM1 3 10
(400-459)
TM2:TM2 3 20
(460-483)
TM3:TM3 2 22
(490-500)
TM4:TM4 0 24
(631-670)
TM5a:TM5 3 8
(681-710)

Table 19: Quantitative data for the alignment between ABCG8 TM1-5 and MlaE

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of
ABCGS8 TM1-5 and MIaE.

4.3.3 The structural alignment between ABCA1 with MlaE and MlaF

Similar to the other alignment made with MIaE, the EH helix was removed make better
alignment with ABCA1 TM helices. The conserved residues mentioned in the alignment of
ABCA1 TMDI and MIaE is referred from appendix 48; hence table 20 represents the

quantitative data for this alignment.

In the initial alignment made between ABCA1 and MIaE, MIaE aligned to ABCA1 TMDI1
NBDI1 rather than ABCA1 TMD2 NBD2 as seen in figure 51. When the transmembrane
domains were aligned, ABCA1 IHI and MIaE TM1 were seen to align not as well as ABCALI
TM1 and MlaE TM1, between ABCA1 IH1 and MlaE TM1 there was some distance in the
alignment as seen in figure 52A. The structural sequence alignment showed 1 fully conserved
and 4 weak conserved residues between residues 21-90 for the alignment of ABCA1 IHI1 and
MlaE TM1. Furthermore, the alignment of ABCA1 TM1 and MlaE TM1 was better
compared to the alignment of ABCA1 IHI and MIaE TMI as seen in figure 52B, hence was
reflected in the structural sequence alignment where there were 2 fully conserved residues

and 17 weak conserved residues between residues 91-115.

In the structural alignment of ABCA1 TM2 and MlaE TM2 there was a gap at the beginning,
however both transmembrane helices were seen to converge and take similar form and
structure as seen in figure 52B. The structural sequence alignment showed 2 full and 31 weak
conserved residues between residues 721-706. Similar to ABCA1 TM2 and MlaE TM2
alignment, ABCA1 TM3 and MlaE TM3 were seen to align significantly well as seen in
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figure 52C. The structural sequence alignment showed 4 fully conserved and 3 weak
conserved residues between residues 741-789. The alignment of ABCA1 TM4 and MIaE
TM4 was seen to align well as seen figure 52A. Furthermore, the structural sequence
alignment shows there to be 3 fully conserved and 8 weak conserved residues between
residues 780-900. The structural alignment of MlaE TMS5 and ABCA1 TMS5 showed to not
align as well compared to the alignments of MlaE TMS5 to ABCG2 TM5A and ABCG5 TMS.
There was some overlap of the helices seen at the beginning of the alignment, but both
helices were seen to diverge away from each other; the structural sequence alignment showed
1 fully conserved and 11 weak conserved residues between residues 950-1050. The alignment
of the ABCA1 NBD and MlaF showed the - pleated sheets and a helices to be aligned well
as expected (appendix 49). High structural similarity was seen with this alignment as Clustal

omega sequence alignment showed 21.29% percentage identity (appendix 50).

Front view

Extracellular

Intracellular

ABCA1 NBD2

Figure 51:The structural alignment between ABCAI and MlaE and MlaF

The structure represented in magenta is MlaE, structure ABCAI is represented in cornflour blue. This figure
illustrates MlaE and MlaF to have better alignment between ABCAI TMDI NBDI.
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Front view

TM1/IH1

TM3/TM3

Figure 52: The structural alignment between ABCAI1 TM1-5 and MlaE

A) Front view. B) Back view. C) Rotation by 300 ° from the front view
The structure of MlaE is represented in magenta and ABCAI is represented in cornflour blue ribbons A,C) The
structural alignment between: ABCA1 IHI and MlaE TM1, ABCAI TM1 and MlaE TM1, ABCA1 TM3 and
MiaE TM3 and ABCAI TM4 and MlaE TM4. B) The structural alignment between: ABCA1 TM1 and MlaE
TM1, ABCAI TM?2 and MlaE TM2 and ABCAI TM5 and MlaE TMS.

Back view

Alignments and residue | Fully conserved residues Weakly conserved residues
regions — MlaE: ABCA1
TM1-5
IH1:TM1 1 4
(21-90)
TM1-TM1 2 17
(91-115)
TM2:TM2 2 31
(721-736)
TM3:TM3 4 3
(741-789)
TM4:TM4 3 8
(790-900)
TMS-TMS 1 11
(950-1050)

Table 20:Quantitative data for the analysis of the alignment between ABCAI TM1-5 and MlaE

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of

ABCAI TM1-5 and MlaE.
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4.4 The structural relationship between WzmWzt to ABCA and ABCG
families

4.4.1 The structural alignment between ABCG2 and WzmWzt

The WzmWzt ABC transporter also known as the O antigen ABC transporter, unlike the
transmembrane domain of MIaE where it contains 5 transmembrane helices, WzmWzt
contains 6 transmembrane helices. Although previously WzmWzt was discussed in Ford ef a/
paper about the mechanism of transport, the structural similarity and potential evolutionary
relationship between WzmWzt to ABCA and ABCG families was not discussed. However,

the detailed structural alignment between ABCG2 and WzmWzt may show some links.

The structure for WzmW?zt present on chimera contained additional solvents and ligands,
these extra solvents and ligands were removed as seen in figure 53. The conserved residues
mentioned in the alignment between ABCG2 TMD is referred from appendix 51; table 21

represents the quantitative data for this alignment.

The structural alignment between ABCG2 and WzmWzt showed significant alignment of the
TMD and NBD to some degree as seen in figure 54. The transmembrane helices were seen to
take similar fold and topology; surprisingly the NBD was seen to not align as well in
comparison as seen in figure 54. However, this might be as a result from the angle of the

alignment made in chimera.

The alignment between ABCG2 TMD and Wzm gave a percentage identity of 20.31% which
reflects a high structural and sequence similarity especially for the alignment of the
transmembrane domain. ABCG2 TM1a and Wzm IF showed significant alignment as seen in
figure 55a; the structural sequence alignment showed 2 fully conserved residues and 16 weak
residues between residues 381-400. ABCG2 TM2 and Wzm TM2 was seen to convey similar
structure as it showed good alignment as seen in figure 55B. The structural sequence
alignment showed there to be only 23 weak conserved residues and 0 fully conserved
residues between residues 491-520. Similar in the alignment of MlaE TM3 and ABCG2
TM3, Wzm TM3 and ABCG2 TM3 showed to converge in the similar direction and fold as
seen in figure 103c, the structural sequence alignment indicated 2 fully conserved and 17
weak conserved residues between residues 521 -560. The alignment of TM4 from both
ABCG2 and Wzm showed the best structural alignment compared to the other

transmembrane helices alignment between Wzm and ABCG?2 as seen in figure 55C; the
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structural sequence alignment showed 3 full conserved and 26 weak conserved residues

between residues 571-610.

The alignment of ABCG2 TM5a and Wzm TMS is seen to align to some degree as this was
reflected in the structural sequence alignment, where there were 1 fully conserved residue
between residues 611-630. ABCG2 TM5a and Wzm TMS are seen to diverge away from
each other. Furthermore, there was no significant alignment of ABCG2 TM5b, TM5c¢ and
TMb6a to any segments of Wzm, however there was some structural similarity and alignment
of ABCG2 TM6b to Wzm TMG6 as reflected in the structural sequence alignment where there
were | fully conserved and 16 weak conserved residues between residues 731-781. The
ABCG2 NBD and Wzt showed significant alignment where almost all the a helices and -
pleated sheets were aligned well (appendix 52). Furthermore, the NBD showed there 33 fully
conserved residues between residues 1-400. Surprisingly, the alignment of ABCG2 NBD and
Wzt had a percentage identity of 21.72% (appendix 53).

Overall, the alignment between WzmWzt and ABCG2 showed ABCG2 TM1-4 and Wzm
TM1-4 aligned the best, TM5 and TM6 were also seen to align to some degree but not as well
as TM1-4. The results conclude that as almost all the segments of ABCG2 and WzmWzt
aligned, it can be postulated that convergence evolution taking place, hence, ABCG families

might be evolving to take similar mechanistic features from the WzmWzt family.
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Front view
Extracellular

Intracellular

Figure 53:The chimera structure of WzmW7zt

The structure of WzmWzt represented in blue ribbons, hence Wzm represents the TMD and Wzt is represented
as the NBD. The structure of WzmWzt therefore has the features required for it to be an ABC transporter.

Front view Side view

Figure 54:The structural alignment between ABCG2 and WzmW7zt
The structure of ABCG2 represented in green, blue, orange and yellow ribbons, the structure of WzmWzt

represented in blue ribbons. The structural alignment between ABCG2 and WzmWzt shows high structural
similarities of the TMD and NBD.
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Front view

TM6/TMéb

TM3/TM3

IF/TM1a

TM6/TM6b

TM1/TM1b

IF/TM1a

TM3/TM3

Figure 55: The structural alignment between ABCG2 TMD and Wzm

A) Front view. B) Front view rotated by clockwise 90°. C) Front view rotated by clockwise 180°. D) Front view
rotated by 300°.The structure of Wzm represented as blue ribbons in the alignment and ABCG?2 is represented
as green, yellow, orange and red ribbons. A) The structural alignment between: ABCG2 TM1a and Wzm IF,
ABCG2 TM3 and Wzm TM3, ABCG2 TM4 and Wzm TM4 and ABCG2 TM6 and Wzm TM6b.B) The structural
alignment between: ABCG2 TM1a and Wzm IF, ABCG2 TM1b and Wzm TM1, ABCG2 TM3 and Wzm TM3 and
ABCG2 TM6b and Wzm TM6.C) The structural alignment between: ABCG2 TM1b and Wzm TM1, ABCG2 TM2
and Wzm TM2, ABCG2 TM5a and Wzm TM5. D) The structural alignment between: ABCG2 TM1a and Wzm
IF, ABCG2 TM3 and Wzm TM3, ABCG2 TM4 and Wzm TM4 and ABCG2 TM6b and Wzm TM6.
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Alignments and residue | Fully conserved residues Weakly conserved residues
regions —- ABCG2 TMD:
Wzm
TM1a: IF 2 16
(381-400)
TM2:TM2 0 23
(491-520)
TM3:TM3 2 17
(521-560)
TM4:TM4 3 26
(571-610)
TMS5a:TMS 1 0
(611-630)
TM6b:TM6 1 16
(731-781

Table 21: Quantitative analysis of the alignment between ABCG2 TMD and Wzm

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of
ABCG2 TMD and Wzm

4.4.2 The structural alignment between ABCG8 and WzmWzt

The WzmW?zt used in the alignment of ABCG5/G8 had the additional solvents and ligands
removed in order to obtain a better structural alignment of the TMD and NBD. The
conserved residues mentioned in the alignment of ABCG8 TMD and Wzm referred from

appendix 54; hence table 22 represents the summarised quantitative data from this alignment.

WzmWzt was seen to align with ABCGS rather than ABCGS5.The alignment between
ABCG8 TMD and Wzm showed, Wzm IF and ABCG8 TM1 aligned significantly as seen in
figure 56A, the corresponding structural sequence alignment showed 4 fully conserved and
11 weak conserved residues. Furthermore, ABCG8 TM1 and Wzm TM1 was seen to align
well as it took similar structure and the helices overlapped as seen in figure 56A. The
structural sequence alignment showed there to be 4 fully conserved and 11 weak conserved
residues. ABCG8 TM2 and Wzm TM2 was also seen to be aligned well, the structural
sequence alignment reflects there to be 2 fully conserved residues and 8 weak conserved
residues. Thus, so far, the structural alignment of TM1 and TM2 between ABCGS8 and Wzm
have shown high structural similarity indicating an evolutionary link between the two

families.

Through observation it can be seen that the alignment between ABCG8 TM3 and Wzm TM3

to have the best alignment compared to any other transmembrane helices between ABCGS8
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TMD and Wzm as seen in figure S6A. Henceforth, this was reflected through the structural
sequence alignment where there were 4 fully conserved residues and 19 weak conserved
residues between residues 531-570. In figure 56D, the alignment of Wzm TM4 and ABCGS8
TM4 is seen as highly similar in structure as the helices overlap as seen in figure 56C; this
was reflected between residues 579-630 where the structural sequence alignment showed 3
fully conserved and 10 weak conserved residues. The ABCG8 NBD and Wzt showed
significant alignment where almost all the a helices and [-pleated sheets were aligned well
(appendix 55). Furthermore, the NBD showed there 24 fully conserved residues between
residues 1- 450. The alignment of ABCG8 NBD and Wzt had a percentage identity of
20.09% showing high structural similarities (appendix 56)

Front view

TM5/TM5

TM6/TM6

TM3/TM3 TM3TM3

Figure 56:The structural alignment between ABCGS8 and Wzm

The structure of Wzm represented as blue ribbons in the alignment and ABCGS is represented as forest green.
A) Front view: the structural alignment between: ABCG8 TM1 and Wzm IF, ABCG8 TM1 and Wzm TM1 and
ABCGS8 TM3 and Wzm TM3. B) Front view rotated clockwise 90°: the structural alignment between: ABCG8
TM1 and Wzm TM1, ABCG8 TM2 and Wzm TM?2, ABCGS8 TM5 and Wzm TM5. C) Front view rotated
anticlockwise 90°: the structural alignment between: ABCG8 TM1 and Wzm TM1, ABCG8 TM3 and Wzm TM3,
ABCGS8 TM6 and Wzm TM3. D) Front view rotated anticlockwise 45°. The structural alignment between.
ABCG8 TM1 and Wzm IF, ABCG8 TM3 and Wzm TM3.
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Alignments and residue Fully conserved residues | Weakly conserved residues
regions —- ABCG8 TMD:
Wzm
TM1a:IF 4 11
(1-200)
TM1:TM1 4 11
(200-360)
TM2:TM2 2 8
(361-500)
TM3:TM3 4 19
(531-570)
TM4:TM4 3 10
(579-630)
TMS:TMS5 1 18
(700-750)
TM6:TM6 3 12
(780-900)

Table 22: Quantitative data analysis of the structural alignment between ABCG8 TMD and Wzm

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of
ABCGS8 TMD and Wzm

4.4.3 The structural alignment between ABCA1 and WzmWzt

WzmWzt used in the alignment with ABCA1, had the additional solvents and ligands
removed in order to make better transmembrane domain and nucleotide binding domain
alignment. The conserved residues mentioned in the alignment of ABCA1 TMDI and Wzm
is referred from appendix 57; table 23 represents the summarised quantitative data for this

alignment.

Initial alignment showed WzmW?zt aligned to ABCA1 TMD1 NBDI1 rather than ABCA1
TMD2 NBD?2 as seen from figure 57. The alignment of the transmembrane domain showed
ABCAI1 IF and Wzm TM1 aligned significantly well as seen in figure S8 A.Furthermore, the
structural sequence alignment showed 2 fully conserved and 16 weak conserved residues
between 381-400. The alignment of ABCA1 TM2 and Wzm TM2 showed to be significantly
better compared to the alignment of ABCA1 TM1 and Wzm TM1, however the structural
sequence alignment only showed 23 weak residues between residues 491-520. The alignment
of ABCA1 TM3 and Wzm TM3 showed to be the best structurally aligned transmembrane
helices compared to the other transmembrane helices of the alignments. Henceforth, this was

reflected by the structural sequence alignment where it showed 2 fully conserved and 17
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weak conserved residues between 521-560. Similar to the alignment of TM3, the alignment
of ABCA1 TM4 and Wzm TM4 also showed significant alignment as seen in figure 58A and
D, furthermore the structural sequence alignment showed 3 fully conserved and 26 other

weak conserved residues.

Once again in this alignment between WzmWzt and ABCA1, ABCA1 TM1-4 and Wzm
TM1-4 aligned the best, however ABCA1 TMS5 and TM6 did not align as significantly. The
alignment between ABCA1 TMS5 and Wzm TMS5 showed alignment at the beginning of the
helices, however both helices eventually diverged away from each other. The structural
sequence alignment showed 1 fully conserved and 28 weak conserved residues between
residues 611-630. It was noticed only segments of Wzm TM6 aligned with ABCA1 TM6 as
seen in figure 58A, thus the structural sequence alignment showed there to be 1 fully
conserved and 16 weak conserved residues between residues 731-781. So far, the structural
alignment of the transmembrane domain showed ABCA1 and Wzm to have high structural

similarity.

The ABCA1 NBD and Wzt showed significant alignment where almost all the a helices and
B-pleated sheets were aligned well (appendix 58). Furthermore, the NBD showed 31 fully
conserved residues between residues 901-1450 (appendix 59). The alignment of ABCA1
NBD and Wzt had a percentage identity of 20.90% showing high structural similarities.

Extracellular

Intracellular

ABCA1 NBD1/6M96 NBD ABCA1 NBD2

Figure 57: The structural alignment between ABCAI and WzmW7zt
The structure represented in dark blue is WemWzt, structure ABCAI is represented in cornflour blue. This

figure illustrates WzmWzt shows to have better alignment to ABCAI TMD1 NBDI rather than ABCAI TMD?2
NBD2
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Front view

=2 IF/IH1 ,
TM3/TM3 IF/IH1

TM5/TM5
TM6/TM6

Figure 58: The structural alignment between ABCA1 TMD1 and Wzm

The structure of Wzm represented as blue ribbons in the alignment and ABCGS is represented as forest green.
A) Front view. C) Front view rotated clockwise by 90°. A,C) The structural alignment between: ABCA1 TM1
and Wzm TM1, ABCAI TM2 and Wzm TM2, ABCA1 TMS5 and Wzm TM5 B) Front view tilted forwards by 45°:
the structural alignment between: ABCA1 IHI and Wzm IF, ABCAI TM3 and Wzm TM3, ABCA1 TM6 and Wzm

TM6 D)Front view rotated by 40° clockwise: the structural alignment between: ABCAI TM3 and Wzm TM3,
ABCAI TM4 and Wzm TM4, ABCAI TM6 and Wzm TMG6.
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Alignments and residue Fully conserved residues | Weakly conserved residues
regions - ABCA1 TMD:
Wzm
TM1:TM1 4 11
(381-400)
TM2:TM2 2 8
(491-520)
TM3:TM3 4 19
(521-560)
TM4:TM4 3 10
(561-600)
TMS:TMS5 1 18
(611-630)
TM6:TM6 3 12
(731-781)

Table 23:Quantitative data analysis of the structural alignment between ABCAI TMD and Wzm

The table represents the quantitative analysis of the fully and weakly conserved regions in the alignment of

ABCGS8 TM1-4 and Wzm
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Chapter 5: Discussion and conclusion

5.1Discussion

Human ABCG?2 is a membrane protein and a member of the ATP binding cassette (ABC)
transporter superfamily, hence it has been identified from many studies to be associated with
multidrug resistance in cancer chemotherapy. Studying the structure, mechanism and
thermostability of this ABC transporter is important in developing new venues for therapeutic
discoveries in overcoming the multidrug resistance. The first step which is required to study
and understand ABCG2, is finding an efficient expression system which has the ability to
overexpress ABCG2. Yeast has been known to be an excellent expression system used
worldwide by scientist to express recombinant membrane protein. The two yeast species
which are commonly used to express recombinant proteins are Saccharomyces cerevisiae and
Pichia pastoris, both these species are very fast growing, however the major advantage of
using Pichia pastoris over Saccharomyces cerevisiae is it produces higher cell density
growth and higher secreted protein yield. Furthermore, Pichia pastoris has emerged as an
alternative host to Saccharomyces cerevisiae due to its shorter and less immunogenic

glycosylation pattern (Tran et al., 2017).

In this thesis, ABCG2 was successfully expressed by Pichia pastoris, the Pichia pastoris
cells were induced at 0.8% of methanol over a 3-day period, the results showed induction of
methanol made at 24hr interval gave the highest number of growths hence highest yield of
protein. Henceforth, this indicates that the methanol utilising pathway was upregulated to
optimal during this period allowing the cells to proliferate at its fastest. Using Pichia pastoris
as the expression system gave rise to an under glycosylated form of ABCG2 as the molecular
weight seemed 10kDa lower in molecular mass compared to ABCG2 expressed in HEK cells.
However, this does not cause substantial problems as confirmed by Mao et al, where it was
reported from the ATPase activity assay, which was conducted, that the functionality of the
under glycosylated form of ABCG?2 still remained intact.

The mammalian expression systems are generally preferred over other cell lines as the cells
are able to produce large and complex proteins with post translational modification.
However, major problems faced with mammalian cell lines are that the yield of the
recombinant proteins produced are approximately 10-100 folds lower than other expression

system due to the slower growth. Furthermore, higher death rates are also a result from the
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lower cell-based productivity. The results suggest that ABCG2 expressed using Pichia
pastoris can be an alternative method and a cost-effective system to produce large quantities

of recombinant protein.

Solubilisation of ABCG2 took place with the presence of DDM, in the structural study of
ABCG2 conducted by Rosenberg et al it was found that DDM successfully solubilised
ABCG?2; the study had buffer A containing 2% DDM which was used to solubilise the
ABCG?2. Similarly, in this project ABCG2 was subjected to buffer A containing 2% DDM,
and successful solubilisation of ABCG2-GFP was obtained after many attempts. There are
many reasons as to why solubilisation may not take place; membrane proteins have a
relatively high hydrophobic surface; therefore, membrane proteins have to be extracted from
the cell membrane by forming a stable protein- detergent complex, and the protein must
remain in its active conformation for it to be used in the experiment. Furthermore, harsh
solubilisation conditions are known to cause the loss of protein activity as a result from loss
of important lipids. Whether lipids have a major role in ABC transporter stability is yet to be
understood, thus biochemical, bioinformatics and biophysical studies will help evaluate
lipid’s role in stabilising ABC transporter. Redetermining the critical micelle concentration
and an alternative detergent such as DTT can be used instead of DDM to achieve successful

solubilisation of ABCQG?2.

Purification of ABC transporters have posed difficulties especially as they are membrane
proteins, being a membrane protein results in low abundance and require a detergent to
become soluble in an aqueous solution (Lee et al., 2008). Once the membrane protein is
purified, to resolve the structure of the membrane proteins requires crystallisation and X-ray
crystallography to obtain high resolution structures. However, obtaining high resolution
structures of ABC transporters have been one of the major challenges faced by structural
biologist today. Furthermore, the importance of high-resolution structure of cavity 1 and
cavity 2 of ABCG2 would give an opportunity of understanding a better understanding of
how substrates and lipids are transported across the membrane, therefore a better delivery of
action of drugs to treating cancerous cells or treating dysfunctional ABCG2 leading to

various diseases could be determined.

The most common method used to purify ABCG2 so far is by using the Ni-NTA resin; in
both studies Rosenberg ef a/ showed Ni NTA resins having high affinity to His tag present on
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the sequence, as a result purification was successful (Rosenberg et al. 2010; Rosenberg et al.,
2015). Purification attempts were made using Ni NTA agarose beads in a batch process;
however, the 8% and10% SDS PAGE gel showed no molecular weight associated to 90kDa.
This potentially suggests that the His tag may have been cleaved during the process of
purification or hidden within the sequence. To avoid this problem in the future moving the
tag position would make it easier for the Ni NTA to bind. The purification of ABCG2 using
the GFP trap resin produced a significantly small yield of pure proteins, suggesting that some
of the GFP tags may have been cleaved and lost during the batch process. Due to time
constraint other methods of purification was not attempted. As there is a FLAG tag present
in the sequence, purification methods using FLAG tag affinity purification resin can be
attempted, however the FLAG tag affinity purification resins are expensive. Other methods
of improving the purification could be by using FPLC or any other AKTA protein
purification system rather than the batch method. The advantage of the batch method is its
manual handling using the centrifuge and no protein purifying computer systems need to be
learnt. However, during each wash and change of emulation, proteins may be lost. As
purifying membrane proteins is a very difficult process, as a result only a small concentration
is obtained, losing proteins during the batch process can be detrimental to the final

concentration of pure proteins obtained.

Understanding the molecular basis of protein thermostability has always been a major
challenge in protein biology. There are theoretical implications such as important for the
knowledge of how ligands could stabilise proteins, hence understand at which confirmation
the protein has the largest stability. CETSA assay also known as cellular thermal shift assay
allows to quantify the changes in thermal stability of protein upon ligand binding in intact
cells. In this thesis, the microsomes express ABCG2-GFP were subjected to CETSA assay to
verify if the thermal shift assay has worked on the protein. Results have shown as the
fluorescent band indicating the presence of fused ABCG2-GFP decreases; after 55°C there
were no bands seen. The results establishes that ABCG2 expressed by Pichia pastoris has a
melting temperature of 55°C. It can be expected the melting temperature to slightly vary
depending on the expression system used to express ABCG2. Furthermore, as the CETSA
assay shows proof of principle, the assay can be performed on ABCG2 with various target
drug such as tyrosine kinase inhibitor, thus the performance of each assay can be further
subjected to biophysical and biochemical assays to understand further on ligand binding at a

certain temperature. In the case of ABCG2 when ligand is bound at 55°C, bioinformatic
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simulation should be investigated to see whether there has been a change in position of the

ligand at the binding pocket in cavity 1.

Bioinformatics is a useful tool used in structural biology to create an understanding of
structure, function and mechanism of the proteins. Understanding structure and mechanism
allows one to look at drug interactions with protein of interest. In the last few years new
structures have been determined for the ABCG family, Lee ef al was the first to establish and
determine the structure of ABCGS5/G8 cholesterol exporter by X-ray crystallography (Ford ef
al.,2019; Lee et al., 2016). This epic determination of the structure was useful as later
Locher et al determined the structure of ABCG2 xenobiotic exporter using single particle
cryo-EM (Ford et al., 2019). Alongside the ABCG family, in recent years there has been a
high-resolution structure of ABCA1 determined. Interestingly, When Lee et a/ first published
the structure of ABCG5G8 it was suggested the overall shape of ABCG5/GS8 resembled
bacterial importer ModBC, MalFGK2 and MetNI (Ford ef al., 2019), however, this was
disagreed due to the radical rearrangement of the topological transmembrane helices would
be required to fit this idea. The TMD is a key component in the process of translocation of
enormous variety of substrates, ions, small peptides to large toxins out of the cell (Oswald et
al., 2006). Thus, many TMD have been analysed to lack primary structure conservation,
highly heterogenous, hence producing a large diversity of transporters with varying function.
Therefore, for Ford et al to suggest there is little structural similarity of the TMD of ABCA
and ABCG families to bacterial importers ModBC, MalFGK? and MetNI implicates the idea

to be irrelevant and incorrect. As an alternative, Ford et a/ firstly proposed that fold and
topology of the transmembrane helices in each ABCA1 TMD resembled similar to that of
ABCG2 TMD. The observation of the similarity was interesting as normally in structural
studies of ABC transporters, the NBD was the main focus in looking at conservation.
Although Ford et al suggested the similarity in structure between the two families, there were
no detailed structural alignment of the TMD and NBD to support this theory. Secondly it was
proposed, that mechanotransducer MacB TMD and NBD had similarity in alignment with
TMD and NBD of ABCA and ABCG families, yet no detailed structural alignment once
again had been performed to support this theory at the time.

In this thesis, it was found that ABCG2/G8 TMD NBD and ABCA1 TMDINBD had
significant structural alignment reflected by overall RMSD of the alignments were a few A

across the sequence length indicating high degree of conservation. The alignment of the NBD
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was as expected as many studies have proved high structural similarity of the motor domain,
however the overall similarity of the TMD of ABCG2/G8 and ABCA1 may suggest that at
one point in evolution they were exporting similar substrates out of the cells as they belonged

from the same family.

The mechanotransducer MacB is present with 4 TMD; the structural alignment between
ABCG2/G8 TM1-4 and ABCA1 TM1-4 to MacB showed there to be high structural
similarity which was reflected by the overall RMSD of the alignments were a few A across
the sequence length (appendix 1). An evolution of ABCG and ABCA subfamilies from
mechanotransducer MacB rather than ModBC-type importer seems to fit the theory as it is
easier to rationalise the gene arrangement. Evaluating the similarity of the structural
alignment between ABCG and ABCA families to MacB suggest that these ABC proteins may
have adopted a more classical transmembrane pumping function earlier in evolution.
However, over time as both families became exposed to diverse ranges of substrates, the
alternative access mechanism was advantageous therefore was adopted. The structural
alignment of TM1-4 of ABCG and ABCA families to MacB suggest that TM1-4 in
ABCG2/G8 and ABCAL are majorly involved in the translocation of substrates out of the cell
as it shows high conservation of these transmembrane throughout evolution rather than TMS5
and TM6. To further validate this theory, biophysical and biochemical assays should be
conducted to look create a simulation of how substrates and lipids interact with each
transmembrane helix. Understanding lipids and substrate interaction can impact the
understanding of transport function and potentially see if there is a change in membrane
localisation whilst translocation of substrates take place. Such that, it is observed that whilst
cholesterol molecule is bound in the multidrug binding pocket, the localisation of the
molecule is central, hydrophobic and inward facing translocation pathway (Taylor et al.,
2017). Whether MacB also have similar motion of localisation whilst binding to lipids or the
substrates will give an insight into which transmembrane helix is important in the
translocation process. Furthermore, studying intensely the interaction of lipids to the specific
transmembrane helix will further help understand whether lipids binding are important part of

ABC transporter structure and stability.

The motor domain also known as the NBD has the major role in substrate recognition, hence

as the results of the structural alignment of ABCG2/G8 NBD to MacB NBD show high
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structural similarity it can be postulated that there is a similar pattern in substrate recognition

between the families.

The alternating access mechanism is a widely accepted mechanism for ABC proteins;
however, a lot of bacterial ABC transporters have shown to not obey this mechanism such as
WzmWzt ABC transporter, MlaE and MlaF. The structural alignment of ABCG2 and
WzmWzt showed all the helices except TM5b had significant alignment, similarly ABCG8
presented with the same results and within the alignment of ABCA1 TMDI1, only EH1 did
not align. All the structural alignment shows there to be some evolutionary link and it can be
postulated that convergent evolution may take place, therefore this suggest that WzmWzt,
MlaE, MlaF may be evolving to adopt the alternative access mechanism however still in the
early stages of evolving to adopt this mechanism, hence further bioinformatic, biophysical
and biochemical assays should employed to look further into specific transmembrane helix to

substrate and lipid interaction to highlight the similarities.

5.2 Conclusion

In this project the conclusion is drawn from the study are as follows:

- Pichia pastoris is an efficient yeast expression system to express
ABCG2

- Obtaining the melting temperature of ABCG2 using the CETSA assay
shows proof of principle for screening drugs/inhibitors

- The high similarity of the structural alignment between the TMD and
NBD of the ABCA and ABCG families shows they most likely share a
common ancestor

- The significant similarity of the structural alignment between
mechanotransducer MacB to ABCA and ABCG families indicate that
MacB may be the common ancestor; this suggest that ABCA and
ABCG families may have adopted a more classical transmembrane
pumping function

- The significant similarity of the structural alignment between:
WzmWzt, MlaE and MlaF to ABCA and ABCG families showed a
possibility of convergence evolution taking place between these

families.
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As a future perspective, screening tyrosine kinase inhibitor like Lapatinib on ABCG2 using
the CETSA assay could potentially show whether thermal shift is taking place hence the
thermostability of ABCG2 can be studied in the presence of a drug. The bioinformatic studies
showed degrees of structural similarity between ABCA and ABCG families bacterial ABC
transporters (MacB, WzmWzt, MlaE and MlaF) helps to pinpoint where ABC transporters
diverged from prokaryotic structure and mechanism of action. Thus, it gives an indication of
how some mammalian ABC transporters may molecularly function based on similarities to
bacterial ABC transporters and could be extrapolated to other members of ABC superfamily.
However, it is yet to be further investigated how these theories could be applies under

physiological and pathophysiological conditions.
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Appendix- Supplementary figures

Appendix 1: Reagents which have been used to execute the expression, purification and
characterisation of ABCG2
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30% Acrylamide/Bis solution 19:1- Biorad

Adenosine 5’°- triphosphate magnesium salt (Mg-ATP) — Sigma Aldrich
Agar — Formedium

Aminoethylbenzenesulfonyl fluoride (AEBSF) — Sigma Aldrich
Ammonium persulphate (APS) — Fisher Scientific

Benzamidine Hydrochloride — Sigma Aldrich

Bestatin — Sigma-Aldrich

Bradford Reagent Concentrated — Bio-Rad

Coomassie Reagent: instant blueTM - Expedeon

Chymostatin — Sigma-Aldrich

Dithiothreitol (DTT) — Sigma Aldrich

Dimethylsulfoxide (DMSO) — Sigma Aldrich
n-Dodecyl-B-D-maltopyranoside (DDM) - Anatrace
Diaminoethanetetra-acetic acid disodium salt dehydrate (EDTA) - Fisher Scientific
Ethanol, Absolute — Fisher Scientific
Epoxysuccinyl-Leucylamido-Butane (E-64) — Sigma Aldrich

GFP-Trap resin - Chromotek

Glass beads acid-washed (426-600 pum - diameter) - Sigma Aldrich
D-Glucose (Glucose) - Fisher Scientific

Glycerol > 99.5% - Fisher Scientific

Glycine — Fisher scientific

Hydrochloric acid (HCI) — Fisher scientific

Imidazole — Sigma Aldrich

K>HPOsu: di-Potassium hydrogen orthophosphate 3-hydrate - BDH Laboratory
Supplies

KH:POs: Potassium dihydrogen orthophosphate - BDH Laboratory Supplies
LB Broth Lennox — Formedium™

Lapatinib Ditosylate — Provided by Ford’s Lab

Leupeptin Hydrochloride — Sigma Aldrich, 1553

Methanol - Fisher Scientific

Molecular markers (SDS-PAGE): Pre-stained SDS-PAGE Standards, Broad Range -
BioRad

MQ H2O — Provided by Ford’s Lab (Millipore Q 0.22 uM filter system)
Pepstatin A — Sigma Aldrich

PBS: Dublecco’s phosphate buffered saline 10x - Sigma Aldrich
Tryptone - Formedium

Sodium chloride (NaCl) - Fisher Scientific

TEMED: N,N,N’ N’-Tetramethyl ethylenediamine - Merck

TEV protease - Sigma Aldrich

Tris -Base - Fisher Scientific

Tris -HCL - Fisher Scientific

Yeast Extract powder - Formedium™

137



¢ Yeast nitrogen base without amino acid - Formedium™
¢ Zeocin™ 100 mg/mL — Invitrogen

Appendix 2: Reagents to make the protease inhibitors (PIs):
PIs were added to buffers and made to a 10x dilution when used and stored in aliquots at
-20°C.
To obtain a 100x stock solution:
- 144mg of Aminoethylbenzenesulfonyl fluoride (AEBSF)
- 5mg Chymostatin
- 7.5mg E64
- 25mg Leupeptin
- 25mg Pepstatin
- 522mg PMSF
- 6mg Bestatin
- All the above reagents dissolved in 30ml DMSO
To obtain a 1000 x Benzamidine stock solution:

- 360mg Benzamidine was dissolved in 1ml MQ H>O

Appendix 3: Buffers
Buffer for Cell Harvest and breakage:

e mPiB buffer: 0.25 M sucrose, 0.25 M Tris-HCL pH = 8.0, 1 mM EDTA, 2 mM DTT,

cocktail of protease inhibitors (PI) - 10ul of 100 x stock solution

e High Salt Buffer: 50 mM Tris-HCL pH 8.0, 500 mM NacCl, 10% glycerol, cocktail of
PI—10pl of 100 x stock solution.

e Buffer A: 50 mM Tris- HCL pH 8.0, 50 mM NacCl, 10% glycerol, ImM -
mercaptoethanol. Just before solubilisation add 2% DDM

Buffers for solubilisation:

e Buffer A: 50 mM Tris-HCL pH 8.0, 50 mM NacCl, 10% glycerol, ImM -
mercaptoethanol. Just before solubilisation add 2% DDM
e Buffer AA: 50 mM Tris-HCL pH = 8.0, 50 mM NaCl, 10% glycerol, 0.1% DDM.
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Buftfers for SDS PAGE:

e Separating SDS-PAGE gel buffer: 1.5 M Tris-HCL pH = 8.8, 0.4% SDS
e Stacking SDS-PAGE gel buffer: 0.5 M Tris-HCL pH = 6.8, 0.4% SDS

Buffers for Nickle NTA and GFP trap resin purification:

e Buffer A: 50 mM Tris-HCL pH 8.0, 50 mM NacCl, 10% glycerol, ImM -
mercaptoethanol. Just before solubilisation add 2% DDM
e Buffer AA: 50 mM Tris-HCL pH = 8.0, 50 mM NacCl, 10% glycerol, 0.1% DDM

Buffers for CETSA assay:

e Buffer A (assay buffer): 50 mM Tris-HCL pH 8.0, 50 mM NacCl, 10% glycerol, ImM

-mercaptoethanol. Just before solubilisation add 2% DDM

® Ice-cold PBS (1L): 0.137M NaCl, 2.7mM KCl, 0.01M Na,HPOs, 1.8mM KH>PO4
Adjusting the pH to 7.4

Appendix 4: Stock solution

e 2x SDS Loading dye (10ml): 50 mM Tris-HCI pH = 7.6, 5% glycerol, SmM EDTA
pH = 8.0, 0.02% bromophenol blue, 4% SDS, 50mM DTT
e DTT: 0.5M stocks stored at -20 °C

e SDS: 20% stock stored on the shelf at room temperature
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Appendix 5: SDS-PAGE gels

2 X 1.5mm — 8% Gel

Separating Reagents Stacking
8.3ml H:O 6.2ml
Sml Buffer 2.5ml
6.7ml 30% Acrylamide 1.3ml
40ul TEMED 20ul
100ul 20% APS 50ul

2x 1.5mm - 10% Gel

Separating Reagents Stacking
9.6ml H:O 6.2ml
Sml Buffer 2.5ml
5.4ml 30% Acrylamide 1.3ml
40ul TEMED 20ul
100ul 20% APS 50ul
Separating Buffer Gel Stacking Buffer Gel

1.5M Tris-HCI pH 8.8

0.5M Tris-HCI pH 6.8

0.4% SDS

0.4% SDS
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Appendix 6: Equipment

Appendix 7: The quantitative data for the overall structural alignments between the

Autoclave

BeadBeater cell disrupter

Centrifuges and centrifuge tubes

ChemiDoc MP gel imager

Computer with eclipse programme — used for detecting the intensity of GFP

fluorescence
Fluorimeter

50ml Falcon tubes
1L Flasks

pH meter

Orbital Shaking incubator (for fermentation of Pichia Pastoris)

Scanner

Icm Quartz Cuvette

different ABC transporters.

Alignment RMSD (A) SDM Q score

ABCA1 TMD1: 2.201 44.827 0.401
ABCG2 TMD
5WS4: ABCG2 TM1-4 2316 51.918 0.364
SLIL:ABCG2 TM1-4 2.309 50.907 0.227
SNIK: ABCG2 TM1-4 2.476 56.224 0.388
5WS4:ABCGS8 TM1-4 2.408 47.909 0.289
SLIL:ABCGS8 TM1-4 2.445 56.907 0.286
SNIK:ABCGS8 TM1-4 2.452 58.425 0.156
5WS4:ABCA1 TM1-4 2.330 58.922 0.264
SNIK:ABCA1 TM1-4 2.534 56.931 0.302
MlaE: ABCG2 TMD 2.570 59.362 0.302
MlaE: ABCGS8 2.585 51.375 0.325
TMD

MlaE: ABCA1 TMD 2.687 65.460 0.268
Wzm:ABCG2 TMD 2.438 51.994 0.390
Wzm: ABCG8 TMD 2.643 52.728 0.230
Wzm: ABCA1 TMD 2.386 51.624 0.326
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Appendix 8: The structur
TMD1 and ABCG2 TMD

al sequence alignment for the alignment between ABCA1

This structural superimposed sequence alignment generated using Match and Align showed

overall RMSD as 2.201 across the sequence length 266 246, SDM score 44.635 and a Q score

of 0.401. The residues associated with the transmembrane structural alignment between
ABCA1 TMD2 and ABCG2 TMD are as followed: ABCA1 IH3/ ABCG2 TM1a = 1721-
1744, ABCA1 TM7/ ABCG2 TM1b = 1746-1770, ABCA1 TM8/ ABCG2 TM2 =2041-2091,
ABCA1 TM9/ ABCG2 TM3 =2101-2140 ABCA1 TM10/ ABCG2 TM4 =2141-2201,
ABCA1 TM11/ ABCG2 TM5a =2176-2200, ABCA1 EH4/ ABCG2 TM5c¢ =2245-2307,
ABCA1 TM12/ ABCG2 TM6b =2311-2350.

1701 1711 1721 1731 1741
ConsensUS . . . ... h e e e e e ...t.tqqQl ralskks ki arrsp.qa.i
Conservation
Snj3,chainA 470 . . . . . .. ... ... ’FCH.L RWVSKRS FKN LLGN .495
Sxjy,chainA 1949(ESRE TDLL MD GK YOVK WK|L|.[TQQQF VALLWKRLLI ARRS RIK|G F|.|F| 1996
1751 1761 1 1781 1791
Consensus AQlilpaVig ClllalHlee cocceccococs ocoocococoocoo ©OGOOGGOGC
Conservation
5nj3,chainA 496/AC | [V TIVVL DTN e, e ceccee ccccecccecce  ceoccoccooc 518
5xjy,chainA 1997AQ IVLPAVFV CIALVFSL/.. ...IVPPFCK YPSLELOFPWM YNEQYTFVS N 2041
2051 2061 2071 2081 2091
Consensus colceocaoo i. qvralVsicl itagc.s.pa SaVelligEk .k.akihqgyl
Conservation
5nj3,chainA 519 . . oo o) INRAGVLFFL H.ﬂF w v AVELFVVEK c WLFI%E“[5$
Sxjy,chainA 2292 SEV|. .ALM VDVLVSICV | FAMS|.|F|V|F A FVVFLIQER| V|SKAKHLQF I|2338
2101 21 2121 2131 2141
Consensus .syykpsiYw Lsklls.Imp mymlPaiivi ilfyemgqgkk y.k.s.alpV
Conservation
5nj3,chainA 560 YYRV YF L KLL ‘ MRML T TFT C ML LK ‘ AFFV 607
Sxjy,chainA 2339 . VKPVIYW L DMC NYVVPATLVI | | \ | L PV|2385
2151 2161 217 2181 2191
Consensus maltilmmyay Saspmayaia .9q..k.p.s .a..l .m.s i.n.f.im.i
Conservation
5nj3,chainA 608 MMF T LMMVAY A MALAITA VA C
5xjy, chain A zaes‘LALLLLL\-' w | LMYPA FVF KI YV
2201 2211 2221 2241
Consensus cBcBeWeooele cocccoccoocce coooc Jocce ccocccoocoooce qy . .h..ip.
Conservation
5nj3, chain A 650F ............... .TIA WLSWL. ... R674
5xjy,chainA 2. VLE[LFTDNKL NNINDIJL... ...... KSVF
2261 227 2281
Consensus yrgtalqhke QA . o e e eie s e e e e ae s e eie e e ee e e e e e e
Conservation
5nj3,chainA 675]Y CF TALOHNE  FL[CONFC L NATGNNPCNY ATCTGEEYLV KQGIDLS... 72
Sxjy,chainA 2464 "RCL IDMVKHN - ccccoee ccccooooco coocooocooo  oodnooo MAD 2478
2301 231 2321 2331 2341
Consensus . .. ..o u e e plag. rwkfamAlac .iViFLiiay iqyr . F
Conservation
Snj3,chainA 722 . . .. ... ...

Sxjy,chainA 2479 ALERFCENRF

...... WG|. LWKNHVALAC| MIVI
v L DLV RNLFAMAVE .\VVF

m ™

LTIAY LKLL ILKKY 753
L R|F|F ..

ITVL |
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Appendix 9: The structural alignment between ABCG2 NBD and ABCA1 NBD1
Making an observation with the visible eye, ABCG2 NBD would have been expected to align
significantly to ABCA1 NBD1 rather than NBD2.Furthermore the structural alignment
showed that the alignment between ABCA1 NBD1 and ABCG2 NBD gave an overall RMSD
being 1.994, SDM resulted as 48.441, Q score as 0.363.

ABCG2 NBD ABCA1 NBD

Appendix 10: The structural alignment between ABCG2 NBD and ABCA1 NBD2

The superimposed sequence alignment between ABCA1 NBD2 and ABCG2 NBD showed
the overall RMSD being 2.271, SDM resulted as 43.903, Q score as 0.303. Overall, the
results showed that ABCA1 NBDI aligned better structurally and through sequence
alignment with ABCG2 NBD, compared to the alignment between ABCA1 NBD2 and
ABCG2 NBD. This significant alignment of the ABCA1 NBD and ABCG2 NBD validates
Xiong et al and Ford et al theory of having highly similar NBD structure.

Front Overview NBD2/NBD Rotated 90° from front view  NBD2/NBD
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Appendix 11: The structural sequence alignment between ABCA1 NBD1 and ABCG2
NBD

The structural sequence alignment between ABCA1 NBD1 and ABCG2 NBD gave 44 fully
conserved residues alongside 127 weak conserved groups between 2001-2250 residues,
overall RMSD as 1.994, SDM resulted as 48.441, Q score as 0.363. These results showed

high structural similarity, hence supporting the structural alignment.

2001 201 2021 2031 2041
CORSBNSUS . . . . . . v v v h e e e e ...cgiip.p ecnailLGp. . .Ga.KSStlk
Conservation
chainA 1933 . . . . . . . ... ... .. .[CV ECFGLLGV|.! FK1957
5nj3,chainA 45[RVKLKG- CFL CRKFPVEKE IL] |’ IMKI.I' LNAIL l LLD91
2051 2061 2071 2081
Consensus mLaar . t. .sGdaglvki cocoBliccl ..fhgNsGYc deDA|meIL
Conservation
5xjy, chain A 1958ML B| VT .[RGDAFLNKN “ |I| HE[VHQNMGYC QFDA | ELL|2001
5nj3,chainA 92|V LAARK L DVLI NGAP|RPA|. . . ./[FKCN YV VQDDVVM L| 134
2101 21m 2121 2131 2141
Consensus TgREhIqFsA aLRla...mk ..Ekgkrier algkLGLdKy .akyaggy. .
Conservation
Sxjy,chainA 2002/ T CREHVEFFA LLRGVP . .|[EK . JEVGKVGEW A ITRKLGLVKY EKYA Y|2045
5nj3,chainA 135 TVRENLOFSA ALRLA|.TTM NHEKNERINR VIQELGLDKYV .JADSKV F 182
2151 2161 217 2181 2191
Consensus .8..8G.ekk klSiaMalLlt dPpi |l FLDEP T.timsp.aa ralllcaksm
Conservation
5xjy,chain A 2046 I Dl KLSTAMAL | VVFLDE H MD |K|AR RFLWNCALS V| 2090
5nj3,chainA 183 | ER RTS IGMEL | DPSILFLDE LDE NAVLLLLKRM 231
2211 2221 2231 2241
Consensus quGRstlIs iHgpr ... .. a..Lctsmai m. e cecceccocooc
Conservation
Sxjy,chainA 2091(VKE RSV VL | H ME‘ECE . LC RMAI RR mzna
Snj3,chainA 232|cKOCRT I I F 1HQ FKLFD LA e ccccccccooc

Appendix 12: The structural sequence alignment between ABCA1 NBD2 and ABCA1
NBD

The structural sequence alignment between ABCA1 NBD2 and ABCG2 NBD displayed 20
fully conserved residues alongside 160 weak conserved groups between 951-1300 residues.

These results showed high structural similarity hence supporting the structural alignment

951 961 o 981 991
Conservation
CONSONSLAEE R V B0 Aol 5 60000 0000000000 0000000

chalnA 903 . ......... .......N LV KV ....................... 911
5nj3,chainA 19[CFFATASIDL KAFIECAVL FH C\YRVKL K FLFCRK VEKEIL|

1001 1011 1021 1031
Conservation
Consensus . . . .. .. .. Ilimyp.qita iLGh...G.G KsstmsILa. k c
5xjy, chain A 912MKVAVD A LNFYE|GQIT FLGH|. N .[G|A KTTTMS ILT T
5nj3,chainA 67 . . . . .. .. IMKP|.[GLNA 1L e ¢ KS ¢ LLDVLAA KD ¢ 101
1061 1071 1081
Conservation

Consensus .pip.a..ti kqNsGycpQh dVIimdmL
5xjy, chain A 957A L K . EM \ I RQNLGVCPQH NVLFDML
5nj3, chain A DVLI Al A N F KCN Yvvab DVVM L

1101 11 121 131

Conservation
Consensus kariegma
5xjy, chain A H AEM IMA KLK
5nj3, chain A ERI {RV I KV
151 1161 1nn 1181 191
Conservation
Consensus qklelamaI itdpkililLD EPTa.ldspy ara.ilelLLk kys QGRTI |
chain A RKL VALAF ' SKVVILD E A VDPY SRR|GIWELLL KYR|[.[QGRT I I]| 1085
5nj3, chain A 191R S IGMEL I TD ILFLD E T|G[L D € ANA|.[VLLLLK RMSKIQGRT I 1|239
1201 1211 1221 1231 1241
Conservation
Consensus sia iiahGkLcch Gpageakgq. Beoocceccooco
chain A L D IA I ISHGKLCCV LFLKNQ|. LIGTGYY|. ... 1127
5nj3, chain A K . FDSLT LLA RLMFH AQEALGY|F EEr ACY 282
1261 1271 1281 1291
Conservation
Consensus . .. ... Ipad REAUTT e c e e cccccccces ccoccccocce  cocccccoccoc
5xjy,chainA 1128 . . . . . . LTLV KKDVES[SLE CRNE STVSY LKKEDSVSQ SDAGL DH 171
5nj3,chainA 283 HCEAYNNFAD FEEMNN:cece cccccccocce ocococcocccce cococococo 298
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Appendix 13: The structural sequence alignment between ABCG8 TMD and ABCA1

TMD1

The structural sequence alignment between ABCA1 TMD1 and ABCG8 TMD gave an the
overall RMSD was 2.264 across sequence length of 266248, the SDM score as 46.253 and

the Q score as 0.453Q These results showed high structural similarity, hence supporting the

structural alignment.

1051 1061 1071 1081
Conservation

Consensus aa.mpm

33

5XJY, chain A
5D07, chain B

Lo .dm. i
FL[R|.[VM|S [RS|.MPLF
5. .|FM[D T|. AA|L |

LFM
1101 111 121 131
Conservation
Consensus akeyyr.
5XJY,chainA 667 L KE |

imG siywF
[
5D07,chainB 657 AMLY L|E

ki
SITLWF L WF
LYT YFF K|

1151 1161 17
Conservation

Consensus ps I h
5XJY, chain A 712
5D07, chain B | L L H

Conservation
Consensus

.1Lp
LL m
R703

spracgeGem

5XJY, chain A
5D07, chain B

PVAFGFGCE|792
FLRWC FE G LM|785

Conservation
Consensus
5XJY, chain A
5D07, chain B

Conservation
Consensus Co e y p

1281 1291

.......... 818

5XJY,chainA 819 . .

YF

5D07,chainB 816 L DS

Appendix 14: The structural sequence alignment ABCGS TMD and ABCA1 TMD1
As for the alignment of the TM helices of ABCG5 TMD and ABCA1 TMDI1 the overall

RMSD was 2.428 A; SDM value was 41.883 and Q score being 0.299

1051 1061 1071 1081 1091

Conservation

Consensus oo dm. aa.mpmimal apiysiadil k|y EX:

5XJY, chain A I|F L[R|.[VM|S RS|.MPLFMTL AWIYSVAVI I IvVY EKEA

5D07, chain B ..MA L|LFMI AL IPFNVILDVI KC\ E| 656
1101 1 121 131 141

Conservation

Consensus akeyyr.imG Lyt.siywFa kiisslLiphe ayaii. i c wI IL

5XJY,chainA 667 LKE‘MRHIM LDF‘|.|‘ I LWFS WFISSLIPLL VSA ‘ LVV KL 711

5D07,chainB 657/ AMLY Y E|L|E D LY TT| YFFA KILGELPEHC AYI L1y A\LR703
1151 1161 1n”n 1181 191

Conservation

Consensus ...pslh Flllslvafc ciigqalaia. tL.pra.h.A co@e el

5XJY,chainA 712|" D|.[PSVV FVFLSVFAVV TILC‘CFLIS|. TL RA|N[L|.[A AACC|. G I .[1]. 7583

5DO7,chainB 704P|. GLIQPIFLLH FLLVWLVVFC CRIMALAAAA |LL[.[PTF|.HMA . .[SF[F. .S|NA 746
1201 1211 1221 1231 1241

Conservation

Consensus .YnslYLay. JGl5c coocoocoooo spracgeGem

5XJY,chainA 754 .[VFTLVYLPY|. L VA QD YVGFTLKI . . SPVAFGFGCE]|792

5D07,chainB 747 L|Y NS FY LA F ........ wWT FLRWCFEGLM|785
1251 1261 1271 1281 1291

Conservation

Consensus

5XJY, chain A 818

5D07, chain B DKILSVME 815

Conservation

Consensus VI Iy eI Ry, simigdsgly me .w P - LT e

5XJY,chainA 819 . . .[FIL SV SMMLFDTFLY VF| )YG | RFPWY FF CTK]|862

5D07,chainB 816 LDS|YPLYAIY LIVICLS F R ..................
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Appendix 15: The structural alignment between ABCA1 NBD1 and ABCGS5/G8 NBD

The structure of ABCG5 NBD is represented in red., The structure of ABCG8 TMD is
represented in forest green, ABCA1 TMDI is represented in cornflour blue. A,B) The
structural alignment of ABCG5 NBD and ABCA1 NBD1. C,D) The structural alignment of
ABCG8 NBD and ABCA1 NBD1. This figure illustrates the similarity in the structure of
ABCA1 NBDI and ABCG5G8 NBDs, as the a helices and 8 pleated sheets show significant

alignments.

Front view
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Appendix 16: The structural sequence alignment between ABCG2 TM1-4 and SWS4

TMD

The structural sequence alignment between ABCG2 TM 1-4 and SWS4 showed overall

RMSD of 2.316, SDM of 51.918 and Q score of 0.248, using Clustal omega alignment the

percent identity worked out to be 19.28%.

651 661 671 681 691
Consensus cPcccooe r.s cceDeocoocococ m ccocoltoclloid c oo .qi . e
Conservation — — — — - ] — — — — — — —
5NJ3,chainB 374 .[CHQ . . .[L|.[R] WV[S|. KRS . .[F| KN. .[L]. .[L|g[N] PQ[Als[TA].[@T]1 [V]. .[TlvVL. .. 405
5WS4, chainA 262 R|©|. . T LDR|L/S . .|[EJA. . .FQM . .AL|LISMN].|A . .|H|.|RM|R[T F|. LITML|. . .G 11 294
701 m 721 731 741
Consensus Jeccococccoe occoccococe |hefloccoeccoe ococccooccoo GOGOOOGGOOOOC
Conservation —
5NJ3, chain B AOGLVIL:AIYFu ........................... 422
5WS4,chainA 295(1|. . . . . .. .. GIASVVTIVVA QQQILSNISS LGTNTITVFQ 33
951 961 971 981 991
Consensus . . ... I .sAialislLt tggqigssnia lesvterkqe il.e..y...
Conservation — — .
5NJ3,chainB 423 . . . . . .. .]Q NRAGVLFFLT TNQCFSSVSA VELFVVEKKL HE|. .[Y[lI S G 462
5WS4, chainA 531 K T 75 T|M/TLLV JSAIAVISLV VGGIGVMNIM LVSVTERTQE G[.|VIRMA 575
1001 1011 1021 1031 1041
Consensus yyar .S.yi. q.ql .i.eai pmcmipsiiag UOUGS ol cMeo cocoococooc
Conservation B — — — — —
5NJ3,chainB 463 YRV/|.|S|5|Y F|. L|GKL|.|[L|SIDLL PMRMLPSIIF TCIV|Y[F|.ML. .......... 497
5WS4, chainA 576 |V C AR|C{S|.|D I|L Q|.[QF|L[I|.|[EA I LVCLIGGVLG VLLS|.|ILIGL]. G QLINKFAGGN 620

1061 1071 1081 1091
Consensus ..9...ykad aivaamvecsm miaysassm. p.a a...l|l
Conservation . — — — .
5NJ3,chainB 498 . .[|. LK[PKAD AFFVMMFILM MVAYSASoMA [L].JA]TAA]l. . .[C] [OSVVSVATLL|540
5WS4,chainA 621 FAVIA . .|YS T T SIVAAFVCST LIGVVFGFL|. PIAK] . L NJAAKL 655

Appendix 17: The structural alignment of ABCG2 NBD and SWS4

The structure of ABCG2 NBD is represented in green, blue, cyan and cornflour blue ribbons.

The structure of SWS4 NBD is represented in magenta. The structural alignments show

significant overlap of the a helices and 3 pleated sheets show significant alignments.

Front view Back view
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Appendix 18:The structural sequence alignment between SWS4 NBD and ABCG2 NBD

The structural sequence alignment between SWS4 NBD and ABCG2 NBD overall RMSD as

1.930, SDM as 40.556, Q score as 0.394 and the percentage identity worked out to be

20.01%.

51 61 Al 81
Consensus . ... .. ILsv WP cecccce ococooococoo o©oCGOOGCOOC
Conservation
5NJ3,chainB 36 . . . . .. VLSF HNICYRVKLK SGFLPCRKF EKEIL| .....
5WS4, chain A OmKUALLEV SNLV[. .. ... .......... ..... PA
101 m 121 131 141
Consensus ldliiy.peL VvAIIGqsGsG KSslLmdilLaa sykiN.aqgrp
Conservation
5NJ3,chainB 671 ¥ IMK.|" NAILGPT KSSLLDVLAA DVL IN|GAPRF 114
5WS4,chainA 29| IDL T IYECEL VAIVGQSGS KSTLMNILGC SYKVN|.|GQET
151 161 171 181 191
Consensus . . . ... .q lkce.sGyif QryhImGtLs areNlqg.s.A .lyaa...mp
Conservation
5NJ3,chainB 115 . . . . . . N FKCN|.[SGYVV QDDVVMGTLT VRENLQ AILRLA|. TTIMT| 153
5WS4, chainA 75 KLEFD LA LRRE|Y| FIF QRYHLLGDLS AEGNVE]. JAVYAG|V. .|TP|120
201 21 221 231 4
Consensus a.ekkqRita |liqELGLdkK agqsk.ps. .. .q1SGGqqqR tSlaralLitd
Conservation
5NJ3,chainB 154[|HEKNWER I R VIQELGLDKYV ADSK RGVS ERKR TS IGMEL I TD|203
5WS4, chainA 121|A|.[DRKORATA LLTELGLGTK TQNR|. .|QLS QQQR VS IARALMN 164
251 261 271 281 291
Consensus psiilaDEPT talLDShsava VmrilLkrmsa qGhTIIIsiH G20 e oo o k.
Conservation
5NJ3,chainB 204(" & | LFLDEF T TGLDSSTANA VLLLLKRMSK QGRTIIFSIH QPR|YS | . .[FIK 251
5WS4,chainA 165| DV | LADEP T ALDSHSGVE VMRILRELNA AGHTIILVTH DMQ|. . . VAK]. 210
301 31 321 331 3
Consensus ladsiieias CrliobrFale cecococcccooo ocoocoooOCOOO  GOOOOO0OOGO
Conservation
5NJ3,chainB 252([LFDS L TLLAS RLMFHGP A|Q EALGYFESA YHCEAYN A DFFLDIINE]SM
5WS4,chainA 211|WATRITE I SD Sl 2 e ccocccccoce coccccocccoo  Gooooooo o

Appendix 19:The structural sequence alignment between SLIL TMD and ABCG2 TM1-

4

The structural sequence alignment between SLIL TMD and ABCG2 TM1-4 showed overall
RMSD as 2.309, SDM as 50.907, Q score as 0.364 and the percentage identity worked out to

be 15.36%.

601 611 621 631 641
CFiTE cccccccceoc  ceocccccccc  cccomcccecc  cocccococoe coooooc schQ
Conservation
. J&mlcccccocccoe ccccccccoo 600000000 c 00000060000 _0000oc FCHOQ| 376
Slil,chainA 200 THDKHIAACTA NRITEIKDGE 1ISDTQKRQV KSAVKNFSV|F [KGRFGFSKDOQ|249
651 661 671 691
Consensus LreaskrSvk ailahpqgasi a..q...... n~bT.....t... .(.....0000.0.
Conservation
5nj3,chainA 377|LRWV S KRS FK NLLGNPQAS I LV I AN I
Slil,chainA 250|LMEAFRMS VS AIVAHKMRS L .. .8SVVS VVA287
701 m 721 731 741
Consensus y....lk.q. lccceccecoe w©ocococccococo OCOOCOOGOGOG COOOGCOGOGC
Conservation
Bni? shain A 412[VIF M wl ml a1a
901 911 921 931 941
(G717 cccoccccoo cococcoococo  ccocooooooc 5o o c q a o c SRSIERE
Conservation
S5nj3,chainA 420 . . . . . . . . .. ..o [1]. .hR oo V.
Slil,chainA 486 ELLK-LHCK KDFF IMNSD|T IKQTIE! TIMK L|L]|. .[I S S[I|.|[AF[I
951 961 a7 981 991
Consensus i iale.!l.ter kKeiihryii G.yRqisylgq gqkLis.alpi
Conservation
5nj3, chain A SAVE|.[LIFf[VVE KKLFIHEY IS YYRVSSYFL KL LS|D[L L PM|48
5lil, chain A IMLVIS|V|.[TER TKEIGVRMA I JARQINILQ JAVLI 575
1001 1011 1021 1031 1041
Consensus em. 1 .si.i fcls.....m .......... .mdlk....a .asivTamm
Conservation
henanA. HbiaaTy
5lil, chain A ILLS[..vLI . .[ASIVTAVL|61S
1051 1061 1091
(oo ) GO0 08 680 collooo@lcoce ocooocoobooobo 00000000 DD 0000000 OOC
Conservation
5nj3, chain A .AIAA\ Qs LLV!“LTTIA|562
5lil, chain A Wile e Jldlec e ccccecceccce cccoccoccce coccccococooc
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Appendix 20:The structural alignment of SLIL NBD and ABCG2 NBD

The structure of ABCG2 NBD is represented in green, blue, cyan and cornflour blue ribbons.
The structure of SLIL NBD is represented in purple. The structural alignments show

significant overlap of the a helices and 3 pleated sheets indicating high structural similarity.

anticlockwise 90°
from front view

Front view ) C Rotation by

Side view

Appendix 21: The structural sequence alignment of SLIL NBD and ABCG2 NBD

The structural sequence alignment between SLIL NBD and ABCG2 NBD showed overall
RMSD as 2.413, SDM as 49.304, Q score as 0.329.

51 61 Al 81 91
(612 T) 000000000 ©0000D niie. coloBoocooo o0o0obDcDOODGE DOODGDOODG
Conservation —
Snj3,chainB 36 . . ... ..... ..... VLS F|H N .[I].[C[YRVKL KSGFLPCRKP VEKEIL].... 64
Slil,chainB -13[HHHH®- S CLV©H RGSHMN I | E|. ol Hdeeoceoce ©ccccccccce ccccoco NRYF 13
101 m 121 131
Consensus . . .. ... ... .siilslekp dIvAImGqsG sGKSsLmdili
Conservation
5nj3,chainB 65 . . . . ... ... SNINGIMKP GLNAILGPTG GGKSSLLDVL
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Appendix 22:The structural sequence alignment between SNIK TMD and ABCG2
TM1-4

The structural sequence alignment between SNIK TMD and ABCG2 TM1-4 showed overall
RMSD as 2.476, SDM as 56.229, Q score as 0.227 and the percentage identity as 16.82%.
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Appendix 23: The structural alignment between SNIK NBD and ABCG2 NBD

The structure of ABCG2 NBD is represented in green, blue, cyan and cornflour blue ribbons.

The structure of SNIK NBD is represented in black. The structural alignments show

significant overlap of the a helices and 8 pleated sheets indicating high structural similarity.

Front view

Side overview

Appendix 24: The structural alignment between SNIK NBD and ABCG2 NBD

The structural sequence alignment between SNiK NBD and ABCG2 NBD showed overall
RMSD was 1.921, SDM as 38.435, Q score as 0.438 and percentage identity of 16.82%.
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Appendix 25:The structural sequence alignment of ABCG8 TM1-4 and SWS4

The structural sequence alignment between SWS4 TMD and ABCG8 TM1-4 showed overall

RMSD as 2.408, SDM as 57.909, Q score as 0.388 and the percentage identity as 15.95%.
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Appendix 26 The structural alignment between ABCG8 NBD and SWS4 NBD

The structure of ABCG8 NBD is represented in forest green and the structure of SWS4 NBD

is represented in magenta. The structural alignments show significant overlap of the

a helices and 3 pleated sheets indicating high structural similarity

Front view Side view

Appendix 27 The structural sequence alignment between ABCG8 NBD and SWS4 NBD

The structural sequence alignment between SWS4 NBD and ABCG8 NBD showed overall

RMSD as 2.268, SDM as 48.933, Q score as 0.381 and the percentage identity as 16.82%.
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Appendix 28:The structural sequence alignment between ABCG8 TM1-4 and SLIL

TMD

The structural sequence alignment between SLIL TMD and ABCG8 TM1-4 overall RMSD
2.445, SDM was 56.907, Q score was 0.289
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Appendix 29: The structural alignment between ABCG8 NBD and SLIL NBD

The structure of ABCG8 NBD is represented in forest green and the structure of SLIL NBD

is represented in purple. The structural alignments showed significant overlap of the

a helices and 8 pleated sheets indicating high structural similarity.

Front view

Side view
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Appendix 30: The structural sequence alignment between ABCG8 NBD and SLIL NBD

The structural sequence alignment between SLIL NBD and ABCG8 NBD overall RMSD of
2.167, SDM was 47.210 and Q score of 0.289.
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Appendix 31:The structural alignment of ABCG8 TM1-4 and SNIK TMD

The structural sequence alignment between SNIK TMD and ABCG8 TM1-4 overall RMSD
was 2.452, SDM was 58.425, Q score was 0.286 and percentage identity was 16.82%.
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Appendix 32:The structural alignment between ABCG8 NBD and SNIK NBD

The structure of ABCG8 NBD is represented in forest green and the structure of SNIK NBD

is represented in black. The structural alignments showed significant overlap of the a helices

and f3 pleated sheets indicating high structural similarity.

Front view

Side view

Appendix 33: The structural sequence alignment between ABCG8 NBD and SNIK NBD

The structural sequence alignment between SNIK NBD and ABCG8 NBD overall RMSD of
2.196, SDM was 42.937, Q score of 0.398 and percentage identity of 17.13%.
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Appendix 34: The structural sequence alignment between ABCA1 TMD1 and SWS4
TMD

The structural sequence alignment between ABCA1 TMD1 and 5SWS4 TMD overall RMSD
was 2.330, SDM was 58.922, Q score of 0.156.
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Appendix 35:The structural alignment between ABCA1 NBD1 and SWS4 NBD
The structure of ABCA1 NBD is represented in cornflour blue and the structure of SWS4
NBD is represented in magenta. The structural alignments showed significant overlap of the

a helices and 3 pleated sheets indicating high structural similarity.

Front view Side view
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Appendix 36:The structural sequence alignment between ABCA1 TMD1 and SWS4
TMD

The structural sequence alignment between ABCA1 TMD1 and 5WS4 TMD overall RMSD
was 2.186, SDM was 47.986, Q score was 0.390.
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Appendix 37: The structural alignment between ABCA1 NBD1 and SLIL NBD

The structure of ABCA1 NBD is represented in cornflour blue and the structure of SLIL
NBD is represented in purple. The structural alignments showed significant overlap of the

a helices and 3 pleated sheets indicating high structural similarity.

Front view Side view
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Appendix 38: The structural alignment between ABCA1 NBD1 and SLIL NBD

The structural sequence alignment between ABCA1 NBD1 and SWS4 NBD overall RMSD
2.004, SDM was 41.460 and Q score was 0.435.
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Appendix 39:The structural sequence alignment between ABCA1 TMD1 and SNIK
TMD

The structural sequence alignment between ABCA1 TMD1 and SNIK TMD overall RMSD
was 2.387, SDM was 50.264, Q score of 0.146.
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Appendix 40:The structural alignment between ABCA1 NBD1 and SNIK NBD

The structure of ABCA1 NBD is represented in cornflour blue and the structure of SNIK

NBD is represented in black. The structural alignments showed significant overlap of the

a helices and 3 pleated sheets indicating high structural similarity

Front view

Side view

Appendix 41:The structural sequence alignment between ABCA1 NBD1 and SNIK
NBD

The structural sequence alignment between ABCA1 NBD1 and SNIK NBD overall RMSD
was 2.004, SDM was 41.460, Q score of 0.435.
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Appendix 42: The structural sequence alignment between ABCG2 TM1-5 and MIaE.

The structural sequence alignment between ABCG2 TMD1-5 and MIlaE overall RMSD was
2.570, SDM was 59.362, Q score of 0.302.
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Appendix 43:The structural alignment between ABCG2 NBD and MlaF

The structure of MlaF is represented in light sea green. ABCG2 NBD is represent in green,
yellow, red and blue ribbons. The structural alignments showed significant overlap of the

a helices and 3 pleated sheets indicating high structural similarity.
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Appendix 44:The structural sequence alignment between ABCG2 NBD and MlaF

The structural sequence alignment between ABCG2 NBD and MlaF overall RMSD
was2.034, SDM was 41.093, Q score of 0.420.
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Appendix 45:The structural sequence alignment between ABCG8 TM1-5 and MlaE

The structural sequence alignment between ABCG8 TMD1-5 and MlaE overall RMSD was
2.585, SDM was 51.375, Q score of 0.325.
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Appendix 46:The structural alignment between ABCG8 NBD and MlaF

The structure of MlaF is represented in light sea green. ABCG8 NBD represented in forest
green. The structural alignments showed significant overlap of the o helices and 3 pleated

sheets indicating high structural similarity.
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Appendix 47: The structural sequence alignment between ABCG8 NBD and MlaF

The structural sequence alignment between ABCG8 NBD and MlaF overall RMSD was
2.041, SDM was 42.235, Q score of 0.436.

1 1 21 31 41
.................... ...8lymrys

5do7, chain B -1|MLSALKAAEE RGLPKGATPQ DTSGLQDRLF SSESDN. ... ... ]SLYFTYS
EEERERDEEE 1 ... .. ..... . ... ... e e MEQS VANLVDMRDYV

101 m 121 131 141

Consensus .qisstkp R.GqilAIliG pSGiGkaslLL rl1tGgi ... ..ikhGqlli
Conservation
5do7, chain B JQNLSFKV RSLQMLAI[ GCG GRGHGG K. [TKSGQIWI
7CGN, chain E DNISLTVP LKITAIM PSGIGKT RLIGGQIf. .. .APDHGE ILF
151 181
Consensus dGqpip. o cmahIrthq L. c relIA i
Conservation
5do7, chain B 135NKOPSSP e VRK CVAHVRQHNQ PN TV RETLAF AQ
7CGN, chain E SBDKENIF’ AMS HSR YT .|RK RMSMLFQSGA LF DM FDNVA
201 21
Consensus eh.pq.lpgq. a.rhkrvmmk IaaIrLRqa. akrm se... ..LSGGmaRR
Conservation
5do7, chain B 173 FSO RDKRVEDYV IAELRLRQC|A DTRYV|. &NMYV
TOQI.MEHZ TO LPA JLHS TVMMK LEAVGLRGA|. AKLMP
261 291
Consensus aalarqlale PdiiilDqPt quDpiTahv LVK!ISrLak .lgrilcliss
Conservation
Sdo7,chainB 221V - | CVOLLWHN ILILDEPT GLDSFTAHN LVKTLSRLAK JGNRLVLISL
7CGN, chainE 153 AALARA IALE PDLIMFDQPF V\ODP[TMLV LVKLISELNS AILGVTCVVVS
301 3n 321 331 341
Consensus H.prp.ivrs .aDhalimas kkllthaAQ amqaq .n...p .....0.0...
W,dﬂnﬂ 270 PRSDIFRL FDLVLLMTS GTPIYLG AAQ HMVOY TAI .YPCPRYSN.
mdﬂlEZOG DV .JEVLS ADHAWILAD KKIVAHGSAQ ALQA|. Jcocococoooo P
37 381 391
Consensus .p..q .............................................

Wdﬂnﬂ 317 . FY[VDL TSIDRRSREQ ELATREKJAQS LAALFLEKVR DLDDFLWKAE
mmsmn ...................................

164



Appendix 48:The structural sequence alignment between ABCA1 TM1-5 and MlaE

The structural sequence alignment between ABCA1 TMD1-5 and MIlaE overall RMSD was
2.687, SDM was 65.460 and Q score was 0.268.
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Appendix 49:The structural alignment between ABCA1 NBD and MlaF

The structure of MIaE is represented in magenta and ABCAL is represented in cornflour blue
ribbons. The structural alignments showed significant overlap of the o helices and [ pleated

sheets indicating high structural similarity.

Front view Overview
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Appendix 50: The structural alignment of ABCA1 NBD and MlaF

The structural sequence alignment between ABCA1 NBD and MlaF; overall RMSD was

2.057, SDM was 41.434, Q score of 0.421.
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Appendix 51: The structural sequence alignment between ABCG2 TMD and Wzm

The structural sequence alignment between ABCG2 TMD and Wzm; overall RMSD was

2.438, SDM was 51.994, Q score of 0.390.
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Appendix 52:The structural sequence alignment between ABCG2 NBD and Wzt

The structure of Wzt represented in blue and ABCG2 NBD represented green, cyan and blue
ribbons. The structural alignments showed significant overlap of the a helices and [ pleated

sheets indicating high structural similarity.

Side view

Front view

Appendix 53:The structural sequence alignment between ABCG2 NBD and Wzt

The structural sequence alignment between ABCG2 NBD and Wzt; overall RMSD was
2.435, SDM was 55.082, Q score of 0.231.
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Appendix 54:The structural sequence alignment between ABCG8 TMD and Wzm

The structural sequence alignment between ABCG8 TMD and Wzm; overall RMSD was

2.643, SDM was 52.728, Q score of 0.230.
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Appendix 55:The structural alignment between ABCG8 NBD and Wzt

The structure of Wzm represented as blue ribbons in the alignment and ABCGS is

represented as forest green. The structural alignments showed significant overlap of the

a helices and 3 pleated sheets indicating high structural similarity.

Front view

Rotated anticlockwise 90°
from the front view

Appendix 56: The structural sequence alignment for ABCG8 NBD and Wzt

The structural sequence alignment between ABCG8 NBD and Wzt; overall RMSD was

2.161, SDM was 52.816, Q score of 0.213.
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Appendix 57: The structural sequence alignment between ABCA1 TMD1 and Wzm

The structural sequence alignment between ABCA1 TMD1 and Wzm; overall RMSD was
2.389, SDM was 51.624, Q score of 0.326.
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Appendix 58:The structural alignment between ABCA1 NBD1 and Wzm

The structure represented in dark blue is WzmWzt, structure ABCAL is represented in
cornflour blue. The structural alignments showed significant overlap of the a helices and 8

pleated sheets indicating high structural similarity.

Front view Overview

Appendix 59: The structural sequence alignment between ABCA1 NBD1 and Wzt

The structural sequence alignment between ABCA1 NBD and Wzt; overall RMSD was
2.230, SDM was 56.342, Q score of 0.250.

9201 an 921 931 941
ConSeNSUS . . . . . .. h e e e e e e e e e e e cocmeJPEUY  ceoccccccoe cococococooac
Conservation
5xjy, chain A 880|OKRI\EICME EEPTHLKLGV IC] G R 908
6m96,chainA 0 .. ... .. ... .......... IRVFD/ VWKKYKYYKK FPQODRLKEIIF 26
951 961 a7 981 991
Consensus . . ... ... e e WPl .alLeiyk .e.itsilGh ....AGKsTt
Conservation
Sxjy,chainA 909 . . .. .. .. .. DGMKVAV DGL|.[ALNFYE .CITSFL H N ..942
6m96,chainA 27 RKF"FHEELWV LKO[. ... ... INLEIEK E|.VLGIVGP . .NGIAGKS TL|63
1001 1011 1021 1031 1041
Consensus msii.tgle. .yilag Becccceoooo cocooc klgagc p....tgln
Conservation
5xjy, chain A 943.F T TAYIL KDIRHEM\TI RQ. . .NLGVC OH f\VLF985
6m96,chainA 64| LKV [|T|CVTE|. D K Y Hlecceccococ . .RSGKVVGL L .LQT F\J95
1051 1071 1081 1091
Consensus yeLsgeEhly vyAstGLS khikakmEqi aedselL..s. .ks . kk.s.q
Conservation
Sxjy,chainA 986/OML IVEEH W FYARLKGLSE KHVKAEME QM ALDVGLI|P L
6m96,chainA 9| YELSGLENIY VNASLLGLSR REIDEKLESI IEFSEL|. . .[D
1101 11 1121 131 141
Consensus .ys .GMqrklL afaiAihtep kcf.i.Dqat Ag. o c .0.q9q. |
Conservation
Sxjy,chainA 1033 L|& MQRKL SVALAFV S KVV‘I.DEPT ‘VDP 1076
6m96, chainA 142 . MIMRL AFSIAIHTEP ECF|.[I[]IIDQAL AV OO R182
1151 1161 17 1181 191
Consensus Ky . o3l slllss.Hm. daakiLcDRI aii.H..eii ccgs.p..e.
Sx]y,ehlhA 1077KY TI]LSTHHM. DEADVLGDRI AlllS CcCV
6m96, chain A 183 KE SI]FVS.HDM NAVKILCDRA ILLf. K EII EEGS|.
1201 1211 1221 1231 1241
Consensus . . . ... ... .. l..q.yyk ctJooooo0000 ©OOOODOOOOO0 OOOGODOOGOC

Conservation

Sxjy,chainA 1120 NOL[CTCYY[LT . .[L|VKIK].[DVE L|\\CFH\\\ STVSYLKKED SVSQSSSDAG]| 1166
6m96,chainA 227 . . . . ... ... TV[T|. .|QA[YYK 235

171



