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Abstract 

Adenosine triphosphate binding cassette (ABC) transporters form a ubiquitous superfamily 

of integral membrane proteins involved in the translocation of substrates across membranes. 

Substrate translocation is powered by ATP. In this study, four medically important classes 

of ABC transporters were chosen for structural studies: namely, subfamily B, member 5 

(ABCB5), subfamily B, member 6 (ABCB6), subfamily G, member 1 (ABCG1), subfamily 

G, member 4 (ABCG4). A bioinformatics approach was used for ortholog selection of 

representative ABC transporters to improve the process of structure determination. Selected 

orthologs were expressed in Saccharomyces cerevisae with polyhistidine affinity and Green 

Fluorescent protein identification tags and purified in the presence of the detergent, n-

Dodecyl-β-D-Maltoside. A battery of tests was applied to explore the quality of purified 

proteins. An assay using a thiol-specific dye, and intrinsic protein fluorescence was used to 

assess the thermal stability of proteins. ATPase activity, measured in a detergent 

environment, showed that all of the proteins hydrolysed ATP. A membrane thermal shift 

experiment demonstrated that mouse ABCG4 was stabilized by tyrosine kinase inhibitors. 

Mouse ABCG4 was also the subject of cryoEM imaging. Taken together, this project throws 

light on the use of computational tools for target selection before conducting structural 

studies. All target proteins were successfully expressed in yeast. Protein purification showed 

mixed results; however, all proteins could be enriched. All purified protein targets were 

functionally active. The assays could form a platform for screening compounds that stabilise 

the proteins. Stabilized proteins could subsequently go into crystal trials.  
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Chapter 1 

Introduction 

Membrane proteins (MPs) are one of the largest protein families that interact with or are a 

part of, biological membranes. In both prokaryotes and eukaryotes, about 20-30% of all 

genes encode for MPs (Wagner et al., 2006, Almeida et al., 2017, Wallin and Heijne, 1998), 

whereas nearly 23% of the human proteome comprises membrane proteins (Uhlén et al., 

2015). Typically, membrane proteins are classified into two categories i.e. (i) Peripheral 

membrane proteins (PMPs) and (ii) Integral membrane proteins (IMPs) (Uzman, 2001). 

PMPs do not integrate into the membrane, they are loosely attached to the phospholipid 

bilayer or other proteins through non-covalent interactions such as hydrogen bonds or ionic 

bonds; thus they play roles in transportation, anchoring, and cell signalling. Integral 

membrane proteins (IMPs), are embedded in the lipid bilayer and mostly serve as carrier 

proteins, enzymes, and channels. Overall, most significant function of membrane proteins is 

as receptor. As a receptors, MPs enable communication between the cell and the external 

environment by interacting with particular ligands (such as hormones and neurotransmitters) 

(Cuatrecasas, 1974).  

Furthermore, the structural diversity of integral membrane proteins is large, ranging from 

monotopic helical structures to polytopic channels, and they can have both helical structures 

and β-barrels (Figure 1.1). Because of this diversity in the physical and biochemical 

properties, membrane proteins have always been a priority for researchers. Moreover, a 

large number of pharmaceutical drugs (>50%) target membrane proteins (Terstappen and 

Reggiani, 2001a, Davey, 2004). Therefore, a  better understanding           of the structure of 

membrane proteins will help in drug discovery with improved pharmaceutical properties and 

selectivity. 

Figure 1.1: Diagrammatic representation of membrane proteins. (i) Peripheral 

membrane protein (ii) Monotopic IMP (iii) Polytopic IMP alpha helices (iv) Polytopic IMP 

beta sheets. 
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1.1 ABC Transporter Family: Structure and Transport Mechanism 

ATP binding cassette proteins (ABC) form a ubiquitous and diverse superfamily of 

membrane proteins, with examples found in all organisms ranging from prokaryotes to 

higher eukaryotes (Higgins, 1992). The majority of ABC genes encode membrane-bound 

proteins that contribute to the transportation of different types of molecules across organelle 

and cytoplasmic membranes (Higgins, 1992). ABC transporters can be classified as 

exporters or importers, based on the direction of transport relative to the cytoplasm (Dassa 

and Bouige, 2001, Saurin et al., 1999). In addition to import and export functions, ABC 

transporters also function as channels or receptors and contribute to other biological 

processes as well. In prokaryotes, they are either exporters or importers but in eukaryotes; 

only exporters are known (Dassa and Bouige, 2001). ABC genes are necessary for several 

processes in the cell and mutations in these genes contribute to different genetic diseases 

(Table 1.1) (Dean et al., 2001).  

 

Table 1.1: Importance of ABC family. Diseases marked with * are reported on the gene 

card. Other diseases are taken from the Uniprot database. 

 

Protein No of 

Amino 

Acids 

 

Mol.wt 

(kDa) 

Functions Associated Diseases 

ABCA1 2261 254.3 Cholesterol efflux 

onto HDL 
 High-density lipoprotein 

deficiency 1  

 High-density lipoprotein 

deficiency 2  

ABCA2 2436 269.8  Macrophage lipid 

metabolism and 

neural development. 

  Intellectual 

developmental disorder 

with poor growth 

With or without seizures* 

 Acoustic neuroma* 

ABCA3 1704 191.4 Multidrug resistance  Pulmonary surfactant 

metabolism dysfunction 3  

ABCA4 2273 255.9 N-retinylidene-

phosphatidylethanol

amine (PE) efflux 

 Stargardt disease  

 Retinitis pigmentosa 19  

 Age-related macular 

degeneration 

 Fundus flavimaculatus  

 Cone-rod dystrophy 3  
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ABCA5 1642 186.5 A urinary diagnostic 

marker for prostatic 

intraepithelial 

neoplasia (PIN) 

 Hypertrichosis, 

Congenital generalized 

with or without gingival 

hyperplasia* 

 Lysosomal diseases* 

ABCA6 1617 184.3 Macrophage lipid 

homeostasis 

 Autosomal recessive 

congenital ichthyosis* 

ABCA7 2146 234.4 Cholesterol efflux  Alzheimer disease 9  

ABCA8 1581 179.3 Transports certain 

lipophilic drugs 

 Autosomal recessive 

congenital ichthyosis* 

ABCA9 1624 184.4 Might play a role in 

monocyte 

differentiation and 

macrophage lipid 

homeostasis 

 N/A 

ABCA10 1543 175.8 Cholesterol-

responsive gene 
 Donnai-barrow syndrome 

* 

ABCA12 2595 293.2 Might involve in 

lipid homeostasis 

and also has 

implications for 

prenatal diagnosis 

 Ichthyosis, congenital, 

autosomal recessive 4A  

 Ichthyosis, congenital, 

autosomal recessive 4B  

ABCA13 5058 576.2 Inherited disorder 

affecting the 

pancreas 

 Schizophrenia* 

 Stargardt disease* 

ABCB1 1280 141.5 Multidrug resistance  Inflammatory bowel 

disease 13  

 Colchicine resistance* 

ABCB2/

TAP1 

808 87.2 Peptide transport  Bare lymphocyte 

syndrome 1  

ABCB3/

TAP2 

703 75.6 Peptide transport  Bare lymphocyte 

syndrome 1  

ABCB4 1279 141.5 Phosphatidylcholine 

(PC) transport 
 Cholestasis, progressive 

familial intrahepatic, 3  

 Cholestasis of pregnancy, 

intrahepatic 3  

 Gallbladder disease 1  

ABCB5 812 138.6 Melanogenesis  Borna disease* 

 Melanoma* 

ABCB6 842 93.8 Iron transport/ Heme 

synthesis 
 Dyschromatosis 

universalis heredetaria 

(DUH) 
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 Microphthalmia 

 Familial pseudo 

hyperkalemia (FPH) 

ABCB7 753 82.6 Fe/S cluster 

transport 
 Anemia, sideroblastic, 

spinocerebellar ataxia  

ABCB8 718 70.9 Intracellular peptide 

trafficking across 

membranes 

 Abcd syndrome* 

 Anemia, sideroblastic, 

spinocerebellar ataxia* 

ABCB9 766 84.5 Located in 

lysosomes 
 Bile acid synthesis 

defect, Congenital, 5* 

 Bare lymphocyte 

syndrome 1* 

ABCB10 738 79.2 Export of peptides 

derived from 

proteolysis of inner-

membrane proteins/ 

Heme biosynthesis 

 Developmental 

coordination disorder 

 Stereotypic movement 

disorder 

ABCB11 1321 146.4 Bile salt transport  Progressive familial 

intrahepatic cholestasis 

ABCC1 1531 171.6 Drug resistance  Dubin–Johnson 

syndrome* 

 Pseudoxanthoma 

elasticum* 

ABCC2 1545 174.2 Organic anion efflux  Dubin–Johnson 

syndrome 

 Bilirubin metabolic 

disorder* 

ABCC3 1527 169.3 Transport of biliary 

and intestinal 

excretion of organic 

anions 

 Dubin–Johnson 

syndrome* 

 Extrahepatic syndrome* 

ABCC4 1325 149.5 Nucleoside transport  Biliary tract disease* 

 Dubin-Johnson 

syndrome* 

ABCC5 1437 160.6 Nucleoside transport  Primary angle-closure 

glaucoma* 

 Episodic kinesigenic 

dyskinesia 1* 

ABCC6 1503 164.9 Active transport of 

drugs directly or 

indirectly,  

 Pseudoxanthoma 

elasticum  
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 Arterial calcification of 

infancy 

ABCC7/ 

CFTR 

1480 168.5 Chloride ion channel 

(same as CFTR gene 

in cystic fibrosis) 

 Cystic fibrosis 

 Congenital bilateral 

absence of vas deferens  

ABCC8 1581 176.9 Sulfonylurea 

receptor 
  Familial 

hyperinsulinemic 

hypoglycaemia 1  

 Leucine-induced 

hypoglycaemia  

 Transient neonatal 

diabetes mellitus 2  

 Diabetes mellitus 

permanent neonatal  

ABCC9 1549 174.2 Encodes the 

regulatory SUR2A 

subunit of the 

cardiac K+(ATP) 

channel 

 Cardiomyopathy, dilated 

10 

 Atrial fibrillation, 

familial, 12  

 Hypertricotic 

osteochondrodysplasia  

ABCC10 1464 161.6 Multidrug resistance  Borna disease* 

 Abcd syndrome* 

ABCC11 1382 154.3 Drug resistance in 

breast cancer 
 Apocrine gland secretion 

variation in* 

 Lateral sinus thrombosis* 

ABCC12 1359 152.3 Multidrug resistance  Episodic Kinesigenic 

dyskinesia 1* 

 Dubin-Johnson 

syndrome* 

ABCD1 745 82.9 Very-long-chain 

fatty acid (VLCFA) 

transport 

 Adrenoleukodystrophy  

 Hypoadrenocorticism, 

Familial* 

ABCD2 740 83.2 Major modifier locus 

for clinical diversity 

in X-linked ALD (X-

ALD) 

 Adrenoleukodystrophy  

 Zellweger syndrome 

ABCD3 659 75.5 Involved in import 

of fatty acids and/or 

fatty acyl-coenzyme 

into the peroxisome 

 Congenital bile acid 

synthesis defect 5  
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ABCD4 606 68.6 Lysosomal 

transporter 
 Methylmalonic aciduria 

and homocystinuria type 

cbIJ  

ABCG1 678 75.6 Cholesterol transport  Tangier disease* 

 Sitosterolaemia* 

ABCG2 655 72.3 Toxicant efflux, drug 

resistance 
 Uric acid concentration, 

serum, quantitative trait 

locus 1 * 

ABCG4 646 71.9 Macrophage lipid 

homeostasis 
 Abcd syndrome* 

 Sitosterolemia* 

ABCG5 651 72.5 Sterol transport  Sitosterolemia 2  

ABCG8 673 75.7 Sterol transport  Gallbladder disease 4  

 Sitosterolemia 1 

 

Up till now, 48 human ABC genes are characterized. Based on amino acid homology and 

domain organization, these genes are divided into seven subfamilies (A-G) (Dean et al., 

2001). ABC proteins consist of the cytosolic nucleotide-binding domain (NBD), which binds 

and hydrolyses ATP providing energy for transport in most cases. The NBD contains several 

conserved regions i.e. Walker A and B motifs, H and Q loop, and ABC signature motif 

(Higgins and Linton, 2004). Besides NBDs, ABC transporters are also comprised of low 

homology transmembrane domains (TMDs), each contains a number of hydrophobic α- 

helices. The TMD recognizes the substrate and translocate this across the lipid bilayer by 

forming a translocation pore. All NBDs share the same evolutionary origin and mechanism, 

while the amino acid sequence of TMDs differs considerably thus potentially exhibiting 

important differences in molecular mechanism (Higgins and Linton, 2004). ABC 

transporters are classified into two categories (i) Full transporters: comprised of two TMDs 

and two NBDs (ii) Half transporters: which contain only one unique TMD and one unique 

NBD. X-ray structure analysis of bacterial ABC transporters revealed that a minimum of 

two NBDs are needed for ATP binding and hydrolysis suggesting that the half transporters 

assemble as either homo or hetero-dimers to form a functional transporter (Smith et al., 2002, 

Rees et al., 2009, Beis, 2015, Boswell-Casteel et al., 2018). 

Various mechanisms have been proposed for ATP-driven import or export through ABC 

transporters based on the structural data together with biochemical and genetic 

characterizations. One of the first mechanisms proposed was the sequential binding model, 
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where, ATP binding to one NBD triggered ATP hydrolysis at the other NBD i.e. sequential 

ATP binding and hydrolysis provides energy to drive substrate transport (Figure 1.2 A) 

(Senior et al., 1995). This was followed by the “ATP-switch” model, where ATP binding 

alone (not hydrolysis) provides enough energy to drive transport (Figure 1.2 B) (Higgins and 

Linton, 2004). Recently, the “ATP-switch” model has been further modified into variations 

of the “Alternating Access” model. This pathway is initiated with an inward open 

configuration. The substrates bind to ATP-free transporter. The ATP binding provides the 

“power stroke” behind translocation and the transporter moves into a short-lived occluded 

state bound to both ATP and substrate. The first ATP hydrolysis is responsible for outward 

conformation and substrate expulsion, whereas, the second ATP hydrolysis restores the 

transporter to its original form (Figure 1.2 C) (Zou et al., 2009, Zou and Mchaourab, 2009). 

It is still ambiguous whether the ATP molecule binds to NBDs before substrate binding or 

after substrate binding (Locher, 2016, Xu et al., 2022, Wang et al., 2022). 

ABC proteins also have measurable rates of ATP hydrolysis even in a substrate-free basal 

state (Lerner-Marmarosh et al., 1999). Therefore, it would seem that if ABC proteins could 

bind ATP in its ground state, then there would be an inappropriately large amount of ATP 

hydrolysis without any substrate transport, which would be a great loss of cellular energy. 

Perhaps, there are more complex mechanisms that keep the NBDs in a hydrolytically inactive 

state until substrate transport is required. ABCB10 crystal structures trapped in both apo- 

and nucleotide-bound states and recently published data of ABCG1 and ABCD1 support the 

ATP switch model which provides the most consistent explanation to describe the general 

mechanisms of the ABC family (Shintre et al., 2013, Xu et al., 2022, Wang et al., 2022). 

Additionally, it is also possible that the individual subtypes of the ABC family may have 

adapted mechanisms optimized for the transportation of specific substrates in their niche but 

further structural and biochemical data are needed to elucidate the mechanistic details. 
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Figure 1.2: Mechanism of ABC translocation. The color scheme is as TMD1: Red; 

TMD2: Green, NBD1: Blue, NBD2: Yellow, ATP: Light blue; ADP: Pink, Substrate: 

Black. 

A) Sequential binding model. Catalytic site 1 has bound ATP, while catalytic site 2 is 

empty. ATP binding at catalytic site 2 allows hydrolysis at site 1. The conformation switch 

occurs from an inward open to an outward open allowing extracellular substrate release. B) 

ATP-switch model: The transport cycle initiates after binding of substrate to an intracellular 

site on TMDs that increases the NBDs affinity for ATP and facilitates NBD dimer formation. 

Two ATP molecules bind cooperatively. A conformational change from closed inward to 

open outward allows substrate expulsion to an extracellular site. Sequential ATP hydrolysis 

followed by sequential Pi release resets the protein into an open-inward facing conformation. 

C) Alternating access model: Substrate binds to an inward-open conformation like the 

ATP-switch model. Two molecules of ATP bind cooperatively. ABC protein enters into an 

occluded state, sequestering both ATPs and the substrate. Hydrolysis of one ATP drives 

substrate expulsion while the second hydrolysis restores the protein to basal configuration, 

ready to accept another transport ligand molecule.  
 

A) 

B) 

C) 
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The four ABC transporter classes chosen for study in this research are introduced here. 

1.2 ATP Binding Cassette, subfamily B, member 5 (ABCB5) 

ATP binding cassette, sub-family B, member 5 (ABCB5), a full-length transporter is one of 

the 11 members of the B branch of the ABC transporter superfamily (Wilson et al., 2014). 

According to phylogenetic analysis, ABCB5 is most closely related to the other full 

transporters of the ABCB subfamily i.e. multidrug transporter P-glycoprotein (ABCB1), 

phosphatidylcholine transporter (ABCB4), and the bile salt exporter pump (ABCB11) 

(Moitra et al., 2011). The amino acid sequences of ABCB1 and ABCB5 are highly 

homologous; the amino acid similarity is 89.8% (Kawanobe et al., 2012) and the amino acid 

identity is 55.0% (Kawanobe et al., 2012). There are four main isoforms of ABCB5 in 

humans (Moitra et al., 2011) and these distinct ABCB5 isoforms are expressed in several 

tissue types, including, melanocyte, mammary tissue, retinal pigmented epithelium, and 

testis (Frank et al., 2003, Frank et al., 2005, Huang et al., 2004, Chen et al., 2005). Full-

length isoform ABCB5.ts, which is expressed in the human testis, has 1257 amino acids and 

a molecular weight of 138.6 kDa. It is considered a functional transporter and like other 

conventional full-transporters, it contains 2 nucleotide-binding domains (NBDs) and 2 

transmembrane domains (TMDs) (Moitra et al., 2011) (Figure 1.3). The ABCB5 full 

transporter gene is located on chromosome 7p21 and has 28 exons and 141.8 kb of genomic 

DNA (Moitra et al., 2011). 

 

Figure 1.3: Membrane topology of full-length human ABCB5. The full-length ABCB5 

is consist of two TMDs and two cytosolic NBDs connected by a linker region. Each TMD 

consists of six α-helices spanning in and out of the membrane connected by extracellular 

loops and coupling helices (CH). NBD = nucleotide-binding domain; 

TMD = transmembrane domain (Tangella et al., 2021). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/transmembrane-domain
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nucleotide
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ABCB5 is hypothesised to be involved in drug efflux. This was supported by studies 

determining the intracellular accumulation of doxorubicin or Rhodamine 123 in melanoma 

(Frank et al., 2003) and hepatocarcinoma cells (Cheung et al., 2011b, Cheung et al., 2011a). 

Evidence from the literature suggests that blocking ABCB5 at the protein or mRNA level 

can inhibit the transport of the chemotherapeutic drug doxorubicin and can also make 

melanoma and liver cancer stem cells more resistant to the treatment (Frank et al., 2005, 

Arce et al., 2006). It is also suggested that ABCB5 is a marker for the onset of metastatic 

melanoma and that this transporter may play a role in the regulation of progenitor cell fusion 

(Frank et al., 2005, Schatton and Frank, 2008). Additionally, ABCB5 has been found to link 

with leukemia (Lehne et al., 2009) and in several cancer subtypes, such as malignant 

melanoma, hepatocellular carcinoma, breast cancer, and colorectal cancer (Frank et al., 

2005, Schatton et al., 2008, Cheung et al., 2011b, Arce et al., 2006).  

There is no structure of ABCB5 on the Protein Data Bank (PDB), yet. However, based on 

the homology modelling and molecular docking three drug-binding sites have been 

identified in full-length ABCB5 named site-1, site-2, and site-3 (Tangella et al., 2021). The 

proposed site-1 in human ABCB5 contains ~20% aromatic amino acids (namely Phe and 

Tyr), whereas site-2 is comprised of only 4% aromatic amino acids. In site-3, no aromatic 

residues were reported. Relatively more aliphatic nonpolar residues were identified at site-

2. Overall, sites 1 and 2 are primarily made up of positively charged, non-polar, aromatic, 

and aliphatic residues, while site 3 is primarily made up of negatively charged, and polar 

residues (Tangella et al., 2021). 

To date, no comprehensive studies have been carried out regarding the organization, genetic 

variations, mechanism of translocation, and evolution of this transporter, leaving a 

knowledge gap in the field regarding basic questions such as: How is the structure of this 

transporter laid out? Does ABCB5 function as a full transporter or by dimerization of half-

transporter units? Finally, may this transporter's genetic variations have an impact on how it 

functions?  

1.3 ATP Binding Cassette, subfamily B, member 6 (ABCB6) 

ABCB6 gene is also termed as P-glycoprotein related protein (PRP) and MTABC3. It is 

localized on chromosome 2q35.5 (Boswell-Casteel et al., 2018). It encodes an 842 amino 

acid protein i.e. ABCB6. The ATP binding cassette Protein 6 (ABCB6) is a member of the 

B-subfamily of ABC transporters (Higgins, 1992). It was discovered in 1997 when screening 
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was performed to identify novel ABC transporter genes involved in drug resistance 

mechanisms in the liver (Lynch et al., 2009). Two distinct molecular weight forms of ABCB6 

are reported (i) High molecular weight (93KDa) (ABCB6-H) and (ii) Low molecular weight 

(79KDa) (ABCB6-L) (Paterson et al., 2007).   

ABCB6 is a half-transporter that forms a homo-dimer to carry out its function 

(Krishnamurthy et al., 2006, Chavan et al., 2013). ABCB6 consists of the ABC core domain 

and an additional N-terminal TMD that has been termed TMD0 (Figure 1.4) (Krishnamurthy 

et al., 2006, Emadi-Konjin et al., 2002). ABC core domain is comprised of TMD1 (206-557 

A.A) and NBD1 (558-842 A.A). TMD0 (1-205 A.A) is linked to the ABC core domain 

through cytosolic linker Lo. This extra N-terminal domain (TMD0) is unique to ABCB6 

orthologs as it does not show sequence homology to any other protein (Kiss et al., 2015). 

The arrangement order of these domains from N to C terminus is as: TMD0-L0-TMD1-α1-

NBD1 (Figure 1.4). Sequence alignment and transmembrane helix prediction algorithm 

suggest five transmembrane helices in TMD0 (Kiss et al., 2015). ABCB subfamily contains 

seven half transporters and interestingly all of these half transporters are expressed in 

intracellular organelles and have an additional, unique, and long N-terminal segment i.e. 

TMD0 (Tusnády et al., 2006). Deletion of TMD0 does not affect folding, membrane 

insertion, dimerization, ATP binding, and hydrolysis. Thus TMD0 does not play a significant 

role in folding, membrane insertion, and ATP hydrolysis (Kiss et al., 2015). ABCB6 lacking 

TMD0 mostly localizes to the plasma membrane and similar results were obtained for N-

terminally truncated ABCB9 (Demirel et al., 2010). These results suggest that TMD0 is 

important for trafficking. TMD0 is also observed among TAP1, TAP2, and SUR1 (Schrodt 

et al., 2006). TAP1 and TAP2 structures were solved at 6.5Å (Oldham et al., 2016) via cryo-

electron microscopy (cryo-EM) but resolvable electron density was not found for TMD0s, 

which suggests that TMD0 is either flexible or unstructured and functions as a docking site 

for adaptor proteins (Blees et al., 2015). The structure of sulfonylurea receptor 1 (SUR1) 

was recently determined at 5.6Å and 6Å via cryo-electron microscopy (Li et al., 2017, Martin 

et al., 2017). The SUR1-TMD0 is comprised of 5 helices that are stabilized by its interaction 

with an inwardly rectifying potassium channel i.e. Kir6.2 (Martin et al., 2017, Li et al., 2017). 

By knowing, that TMD0 of TAP1/2 interacts with adaptor proteins and TMD0 of SUR1 is 

essential for channel assembly with Kir6.2, one can propose that TMD0 functions as a 

docking site that is stabilized by protein-protein interactions but it is still unknown if ABCB6 

docks with other proteins through TMD0-mediated interactions. To date, there is only one 
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high-resolution structure of full-length ABCB6 on the protein databank (PDB) which 

revealed the translocation mechanism  (Wang et al., 2020a) (Figure 1.5).   

    

 

 

 

 

 

 

 

 

Figure 1.5: The proposed transport mechanism of ATP-binding cassette transporter 

subfamily B, member 6 (ABCB6). (a) Human ABCB6 protein is inward-facing in apo-

state, and cavity-1 is ready to bind substrates from the cytoplasm since cavity-2 is 

substantially smaller than cavity-1 and is sealed by the lid, substrate binding from the 

opposing side is avoided. (b) Stimulated by substrate binding, two ATP molecules bind to 

the NBDs, causing the NBD dimer to close and ABCB6 to the outward-facing conformation. 

After that, the plug and lid are opened, allowing the substrate to move from the smaller 

cavity-1 to the larger cavity-2. (c) When ATP is hydrolyzed, ABCB6 releases substrate from 

cavity-2 to the outside of the cell. The NBDs release ADPs and inorganic phosphate (Pi) into 

the cytoplasm which results the protein to restore to the inward state and prepare for the next 

cycle of substrate transport (Wang et al., 2020a). 

Figure 1.4: Membrane topology of human ABCB6. Transmembrane domain (TMD1) and 
nucleotide binding domain (NBD1) forms ABC core. TMD0 is an extra, unique and long N 
terminal extension (NTE). NBD1 is localized to the cytosolic side. L0 is linker which 
connects TMD0 and TMD1. 
 

TMD0 TMD0 

Substrate 

2 ATP 
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Structures of the isolated nucleotide-binding domain (NBD) of ABCB6 have been solved, 

with X-ray crystallography in the apo- form, ADP bound, ADP+Mg+2, and in complex with 

ATP so far (Figure 1.6) (Haffke et al., 2010). The greatest detail in current ABCB6 structural 

knowledge comes from the X-ray structures of its NBDs. The NBD structure of ABCB6 is 

consistent with the NBD structure of other ABC transporters with sequence similarity 

between 24-40%. NBD of ABCB6 was compared/aligned with NBD of Sav1866, MDRP2 

of P.yoelili (1XCC), P-gp of Mus musculus (5KPI), MsbA, and HylB and observed RMSD 

1.6Å, 1.13Å, 1.2Å, 1.9Å and 1.04Å respectively. Like many other ATPase proteins, the 

ABCB6-NBD has Walker A and Walker B motifs that interact with and hydrolyze 

nucleotides. There is also a highly conserved signature sequence (LSGGQ) that is unique to 

NBDs of ABC proteins. 

Consistent with the NBD structure of other ABC transporters, ABCB6-NBD also consists 

of two lobes i.e. lobe I and lobe II. Lobe I comprised of parallel β sheets (β3, β6, β9, β10, 

β11 and β12), α helices (α2, α3, α8, α9, α10& α11) and anti-parallel β sheets (β1, β2, β4&β5) 

(Figure 1.6). Anti-parallel β sheets are also known as an anti-parallel sub-domain of lobe I 

(Jones and George, 2004). Lobe II consists of α helices (α4, α5, α6& α7). Another long, N-

terminal helix termed as α1 protrudes out from both lobes and functions as a connecting loop 

between NBD and TMD of ABCB6. Comparison with full-length murine P-glycoprotein 

suggested this α1 helix is highly flexible and might represent a hinge region in full-length 

ABCB6. Because of the high flexibility of α1, their movement may prevent the nucleotide-

dependent dimerization of isolated NBD by the blocking monomer-monomer interface 

(Haffke et al., 2010). 

Upon nucleotide binding, several structural changes have been noticed as compared to the 

apo-form. Inward rotation of lobe II with respect to lobe I, distortion and shortening of an 

α1 helix, movement of α2 towards β anti-parallel sub-domain, and rearrangement of certain 

important residues in loop A at the N-terminal region of α2 play a significant role in 

nucleotide binding and hydrolysis. The observed RMSD for inward movement of lobe II of 

ABCB6-NBD of ATP, ADP, and ADP+Mg+2 are 1.49Å, 1.42Å, and 1.28Å respectively. The 

overall structural changes in NBD upon nucleotide binding and slight differences in ATP, 

ADP, and ADP+Mg+2 bound structures suggest that hydrolysis of ATP is linked with 

intramolecular movements and these structural changes are mandatory for the translocation 

of substrates across the membrane (Dawson et al., 2007, Higgins and Linton, 2004, Locher, 

2009). Additionally, Tyr599 of ABCB6 is a highly conserved residue that plays a significant 
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role. It flips over and forms π-π interactions with adenine. Because of the movement of 

Tyr599, Thr606 and surrounding backbone atoms of Glu604 and Leu606 reoriented, as a 

result, the hydrogen bond between β1 and β2 breaks. Adenine is further stabilized by van der 

Waals interactions between the OH group of Tyr640 and N6 of adenine. Hydrogen bonding 

is also observed between Ser630 and β-phosphate moiety and between Thr631 and α-

phosphate moiety. In ATP-bound structure of NBD Arg634 established a hydrogen bond with 

β-phosphate moiety (2.6Å). In contrast, this Arg634 in ADP and ADP+Mg+2 bound 

structures developed van der Waals forces with N7 of adenine (3.9Å& 3.8Å respectively) 

and with α-phosphate moiety (3.9Å& 4.0Å respectively).  

 

   

Figure 1.6: Topology of ABCB6 NBD and general NBD. α helices are represented by blue 
color while β sheets are represented by pink color. Parallel beta strands (β3, β6, β9, β10, β11 
and β12) and anti-parallelβ strands (β5, β4, β1& β2) surround the central helix α2. Helix α1 
extends out and functions as a connecting link between NBD and TMD of ABCB6.  
 

The localization of ABCB6 remains to be determined. ABCB6 was first discovered as an 

energy-dependent porphyrin transporter located in the outer mitochondrial membrane 

(Krishnamurthy et al., 2006) and was later also found in the golgi apparatus (Krishnamurthy 

et al., 2006), in the endo-lysosomal compartment (Bagshaw et al., 2005, Abdul Jalil et al., 

2008), in the plasma membrane (Paterson et al., 2007), in the exosomes released from 

maturing reticulocytes, and in red blood cells (Kiss et al., 2012). The lack of a specific 

targeting signal supports the existence of different intracellular localization. The underlying 

signaling pathway and the biochemical mechanism for cellular and organelle localization of 

ABCB6 is yet to be determined (Boswell-Casteel et al., 2018). Furthermore, whether the 

trafficking pattern of ABCB6 is same in all cells or depends on a particular cell type is still 

unclear. It is supposed that endocytosis takes place which causes the internalization of 
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ABCB6 from the plasma membrane and then distributed to endosomes and lysosomes (Kiss 

et al., 2015). In arabidopsis and tobacco, ABCB6 is found to be localized in the plasma 

membrane (Zhang et al., 2018) while in C. elegans it is reported to be a part of early and late 

endosomes (Kim et al., 2018). In addition to controversial localization data, the function of 

ABCB6 is also unclear. In mitochondria, ABCB6 plays an important role in the transport of 

porphyrins for haem biosynthesis. In the plasma membrane, ABCB6 encodes a rare blood 

group system Langereis (Lan) (Helias et al., 2012). Furthermore, several other functions for 

ABCB6 have been suggested, it provides protection against phenyl-hydrazine and oxidative 

stress and resistance to toxic metals (Cd, Cu & As) (Chavan et al., 2011, Lynch et al., 2009, 

Ulrich et al., 2012). It is found that ABCB6 [alias HMT-1 (heavy metal tolerance factor1)] 

is involved in heavy metals detoxification in many other species (besides humans) namely 

Chlamydomonas reinhardtii, Schizosaccharomyces pombe, Rattus norvegicus, 

Caenorhabditis elegans, and Drosophila melanogaster (Ortiz et al., 1992, Hanikenne et al., 

2005, Vatamaniuk et al., 2005, Paterson et al., 2007, Sooksa-Nguan et al., 2009, Schwartz 

et al., 2010). However, a direct relation of these phenotypic expressions and functions of 

ABCB6 is not well studied. Biochemical studies have revealed that ABCB6 affects the 

antioxidant system by decreasing the levels of reactive oxygen species (ROS). This influence 

is maintained during haem synthesis. One possible mechanism might be to increase the 

activity and stability of catalase. Catalase is an enzyme that converts toxic hydrogen 

peroxide (H2O2) to water. It requires a co-factor haem for its function and stability. So, 

ABCB6 may play a role by providing a co-factor i.e. haem to catalase (Boswell-Casteel et 

al., 2018). Taken together, both the localization and the function of ABCB6 are still debated. 

A number of studies revealed that upregulation of ABCB6 is linked to multiple 

chemotherapeutic resistance. Daunorubicin in acute myeloid leukemia, camptothecin in lung 

cancer, paclitaxel in breast cancer, vincristine, topotecan, paclitaxel, methotrexate, cisplatin, 

and doxorubicin in ovarian cancer showed the development of resistance and drug inefficacy 

(Varatharajan et al., 2017, Yasui et al., 2004, Park et al., 2006, Januchowski et al., 2013). 

However, it is difficult to relate these findings to the mitochondrial porphyrin importing role 

of ABCB6. The current published data highlighted that the plasma membrane ABCB6 can 

also export porphyrins proposing that ABCB6 can export chemotherapeutic drugs too, but 

this has not been directly established. The acquired chemotherapeutic resistance might also 

be linked to ROS generation. These chemotherapeutics induce the formation of ROS (Brea-

Calvo et al., 2009, Focaccetti et al., 2015, Groninger et al., 2002). It is suggested that 
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mitochondrial ABCB6 affects ROS by regulating porphyrin biosynthesis and limiting the 

ability of chemotherapeutics to induce mitochondrial ROS formation, adapting alternative 

mechanisms of drug resistance. However, the underlying mechanisms and potential impact 

remain to be investigated. A recent study of porphyria patients revealed mutations in ABCB6 

as genetic modifiers and are associated with severe symptoms, highlighting the ABCB6 

exporting role during porphyrin overload (Fukuda et al., 2016). ABCB6-null mice showed a 

hematologically normal phenotype at baseline, however, when exposed to porphyrin-

induced stress suffered from an enhanced mortality rate (Ulrich et al., 2012). The missense 

mutations in ABCB6 have been associated with several rare genetic disorders such as ocular 

coloboma, dyschromatosis universalis hereditaria (DUH), and familial pseudohyperkalemia 

(FP). Ocular coloboma, is defined as a missing piece of tissue in structures that form the eye 

such as the retina, iris, optic nerve, or choroid. For example, in iris coloboma, iris is affected. 

DUH is a disorder of abnormal pigmentation and FP is a high level of potassium in the blood. 

(Wang et al., 2012, Zhang et al., 2013, Cui et al., 2013, Andolfo et al., 2013, Andolfo et al., 

2016).  

 

1.4 ATP Binding Cassette Protein sub-family G member 1 (ABCG1) 

ATP binding cassette protein sub-family G member 1 (ABCG1), is a half transporter, with a 

reverse domain order i.e. N-terminal nucleotide-binding domain (NBD) and C-terminal 

transmembrane domain (TMD) in contrast to subfamilies ABCB-ABCD. The functional unit 

is a homodimer, similar to other ABC half-transporters, with two transmembrane domains 

(TMDs) and two NBDs, which bind and hydrolyse ATP for transporting the substrate across 

the membrane (Theodoulou and Kerr, 2015). Full-length human ABCG1 is composed of 678 

amino acid residues and its molecular weight is 75.6 kDa. Human macrophages have been 

found to contain two isoforms of the ABCG1 protein, isoforms 1 and 4. Isoform 1 and 4 

differ in a 12-amino acid stretch which comprises of positively charged residues that is 

present in isoform 1 but absent in isoform 4 (Gelissen et al., 2010). There is evidence that 

the longer isoform 1 has a half-life that is two times shorter than that of isoform 4 (Gelissen 

et al., 2010) most likely because of extra ubiquitination and phosphorylation sites in the 12 

amino acid stretch. (Hsieh et al., 2014, Gelissen et al., 2012). ABCG1 shares a 72% sequence 

identity with ABCG4, a putative sterol transporter  (Bojanic et al., 2010, Oldfield et al., 

2002). When compared to the other three members ABCG2/G5/G8, ABCG1 has a sequence 

identity of just about 30% (Xu et al., 2022). While reports of ABCG1/G4  heterodimers in 
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vitro exist (Cserepes et al., 2004a, Hegyi and Homolya, 2016, Vaughan and Oram, 2005). 

ABCG1 is expressed in a variety of peripheral tissues, but ABCG4 is solely found in the 

brain and the retina, ABCG1 most likely functions as a homodimer (Oldfield et al., 2002).  

ABCG1 as a component of the reverse cholesterol transport (RCT) pathway, regulates the 

homeostasis of sterols in peripheral tissues, preventing the build-up of cholesterol in cells 

and the development of atherosclerotic lesions (Ranalletta et al., 2006, Yvan-Charvet et al., 

2007). Additionally, ABCG1 is also important for the formation of high-density lipoprotein 

(HDL). However, the mechanism of how ABCG1 is involved in HDL formation remains 

unclear. Dysfunction of ABCG1 has been linked with many diseases, including diabetes, 

cardiovascular disease (Sturek et al., 2010), and pulmonary alveolar proteinosis, a lung 

condition marked by inadequate surfactant secretion (de Aguiar Vallim et al., 2017). ABCG1 

is an active lipid transporter and has synergistically linked binding sites for sphingomyelin 

and cholesterol. Furthermore, ABCG1 clears extra cholesterol from perivascular tissues. The 

mechanism underlying ABCG1-mediated cholesterol transportation is unknown.  

ABCG1 has the same fold as other ABCG subfamily members, with the TMDs consisting 

of 6 TM helices and 3 extracellular (EC) loops (Taylor et al., 2017, Lee et al., 2016) (Figure 

1.7). The NBDs and TMDs are connected by a flexible linker that includes the protein 

segment differentiating the two ABCG1 isoforms. The N-terminal part of TM1 forms the 

connecting helix (CnH), while the loop between TM2 and TM3 contacts the NBDs and forms 

the coupling helix (CpH) (Skarda et al., 2021). TM2 and TM5a line the translocation 

pathway (Skarda et al., 2021, Xu et al., 2022). ABCG1 has a shorter EC3 compared with 

ABCG2 or ABCG5/G8, and without N-glycosylation sites. While ABCG1 monomers do not 

form intermolecular disulphide bonds EC3 contains two cysteines that are in sufficiently 

close distance to form an intramolecular bond (Skarda et al., 2021). 

Like ABCG2, two cavities were also found between the TMDs of ABCG1, a larger cavity 

(cavity 1) the substrate binding cavity, that opens to the cytosolic side, and a smaller cavity 

near the extracellular membrane boundary. The two cavities are separated by a hydrophobic 

gate region (Skarda et al., 2021). Cavity 1 has a narrow, slit-like shape and is laterally open 

to the plasma membrane. This would allow a flat polycyclic molecule such as cholesterol to 

enter the cavity, but larger, more globular molecules would be excluded. The proposed 

mechanism of transport of ABCG1 is shown in Figure 1.8. 
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Figure 1.7: Membrane topology of human ABCG1. Showing N- and C-termini, TM 

helices, coupling helix (CpH), the connecting helix (CnH), and the disulfide bridge in EC3. 

The bracket indicates the location of a deletion in the linker region for ABCG1 isoform 4 

(Skarda et al., 2021). 

 

 

Figure 1.8: The proposed transport mechanism of ATP-binding cassette transporter 

subfamily G, member 1 (ABCG1).  State 1: Apo form a resting state of ABCG1, State 2: 

the inward-facing conformation with simultaneous binding of cholesterol and 

sphingomyelin, State 3: the turnover state upon ATP binding State 4: the outward-facing 

conformation with cholesterol passing the Phe-rich gate, State 5: the cholesterol release (Xu 

et al., 2022).  

 

Like ABCG2, ABCG1 has a hydrophobic gate. However, ABCG2 has leucine amino acids 

forming the gate, while, ABCG1 has phenylalanine residues (Phe460, Phe582, Phe583) in 

this region (Xu et al., 2022). In both ABCG1 and ABCG4, the regions forming the binding 

cavity, the membrane entrance, as well as the hydrophobic gate are identical, suggesting that 

ABCG4 and ABCG1 share a similar mechanism of cholesterol recognition and transport. To 
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differentiate between ABCG1 from ABCA1 and ABCG5/G8-mediated cholesterol 

transport, more research is needed on the architectures of these transporters captured in 

different states. 

1.5 ATP Binding Cassette Protein sub-family G member 4 (ABCG4) 

ATP Binding Cassette Protein sub-family G member 4 (ABCG4), is a half-transporter, 

similar to ABCG1, having an N-terminal NBD and a C-terminal TMD (Figure 1.9). ABCG4 

is considered a brain lipid transporter (Yang et al., 2021). In humans, the ABCG4 gene is 

located on 11q23 (Engel et al., 2001) which contains organizations homologous with regions 

of mouse chromosome 9A5.3 and rat chromosome 8 (Serikawa et al., 1998). In this context, 

it is concluded that rat, mouse, and human ABCG4 genes exist in the chromosomal regions 

where a conserved linkage homology has been identified among these species. 

           

Figure 1.9: Membrane topology of ABCG4 transporter (Cserepes et al., 2004b). 

ABCG4 is nearly exclusively expressed in the brain and eye, whereas ABCG1 is widely 

distributed. (Kerr et al., 2011). The transporter is significant in the context of Alzheimer's 

disease since it has recently been discovered to be expressed in the blood brain barrier 

endothelium and implicated in the synthesis and transportation of amyloid β-peptide from 

the brain (Dodacki et al., 2017, Do et al., 2012, Sano et al., 2016). This emphasises how 

important it is to comprehend the transcriptional and posttranslational mechanisms 

controlling this transporter. Understanding the regulation of this transporter is crucial for 

developing new strategies to upregulate its function in brain cells. This transporter has 

previously been demonstrated to be significant in sterol transport in the brain, including the 
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transport of cholesterol and oxysterols. The function, mechanism of action, and localization 

of ABCG4 are all as yet poorly understood which emphasize to explore ABCG4 in more 

depth. 

1.6 Specialized Hosts and Systems for membrane protein overexpression 

To get over-expression of a membrane protein is the first major hindrance in functional and 

structural studies (Tate, 2001). When the MPs show expression in heterologous systems, the 

proteins may prove toxic for the host and are expressed at a low level in a spatially delineated 

membranous environment. They might remain inactive as they are not being folded into 

functional conformation (Miroux and Walker, 1996). To achieve over-expression of a 

protein involves three components: a gene of interest, a vector as a vehicle/carrier, and an 

expression host. The suitable combination of these three elements enhances the quality and 

quantity of protein produced (Bernaudat et al., 2011). 

Recombinant membrane proteins can be expressed in vivo using prokaryotic cells (e.g. E. 

coli and Lactococcus lactis) and eukaryotic cells (mammalian, yeast, insect cells). In 

addition, MPs can also be produced in vitro using cell-free expression systems (e.g., Easy 

Xpress® Kits) (Kubicek et al., 2014). However, each system has its own merits and demerits, 

and the selection of the suitable expression system often remains empirical. Scientists can 

choose from a range of expression systems to meet their needs.  The most widely known 

expression host is a bacterial expression system, particularly E. coli, which is relatively 

simple, needs fewer growth resources, cost-effective, availability of an increasingly large 

number of mutant host strains and cloning vectors, well-characterized genetics, and produces 

a good yield (Terpe, 2006, Basan et al., 2015, Francis and Page, 2010). On the other hand, 

there are drawbacks as well. Contrary to eukaryotic systems, transcription and translation in 

bacterial system are closely connected and occur quickly. Since many eukaryotic proteins 

need more time and the assistance of folding chaperones to fold into their native state, the 

increased rate of transcription and translation frequently results in a pool of partially folded, 

unfolded, or misfolded, insoluble proteins. Furthermore, it is difficult to produce disulfide-

containing proteins effectively due to the reducing environment of the bacterial cytoplasm 

(Oberg et al., 1994). Lastly, bacterial cells lacks the tools necessary to carry out several 

eukaryotic post-translational changes, like glycosylation, which is vital for the production of 

folded, active protein (Schmidt, 2004). 
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Eukaryotic expression systems, like insect (usually Sf9, Sf21) and mammalian cells, are used 

as an alternative to get around these issues. They can give membrane proteins a setting that 

more closely resembles their natural environment. However, cell culture of these systems 

demands advanced tools and abilities in order to monitor and maintain the system efficiently, 

and slow growth rates and medium costs are possibly troublesome for some specific works 

(Andréll and Tate, 2013). Therefore, it is believed that protein expression in yeast can 

address these issues. 

Yeast is a unicellular eukaryotic organism with a high growth rate, less nutritional 

requirements, and facile genetic manipulation, as well as the majority of traits of a higher 

eukaryotic system, such as post-translational modification and secretory expression (Vieira 

Gomes et al., 2018). Several yeast genera, including Saccharomyces, Pichia, Yarrowia, 

Kluyveromyces, Schizosaccharomyces, Zygosaccharomyces, and Hansenula, are frequently 

used for the expression of recombinant proteins. For the expression procedure to be 

successful, choosing a suitable yeast strain is crucial. There are two types of yeast: 

methylotrophic yeasts and non-methylotrophic yeasts (Fernández et al., 2016). It is known 

that methylotrophic yeasts, notably Pichia pastoris, uses methanol as a carbon source and 

grows to very high density in a simple fermentation process resulting in high cell masses. 

Due to their strong and tightly controlled promoters, which are a result of their high 

requirement for methanol oxidising enzymes, methylotrophic yeasts have the benefit of 

being able to express foreign genes of interest stably and effectively (Minjie and Zhongping, 

2013). However, non-methylotrophic yeasts use carbon compounds other than methanol as 

a carbon source, such as glucose. Strong benefits of this kind of yeast include the depth of 

understanding of their genetics, metabolism, and stress response, and the familiarity to 

fermentation process particularly for S. cerevisiae that’s why non-methylotrophic yeasts 

have long been used successfully for the expression of recombinant proteins (Britton et al., 

2011). In S. cerevisiae, human P-gp has been successfully expressed (Mao and Scarborough, 

1997). It was demonstrated that the protein was correctly folded and functional. The protein's 

electrophoretic mobility was said to be the same as P-gp derived from a Sf9 insect expression 

system, according to the authors (Mao and Scarborough, 1997). Thus, it has been 

demonstrated that using a yeast expression system to produce P-gp has the potential to be 

advantageous for subsequent studies in both functional and structural aspects. 

Additionally, it has been demonstrated that the ability to produce ABCG2, CFTR, and 

ABCB5 utilising a yeast expression system is advantageous for later functional and 

structural studies (Huang et al., 1996, Thonghin et al., 2018a, Keniya et al., 2014). For this 
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research work, based on benefits of using yeast expression system for membrane protein 

production, Saccharomyces cerevisae was chosen for the expression and purification of 

selected ATP binding cassette proteins. Comparison of different expression system is given 

in Table 1.2. 

Table 1.2: Comparison of Recombinant Protein Expression system 

 E.coli Yeast Insect cells Mammalian 

cells 

Cell-free 

Average time 

for cell 

division 

30 min 90 min 18 hours 24 hours N/A 

Expression 

cost 

low Low High high high 

Expression 

level 

high Low-high Low-high Low-

moderate 

Low-high 

Advantages Simple, low 

cost, robust, 

high yield 

Simple, low 

cost, post-

translation 

modifications 

Post-

translational 

modifications 

Post-

translational 

modifications, 

Natural 

protein 

configuration 

High yield, 

fast, 

disulphide 

bonded and 

membrane 

proteins 

Disadvantages No post-

translational 

modification, 

production of 

disulphide 

bonded and 

membrane 

proteins is 

difficult 

Glycosylation 

in yeast cells 

is different 

from that in 

human cells, 

Differences in 

lipids 

composition 

of membrane 

Slow, high 

cost 

Slow, high 

cost, lower 

yield 

High cost, 

efficient 

production 

requires 

highly 

specialized 

set up 

Producing recombinant proteins always involves altering the metabolism of the host cell, 

which often slows biomass growth rates. This results from the high maintenance needs for 

the replication of plasmids that have been introduced as well as the resources required for 

the transcription of the target genes. Especially, plasmids with high copy numbers can 

overwhelm the cell and cause a metabolic collapse, which leads in reduced product yields or 
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even cell death. Thus, a good balance of biomass growth and product formation associated 

with unavoidable cell stress has to be found to achieve high productivity. Thus, it is 

necessary to optimise a lot of parameters. This includes vector with appropriate promoter 

system, medium's composition, oxygen availability, growth temperature, and induction 

conditions. It is important to take the characteristics of the target protein and the intended 

downstream application into account when choosing a promoter system. Promoter systems 

with extremely low basal expression levels is useful, if the target protein is toxic for host cell 

(such as a ribonuclease). Alternatively, for maximal protein yield, a strong promoter should 

be selected. Promoters are perhaps the best studied and engineered genetic component in 

many yeast systems due to their vital involvement in the construction of expression cassettes. 

Well-characterized constitutive or inducible promoters with strong transcriptional activity 

are used to achieve overproduction of recombinant protein. Constitutive promoters are 

straightforward and maintain relatively constant levels of expression, whereas inducible 

promoters allow to control gene expression levels in the presence of an inducer. Galactose-

induced GAL1 and GAL10 promoters are frequently utilised in S. cerevisiae; GAL1 

promoter is employed in this study.  

Using a weak promoter is generally not a good idea because it leads to low levels of the 

target gene's transcription and, as a result, low levels of the recombinant protein. Similarly, 

selecting a strong promoter is not always advised because a gene of interest's high transcript 

levels may stress the cell if its protein product activates the Unfolded Protein Response 

(UPR), which results in cell death. Hence, understanding protein toxicity for the host, 

requirements for protein folding, and protein size are critical for selecting the right promoter. 

1.7 Purification of membrane proteins 

When membrane proteins are expressed at an appropriate level, it is essential to separate 

them from the lipid bilayer for purification, before structural analysis and this includes 

typically three steps: 

 Solubilisation 

 Isolation/ Purification 

 Reconstitution 

Soluble protein purification is fairly simple and does not require sophisticated techniques. 

But membrane protein purification is more difficult than soluble protein purification (Smith, 
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2011). The purification process may be affected by a number of variables, necessitating trial 

and error to optimise the methodology. 

1.7.1 Solubilization 

Solubilization is a method in which integral membrane proteins (IMPs) are extracted from 

the membrane. This can be done with the assistance of amphipathic detergents (Seddon et 

al., 2004). Detergents are vital during solubilisation, purification, and crystallization 

processes. Detergents have the ability (due to their amphipathic nature) to extract the IMP, 

by disturbing the lipid bilayer (Linke, 2009). Detergents imitate the phospholipid bilayer by 

surrounding the hydrophobic region of integral membrane protein, producing the protein-

detergent complex (PDC), which is water-soluble. This avoids the aggregation of protein 

after its separation from the natural lipid setting (Moraes et al., 2014). Detergents are broadly 

classified into three categories based on their charge, ionic, non-ionic, and Zwitterionic 

detergents. The chemical nature of ionic detergents makes them less fit for membrane 

proteins (MPs) purification as they can interfere with protein-protein interactions causing 

unwanted denaturation of protein folds (Privé, 2007). Zwitterionic detergents have both 

negative and positive charges on the same head group and thus have overall zero net charge. 

Because of this net zero charge, they are generally less harsh than ionic detergents. Nonionic 

detergents are mostly preferred and widely used for solubilisation. They consist of 

uncharged hydrophilic head groups and are considered mild because they disrupt the protein-

lipid and lipid–lipid bonding instead of disturbing the protein-protein interactions. A general 

rule is detergents with shorter lengths are suitable for solubilisation and crystallographic 

studies, whereas detergents having long chains are appropriate for reconstitution methods 

(Arachea et al., 2012, Moraes et al., 2014). 

The efficiency of a specific detergent to solubilize and extract the membrane protein is 

dependent on its ability to make a micelle. In an aqueous solution, the polar region of the 

detergent    forms hydrogen bonds (H-bonds) with molecules of water, while aggregation of 

the hydrophobic tail occurs due to hydrophobic interactions and gives rise to a structure 

termed a micelle. In general, micelles have a molecular mass of less than 100 kDa and are a 

few nanometers in diameter (Seddon et al., 2004). Critical micelle concentration (CMC) is 

the minimum amount of detergent at which micelles are produced during the process. A 

micelle (ordered cluster or aggregate) is made up of several detergent monomers. Micelles 

have an approximately spherical form, with a hydrocarbon chain inside and amphiphilic 
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monomer polar/ionic moieties on the outside. Many intriguing features of the micelle are 

due to its hydrocarbon interior. A micelle is made up of a precise number of surfactant 

molecules, known as the aggregation number N (Thévenot et al., 2005). The type of 

surfactants, temperature, and electrolytes in an aqueous solution all affect the value of N 

(Hoffman, 1978). The quantity of detergent to be used is of prime importance, as lack of 

detergent can cause aggregation of protein and in excess; detergents can cause protein 

inactivation because of the elimination of lipids important for function. Too much detergent 

can also hinder the crystallization method leading to phase separation (Guan et al., 2006). 

In membrane protein research, the quality of detergent with high purity is always 

recommended and cannot be disregarded. Although nowadays most detergents are 

commercially available and highly pure but researchers should be aware of the purity level. 

In addition, they should have knowledge of different analytical methods through which the 

purity has been checked, e.g. TLC or HPLC. Impurities, if present in detergents can interact 

with proteins during the process of extraction/purification can hamper the crystallization 

procedure. The commonly observed impurities in detergents are peroxides, (α) isomers, and 

hydrophobic alcohols the greater part of which is water insoluble (Moraes et al., 2014). So, 

if cloudiness appears in the detergent solution at a concentration at which it is presumed to 

be soluble, it may be an indication of contaminants. It is recommended to prepare detergent 

solutions before use (fresh), filter, and protect from direct light  (Ashani and Catravas, 

1980). 

1.7.2 Isolation/Purification of Protein 

Isolation of desired protein from cellular proteome is also a crucial step in protein 

purification. The purification procedure splits the protein and non-protein parts of the 

mixture and separates the protein of interest from the remaining proteins. Isolation of one 

specific protein from a remnant is usually the most difficult part of the purification method. 

The pure result is called protein isolate. Generally, separation steps exploit differences in 

physico-chemical properties such as size, biological activity, and binding capabilities.  

Chromatography is a commonly used method for protein purification (Structural Genomics, 

2008). The basic procedure is proteins are loaded on the column are separated based on their 

characteristics. Based on the principle applied to purify the protein, chromatography can 

be size exclusion (separation based on size differences among proteins), ion exchange 
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chromatography (based on charge), affinity chromatography, and high-performance liquid 

chromatography.  

Affinity chromatography is a commonly used method for membrane protein purification. In 

affinity chromatography, the proteins are labelled with affinity tags, bind and elute through 

the columns. Columns are specifically designed to attach the tag residues. Tagged proteins 

bind to the matrix while the rest of the untagged proteins are washed out. Then by using a 

particular elution buffer the desired tagged proteins are eluted out (Labrou, 2014). Proteins 

are tagged with these residues during the cloning step. These days, commercial vectors are 

loaded with affinity tags. The desired proteins are cloned adjacent to these tags and expressed 

in suitable expression systems. 

Today, a variety of protein and peptide affinity tags are available to isolate proteins 

expressed in a heterologous host like E. coli or yeast. In general, an ideal affinity tag has 

following characteristics: 

 can efficiently purify tagged proteins in high yield 

 can be placed at any position (N-terminal, middle, C-terminal) in the protein 

 can be use with any protein without adversely affecting its function 

 can be used to purify protein expressed in any expression system or any host strain 

 binds to and elutes from a resin that is inexpensive, can be regenerated, and possesses 

good flow characteristics.  

Luckily, a number of commercially available affinity tags meet most of these requirements, 

if not all. The selection of an affinity tag clearly depends on the objectives of the specific 

experiment. The most used affinity tag for protein enrichment is the hexahistidine tag (6 His-

tag). The chelated metal ions act as affinity ligands and make it simple to purify His-tagged 

proteins. The benefits of the 6 His- tag are its reduced size, lack of electric charge, low levels 

of toxicity, and immunogenicity. The major drawback of using His-tag is non-specific 

binding. His-tagging produces proteins with good yields from low-cost, high-capacity resins 

and moderate purity from E. coli extracts, but rather poor purification from mammalian cell 

extracts (Lichty et al., 2005). Compared to the polyhistidine tag, the maltose-binding protein 

(MBP) may give a good yield of recombinant protein. However, MBP's drawback is the 

large size and immunogenicity of the affinity tag, which makes any subsequent application 

more challenging. The FLAG tag is hydrophilic, small, detectable by antibodies, and 

unlikely to disrupt protein folding or function. FLAG tag disadvantages include expensive 

cost, sensitivity to high salt concentration, and a very low binding capacity of resin. Another 
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well-known affinity tag is the glutathione S-transferase (GST) tag, which is based on GST's 

high affinity for immobilised glutathione. Because GSTs are a family of multifunctional 

cytosolic proteins present in eukaryotic organisms but typically absent in bacteria, they are 

most appropriate for use in prokaryotic expression. The GST tag has long been used to make 

fusion proteins more soluble in E. coli, just like the MBP tag does (Wang et al., 1999). The 

Strep-tag is an octapeptide that binds to streptavidin (Schmidt et al., 1996). Protein folding 

and bioactivity are not hampered by the strept II tag. With high purification and pure yields 

at a good price, Strep II tag might offer a suitable compromise (Zhao et al., 2013).  

In nutshell, experiments needing large amount of partially purified material in high yields at 

a low cost may find the GST and HIS suitable, whereas FLAG tag may be preferable for 

those experiments demanding small quantities of the highest purity to outweigh their costs 

and limited capacity. The Strep II tag is a short tag that generates high purity material in 

reasonable yields at a reasonable cost, making it a good choice for affinity purification. The 

Strep II tag, but not the HIS or FLAG tags, was demonstrated to interfere with the 

crystallisation of one specific enzyme, hence this is one caution when utilising the Strep II 

tag to purify proteins for protein crystallisation. It is unclear if the Strep II tag has a negative 

impact on protein crystallisation in general because other proteins have been effectively 

crystallised with this tag (Lichty et al., 2005).  

ABC transporter purification was shown by O'Ryan et al in two steps (O'Ryan et al., 2012b). 

In the initial step, the protein was purified using Nickel-Nitriloacetic acid (Ni-NTA) affinity 

chromatography. Next, contaminants and fragmented CFTR were removed using size 

exclusion chromatography (SEC) to produce full-length pure protein. More than 90% 

purification quality was demonstrated using the approach. Mouse and human P-glycoprotein 

was also purified using the same two-step procedure (Thonghin et al., 2018b). Because of 

this, we find that for the protein purification of this study, a combination of HIS and GFP 

tag allows quick capture of tagged protein by nickel resin, followed by polishing/enrichment 

over the size exclusion column. 

1.7.3 Reconstitution of membrane proteins 

The process of restoring an isolated membrane protein into its original form is termed as 

reconstitution. In situ studies of a membrane protein are difficult in their complex 

environment. Therefore, they are separated and purified but the actual structure and function 

cannot be evaluated without a lipid environment (Liao et al., 2006). Therefore, an isolated 

membrane protein is often incorporated into stable artificial lipid membranes such as 
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nanodisc, liposomes, etc. Different membrane mimectic systems are shown in figure 1.10. 

Liposomes are artificial vesicles and to prepare them several methods     have been used i.e 

mechanical, organic solvents, freeze-thawing, and detergents mediated (Szoka Jr and 

Papahadjopoulos, 1980). However, the detergent-mediated method is widely used (Rigaud 

et al., 1995, Seddon et al., 2004). In this method, dried lipids are hydrated in an aqueous 

buffer followed by agitation which induces vesicle formation. Added detergent is 

incorporated into the liposome membrane. To reconstitute the isolated protein, the purified 

protein is mixed with liposome, afterward, the detergent is removed by chemical adsorption 

or dialysis. The liposome and protein rapidly assemble to form proteoliposomes (Rigaud and 

Lévy, 2003). However, proteoliposomes are unstable and it’s tricky to synthesize them in a 

defined controlled size and stoichiometry (Bayburt and Sligar, 2010). 

                          

                                              

Figure 1.10: Different membrane mimectic system. Membrane protein is symbolised as 

purple cartoon block.  

The de-stability associated with the detergent-mediated method can be overcome through 

“Nanodisc technology”. Nanodisc is a soluble phospholipid bilayer at a nanoscale level that 

can co-assemble with integral membrane proteins (IMPs) for structural and biophysical 

studies. Thus, solubilizing membrane proteins (MPs) at the single molecule level offers 

advantages over proteoliposomes in terms of stability, size, and quick access to both sides 

of the phospholipid bilayer. It provides a distinct platform to understand and comprehend 

the function, structure, and pathways of membrane protein (Denisov et al., 2004). In the 

nanodisc method, solubilisation of desired membrane protein is carried out in the presence 

of phospholipids and membrane scaffold protein (MSP) (Bayburt et al., 2002). During the 

detergent removal process, the target membrane protein simultaneously assembles with 
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phospholipids into a discoidal bilayer, the size of which is determined by MSP length. The 

nanodiscs produced consequently keep membrane proteins in solution, giving a native-like 

phospholipid bilayer environment that provides stability to the target protein. Thus, nanodisc 

provides a cassette, rendering membrane proteins soluble at the single molecule levels that 

were initially limited to soluble proteins and enzymes only.  This technique is useful in 

obtaining deep insights into structural and functional investigations  (Ritchie et al., 2009).  

1.8 Structural Analysis 

1.8.1 Small-angle X-ray Scattering (SAXS) 

The practice of X-ray scattering in solution is termed small angle X-ray scattering. SAXS 

is an efficient technique for the analysis of the 3D structure of biomolecules in solution. The 

sample solution should be at µm-mM concentration and monodisperse. The basic principle 

was developed by Guinier in the 1930s with his studies on metallic alloys (Guinier and 

Fournet, 1955). Guinier and Fournet described in the first monograph on SAXS that this 

method besides providing information on size and shape also gives an insight into the 

internal structure of biomolecules (Guinier and Fournet, 1955). Because of the high speed 

of data collection and processing, this method is preferred despite having low to medium 

resolution. Typically, a SAXS experiment is straightforward: X-rays illuminate the sample 

after passing through a collimating system. An X-ray source can be a laboratory source (by 

rotating anode) or synchrotron light which provides a higher X-ray flux. Electron density 

variations in the sample scatter some X-rays away from the primary beam. Scattered 

radiations fall on a detector and generate a radial pattern. Un-scattered radiations are stopped 

by a beam stopper/ blocker to prevent damage to the detector and to reduce the noise 

detection on screen. Scattering of X-rays occurs in an angular isotropic manner and is 

measured relative to the momentum of transfer given as: 

𝑞 =
2(𝜋. 𝑠𝑖𝑛2𝜃)

λ
 

2𝜃 is the angle between the incident and scattered radiation and λ is the wavelength of 

incident radiation (Svergun et al., 2013). The scattering profile can then be analysed using 

various formulae to obtain structural information (Heftberger et al., 2014). 

1.8.2 Electron Microscopy 

Electron microscope uses the beam of electrons to generate the image of the specimen. There 
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are two main differences between the use of X-rays and electrons when probing the structure 

of biomolecules: (i) The scattering cross section is almost 105 times greater for electrons as 

compared to X-rays, so significant scattering is achieved by utilizing electrons for crystals 

or other objects that are 1-10 nm in thickness, whereas scattering of a similar fraction of X 

rays needs 100-500 nm thick crystals. (ii) Since electrons are charged particles that can be 

deflected by a magnetic or electric field which is why it is much easier to focus a beam of 

electrons than X-rays. Electron beams produced in the high voltage field of an electron 

microscope have a 0.015-0.04 Ǻ wavelength that is less than that of X-rays. Therefore, 

theoretically, electrons can achieve resolution far higher than X-rays (Chiu et al., 1999). 

Transmission electron microscopy (TEM) is a frequently used technique for the structure 

determination of macromolecules. During this technique, a specimen is mounted on the grid. 

The grid is then illuminated with the electron beam generated from the electron gun. 

Electrons interact with the atoms of the specimen and are brought into focus on a detector to 

diffract which creates an image. Based on the methods of grid preparation TEM can be 

classified as negative stain electron microscopy (NS-EM) (Brenner and Horne, 1959) and 

cryo-electron microscopy (cryo EM) (Adrian et al., 1984). In NS-EM the sample is coated 

with heavy metal. Heavy atoms of the stain diffract the electron readily to create a better 

contrasting image than the non-stained material (Rubinstein, 2007). However, NS-EM can 

produce image artifacts, structural deformities, and dehydration. Moreover, the use of stain 

also usually restricts the resolution to 20Ǻ (Wang and Sigworth, 2006). 

Cryo-electron microscopy is another form of TEM in which the sample is protected at 

cryogenic temperature. Cooling of the specimen decreases the effect of radiation damage. 

These days, preparatory methods of the desired sample (macromolecules or macromolecular 

complexes) for cryo EM are well described (Murata and Wolf, 2018). Most such methods 

involve cooling of samples at a rate fast enough to permit vitrification i.e. a solid glass-like 

state. Several techniques and freezing devices have been developed for producing uniformly 

thin, vitrified samples. All subsequent steps, up to and including the recording of images in 

the microscope are carried out in         a manner that maintains the sample below -170 °C to avoid 

devitrification, which occurs at -140 °C. This frozen, hydrated native conformation sample 

can then be analysed through a temperature-regulated cryo electron microscope (Saibil, 

2000). The two-dimensional (2D) images are then analysed using the single particle 

analysis method (Rubinstein, 2007). In this method, the 2D micrograph containing several 

images of proteins are classified according to their orientation to the plane. Each class is then 



43 
 

averaged to reduce errors in composite images. Three-dimensional images are constructed 

using the planar angular information of each class. Recently several high-resolution 

structures of membrane proteins have been reported using the cryo-EM technique (Jackson 

et al., 2018a, Taylor et al., 2017, Skarda et al., 2021, Tall and Wang, 2022, Chen et al., 2022). 

1.8.3 X-ray Crystallography 

In 1901, Rontgen discovered X-rays which led to a new era of crystallography. In the early 

1950s, Rosalind Franklin recorded the X-ray fibre diffraction pattern of DNA. In 1952, two 

scientists James Watson and Francis Crick used that   data to determine the double helical 

structure of DNA (DeMaria, 2003). Later, Kendrew et al used crystallography to reveal the 

structure of myoglobin of sperm whale (Kendrew et al., 1958). In 1985, X-rays were first 

time used for structure determination of membrane proteins. For many years, this was the 

primary method for obtaining high-resolution crystal structures of membrane proteins; 

however, after advancements in transmission electron microscopy, X-ray crystallography 

has become less popular (Smyth and Martin, 2000, Thonghin et al., 2018c, Goldie et al., 

2014). 

The purpose of X-ray crystallography is to get a three-dimensional (3D) structure of 

protein/biomolecules from a crystal. During crystallography, purified proteins are 

crystallized in a 3D lattice. Before moving to the next step, it should be checked whether 

crystals contain the target protein or not. After confirmation, X-rays are bombarded on the 

crystal which is placed on the gonimeter. A specific diffraction pattern is measured. These 

diffraction patterns create spots of different intensities that are recorded on a detector, which 

gives information about structure factors for the calculation of an electron density map. The 

wave that reaches the detector has a particular phase and amplitude that results from the 

addition of individual scattering factors from all atoms in a unit cell, which each have their 

own      phase and amplitude. Unfortunately, each reflection measured during the diffraction 

experiment tells us the amplitude but not the phase. There are different ways to solve phase 

problem i.e. direct method, multiple isomorphous replacement (MIR), multiwavelength 

anomalous dispersion (MAD), and molecular replacement. The direct method is used to 

solve phase problems of small and medium-sized proteins. Missing phase information is 

obtained from mathematical relationships between structure factors. MIR and MAD are used 

for larger proteins while the molecular replacement method is used for a molecule that is 

similar to another whose    structure is known. In MIR, by introducing a known change e.g. 
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heavy atom to unit cell diffraction pattern is recorded. On the other hand, in MAD, X-ray 

beamline is used at synchrotrons to record altered diffraction intensities at a number of X-

ray wavelengths. After computing phases, an electron density map can be calculated. By 

refinement, the quality of the electron density map can be enhanced. The refined map is used 

to identify the structure of the protein. The discovered protein structure is built into the map 

as represented by a PDB (protein data bank) file (Smyth and Martin, 2000). 

Getting crystals of suitable quality is a critical rate-limiting factor for membrane proteins 

and is least well-understood. Because of this, only a few membrane protein structures have 

been determined (Lacapere et al., 2007). Generally, it is difficult to crystallize a glycosylated 

protein and proteins having flexible domains (Rossman et al., 1985). It is considered that 

high purity of proteins increases the chance of crystal growth. Crystals are brittle and 

vulnerable to radiation damage during data collection because of the solvent molecules that 

are present in them. Crystal freezing provides a solution to this radiation damage. In this 

method, protein crystals are dipped in a “cryo-protectant” solution. Vitrified water instead 

of ice is formed when the crystal is cooled. Cryo-crystallography offers another edge by 

providing complete data set from a single crystal and results in high-quality resolution 

diffraction data, thus gives more precise structural information  (Ilari and Savino, 2008). A 

comparison of these three techniques is given   in table 1.3. 

Table 1.3: Comparison of SAXS, cryo-EM, and X-ray crystallography 

Technique Sample Advantages Limitations 

SAXS Solution Structure analysis at nearly 

native conditions 

Few kDa-100 MDa 

(wide range) 

Low resolution 

Cryo EM Vitrified 

solution 

Minimum sample required 

Direct visualization of 

particle   shape and symmetry 

Difficult for MM  less than 

200 kDa. 

X-ray 

Crystallography 

Crystal High resolution Crystal formation 

Flexible protein parts are 

difficult to resolve. 

Crystal packing  forces may 

also   affect the structure. 
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1.10 Aims and Objectives of this project 

Membrane proteins are recognised as potential future therapeutic targets because they 

regulate a variety of biological activities. One class of membrane protein is ATP binding 

cassette transporters (ABC family) which is superfamily of integral membrane protein, 

however, our understanding of how the ABC transporter family functions is still limited, 

especially from a structural biology point of view. Thus this study was aiming to obtain high-

resolution structures of under-represented ABC transporters of medical interest. 

Bioinformatics was employed to choose the best orthologs of human ABC transporters as 

crystallisation target. But by the end of PhD stage, 3D crystallisation was taking a lesser role 

for selected protein targets than cryo-EM, hence cryo-EM was employed for these aims. 

Biochemical and biophysical assays were also carried out to add additional information to 

support structural studies. If the goals are met, ABC protein models could be proposed.  

Ultimately, future research based upon this finding, for example pharmacotherapy research 

and structure-based drug design could help in disease treatments. 

The explicit objectives of this research project were therefore as follows: 

 Screening of orthologs of ABC family members based on the protein sequences to 

find target proteins with a good chance of obtaining high-resolution structure 

information. 

 Based on bioinformatics assessment: subsequent design synthesis, and cloning of 

ABC genes which have a high probability of solubilisation, purification, and 

crystallisation. 

 Expression of ABC genes in the Saccharomyces cerevisiae, a yeast expression 

system  

 Protein purification from the Saccharomyces cerevisiae 

 Low-resolution structural studies for basic characterization i.e. SAXS & negative 

stain EM on target proteins 

 Biochemical and biophysical assays to validate structural studies 

 Crystal trials on target proteins or Cryo-electron microscopy studies of purified target 

proteins 
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Chapter 02 

Materials and Methods 

In this chapter, the materials, methods, and procedures used in this study are all described in 

detail. Glassware, equipment, and different chemicals were purchased from various 

manufacturers and suppliers, details of which are provided below. 

2.1 Chemicals 

Chemicals Suppliers 

Acetic acid Fischer Scientific 

Agar Formedium 

Amino ethyl benzene sulfonyl fluoride 

(AEBSF) 

Sigma-Aldrich 

Ammonium persulphate (APS) Fischer Scientific 

Bacto-yeast extract Formedium 

Bacto-peptone Formedium 

Bestatin Sigma-Aldrich 

40% Bis/acrylamide solution SERVA 

Bradford reagent Sigma-Aldrich 

Bromophenol blue Sigma-Aldrich 

Chymostatin Sigma-Aldrich 

Cholestrol hemisuccinate (CHS) Sigma-Aldrich 

Coomassie blue G250 Fischer Scientific 

D-Glucose Fischer scientific 

D-Galactose Fischer scientific 

Dithiotheitol Sigma-Aldrich 

Ethylenediaminetetraacetic acid (EDTA) Fischer Scientific 

Epoxysuccinyl-leucylamido-butane Sigma-Aldrich 
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Glycerol Fischer scientific, 99.5 % 

Glycine Sigma-Aldrich 

Imidazole Fischer Scientific 

Lithium acetate (LiAc) Fischer scientific 

Magnesium chloride Sigma-Aldrich 

Methanol Fischer Scientific 

n-Dodecyl-β -D-maltoside (DDM) Anatrace 

PageRuler Plus pre-stained Protein ladder Fermentas 

PEG-3500 Sigma-Aldrich 

Pepstatin A Sigma-Aldrich 

Phenyl methane sulfonyl fluoride (PMSF) Sigma-Aldrich 

Sodium dodecyle-sulphate Fischer Scientific 

Sodium chloride (NaCl) Fischer Scientific 

Sodium orthovanadate Sigma-Aldrich 

Sucrose Fischer Scientific 

Tetra methyl ethylene diamine (TEMED) Bio-Rad 

Tris-base Fischer Scientific 

TNP-ATP Tocris Bioscience 

Tween-20 Sigma 

Uracil dropout supplement Formedium 

Glass beads, 425-600 µm, unwashed  Sigma-Aldrich 

Uranyl acetate Agar Scientific 

Yeast Nitrogen Base (YNB) Sigma-Aldrich 
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2.2 Laboratory instruments and Consumables 

Consumables/ Instruments Company 

AKTA FPLC GE Healthcare Life Sciences 

Avanti J26S XP Beckman Coulter 

Bead beater Biospec 

Bioreactor Applikon 

Carbon coated 300 nickel mesh grid Agar Scientific 

Fluorometer Cary Eclipse 

Glacios cryo-EM ThermoFisher Scientific 

His Trap column Generon 

JLA8.1 8000 rpm rotar Beckman 

K100X glow discharge system Quorum Technologies 

Optima XE90 ultracentrifuge Beckman Coulter 

Optima Max-XP ultracentrifuge Beckman Coulter 

Quantifoil 1.2/1.3 Cu grids Agar Scientific 

SepFast TM SEC 6-6000KDa Generon 

Ti-45 45000 rpm rotar Beckman 

TLA120.1 rotar Beckman 

Uncle spectroscopic system Unchained Lab 

Viva spin concentrators Millipore 

VitroBot Mark IV ThermoFisher Scientific 

96 well plate reader (flurometer) Biotek 

2.3 Media 

In our experimental work, all media were prepared in distilled water and sterilized by heating 

in an autoclave oven at 121 °C for 15 minutes.  
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Media 
Chemical composition 

SOC 
2% tryptone, 0.5% yeast extract, 2.5mM KCl, 10mM 

NaCl, 10mM MgCl2, 10mM MgSO4, 20mM Glucose 

LB (Luria broth) 1% Bacto-tryptone, 0.5% Bacto-yeast extract, 1% NaCl 

LB Agar 1% Bacto-tryptone, 0.5% Bacto-yeast extract, 1% NaCl, 

2% Agar 

YNB agar 0.69% YNB, 0.077% uracil dropout supplement, 2% agar, 

2% glucose 

YNB media 0.69% YNB, 0.077% uracil dropout supplement, 0.2/2% 

glucose 

YPD Broth 
Yeast peptone dextrose: 10g/L yeast extract, 20g/L 

peptone, 20g/L dextrose or glucose 

YPD Agar YPD broth + 15g/L agar 

2.4 Buffers 

Microsomes preparation   

B6- Lysis buffer  300mM Tris-HCl (pH 7.4), 0.56M sorbitol, 1mM EDTA 

B6- Solubilization buffer 

(without detergent) 

50mM Tris-HCl (pH 7.4), 10% glycerol, 1mM DTT 

B6- Solubilization buffer 

(with detergent)  

50mM Tris-HCl (pH 7.4), 20% glycerol, 1mM DTT, 2% 

DDM 

B5-Lysis buffer 0.25M Tris-HCl (pH 7.8), 0.25M sucrose, 1mM EDTA, 

2mM DTT 

B5- High Salt buffer 50mM Tris-HCl (pH 7.8), 500mM NaCl, 10% glycerol 

B5-Solubilization buffer 

(without detergent) 

50mM Tris-HCl (pH 8), 150mM NaCl, 10% glycerol 
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B5- Solubilization buffer 

(with detergent) 

50mM Tris-HCl (pH 7.8), 500mM NaCl, 10% glycerol, 

2% DDM, 0.02% CHS 

G1/G4-Lysis buffer 0.25M Tris-HCl (pH 7.6), 0.25M sucrose, 1mM EDTA, 

2mM DTT 

G1/G4- High Salt buffer 50mM Tris-HCl (pH 7.6), 500mM NaCl, 10% glycerol 

G1/G4-Solubilization 

buffer (without detergent) 

50mM Tris-HCl (pH 7.6), 150mM NaCl, 10% glycerol 

G1/G4- Solubilization 

buffer (with detergent) 

50mM Tris-HCl (pH 7.6), 500mM NaCl, 10% glycerol, 

2%DDM, 0.02% CHS 

Ni-NTA purification 

B6 Purification buffer A 50mM Tris-HCl (pH 8), 20% glycerol, 0.1% DDM, 1mM 

DTT 

B6 Purification buffer B 50mM Tris-HCl (pH 8), 20% glycerol, 0.1% DDM, 1mM 

DTT, 1M Imidazole 

B5 Purification buffer A 50mM Tris-HCl (pH 7.8), 150mM NaCl, 10% glycerol, 

0.1% DDM, 0.01% CHS, 1mM beta- Mercaptoethanol 

B5 Purification buffer B 50mM Tris-HCl (pH 7.8), 150mM NaCl, 10% glycerol, 

0.1% DDM, 0.01% CHS, 1mM beta- Mercaptoethanol, 

500mM Imidazole 

G1/G4 Purification buffer 

A 

50mM Tris-HCl (pH 7.6), 150mM NaCl, 10% glycerol, 

0.1% DDM, 0.01% CHS, 1mM beta- Mercaptoethanol 

G1/G4 Purification buffer 

B 

50mM Tris-HCl (pH 7.6), 150mM NaCl, 10% glycerol, 

0.1% DDM, 0.01% CHS, 1mM beta- Mercaptoethanol, 

500mM Imidazole 
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Size exclusion column (SEC) 

B6 SEC Buffer  50mM Tris-HCl (pH 8), 20% glycerol, 0.1% DDM, 1mM 

DTT 

B5 SEC Buffer  50mM Tris-HCl (pH 7.8), 10% glycerol, 0.1% DDM, 

0.01% CHS 

G1/G4 SEC Buffer  50mM Tris-HCl (pH 7.6), 4% glycerol, 0.1% DDM, 

0.01% CHS 

SAXS buffer 

 

50mM Tris-HCl (pH 7.6), 150mM NaCl, 4% glycerol, 

0.025% DDM, 0.005% CHS 

Agarose gel electrophoresis 

1X TAE buffer 
 

40mM Tris-HCl (pH 7.6), 20mM acetic acid, 1mM EDTA 
 

TE buffer 10mM Tris-HCl (pH 8), 1mM EDTA (pH 8) 

SDS-PAGE 

10X Running buffer 250mM Tris-HCl (pH8), 1.92M glycine, 1% SDS 

1X Running buffer 25mM Tris-HCl (pH 8), 192mM glycine, 0.1% SDS 

Resolving buffer 1.5M Tris-HCl (pH 8.8), 0.4% SDS 

Stacking buffer 0.5M Tris-HCl (pH 6.8), 0.4% SDS 

2X lamelli buffer 0.125M Tris-HCl ((pH 6.8), 4% SDS, 20% glycerol, 

0.004% bromophenol blue, 10% 2-mercaptoethanol 

6X lamelli buffer 0.375M Tris (pH 6.8), 12% W/V SDS, 60% V/V glycerol, 

0.6M DTT, 0.06% bromophenol blue, 0.5ml aliquot, stored 

at -20oC 
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Western blotting 

1X Transfer buffer 25mM Tris-HCl (pH 8.3), 192mM glycine, 20% methanol 

10X TBS 200mM Tris-HCl (pH 7.8), 1.5M NaCl 

TBST 20mM Tris-HCl (pH 7.8), 150mM NaCl, 0.1% tween 

Blocking buffer 5% dry milk in TBST buffer  

Colloidal coomassie stain  0.02% G250, 5% Aluminium sulfate, 10% ethanol, 2% 

orthophosphoric acid  

Destaining solution  10% ethanol, 2% orthophosphoric acid 

Protease Inhibitor 

Cocktail (100X) 

20mM AEBSF, 600μM bestatin, 400mM chymostatin, 

700μM E-64, 2mM leupeptin, 1.5mM pepstatin A, 100mM 

PMSF in dry DMSO plus 300mM benzamidine in d.H2O 

ATPase assay 

Buffer A 12 % (w/v) SDS 

Buffer B 1 % (w/v) ammonium molybdate 

Buffer C 1M HCl 

Buffer D 2 % (w/v) sodium citrate, 2 % (w/v) sodium metaarsenite, 1 

% (v/v) acetic acid in dH2O  

Buffer E 6 % (w/v) ascorbate in 1 M HCl  

Buffer F Freshly prepared (1 : 1 mixture of buffer B and buffer E) 

ATPase buffer 50mM Tris-HCl (pH 7.4), 150mM NH4Cl, 5mM Mg2SO4  

ATP stock 5mM in ATPase buffer 

2.5 Yeast cells 

Saccharomyces cerevisiae FGY217 yeast cells [MATα ura3-52 lys2Δ201 pep4Δ] were 

kindly provided by David Drew’s lab at Imperial College London. For this study, yeast 

glycerol stock stored at -80 °C was used for transformation. FGY217 yeast cells cannot 

synthesize uracil (URA3 knockout) and have a pep4 deletion which inhibits the expression 
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of the yeast vacuolar proteinases (Woolford et al., 1986). As a result, decreased degradation 

and improved expression of membrane proteins have been reported in this strain (Newstead 

et al., 2007). This yeast cell line has been used to express numerous eukaryotic membrane 

proteins for purification and crystallization (Drew et al., 2006). 

2.6 Expression vector 

The p424GAL1 expression vector was kindly provided by David Drew’s lab at Imperial 

College London. For this research work, p424GAL1 plasmid DNA stored at -80 °C was 

used. This plasmid carries a URA3 gene as a selective marker and the GAL1 promoter 

(inducible by galactose). There is also a C-terminal tobacco etch virus (TEV) cleavable site, 

GFP-fusion tag that is codon-optimized for expression in yeast and is followed by an 8-His 

tag (Drew et al., 2006). The GFP fluorophore has peak excitation at a wavelength of 488 nm 

and an emission of 512 nm. 

2.7 Constructs 

Four ATP binding cassette genes have been synthesized. 

1. Mouse ABCB5 (mABCB5)  

2. Giant panda ABCB6 (gpABCB6) 

3. Little brown bat ABCG1 (bbABCG1) 

4. Mouse ABCG4 (mABCG4) 

ProteoGenix, a life sciences company, synthesized all of the constructs (15 rue de la Haye, 

67300, Schiltigheim, France). All of the protein sequences were taken from Uniprot 

database, reverse translated, and were codon-optimised for expression in Saccharomyces 

cerevisiae (Bai et al., 2011). All genes have a Yeast-like Kozak sequence, AAAACA, 

inserted before the start codon (ATG). The primary structure of the encoded protein was a 

determining factor in construct design. In ABCB5 and ABCB6 the transmembrane domain 

(TMD) is located at the N-terminus of the proteins, while the nucleotide-binding domain is 

located at the C-terminus, which is why tags were added at C-terminus. However, ABCG1 

and ABCG4 have reverse topology, meaning that TMD is at the C-terminus while NBD is 

at the N-terminus, which is why tags were added at the N-terminus. In summary, the mouse 

ABCB5 gene and giant panda ABCB6 gene were introduced into the p424GAL1 expression 

vector between 5' BamH1 and 3' Xma1/ Sma1, downstream to galactose (GAL1) inducible 

promoter and upstream to GFP and 8His tag. Similarly, the ABCG1 and ABCG4 genes were 
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cloned under the galactose promoter using 5' BamH1 and 3' EcoR1 restriction sites. 8His 

and GFP tags, as well as TEV sites, were added to the ABCG1 and ABCG4 sequences at the 

N-termini. The TEV cleavage site, GFP, and 8His tags of the p424GAL1 vector were 

removed by restriction digestion with BamH1 and EcoR1 (Figure 2.1) (Table 2.1).  
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Figure 2.4: Cloning of mABCB5, gpABCB6, bbABCG1, and mABCG4 into p424GAL1 

vector, a yeast expression vector. The vector harbors the uracil selection marker (URA3) and 

ampicillin-resistant gene (Amp) (Adopted from David Drew paper). 
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2.8 Methods 

2.8.1 Bioinformatics 

2.8.1.1 TMCRys screening 

TMCrys is a freely available artificial intelligence (AI) server that predicts the likelihood of 

membrane protein crystallisation success (Varga and Tusnády, 2018). A total of 487 

orthologs of the ATP binding cassette family (subfamilies ABCBA to ABCBD and 

subfamily ABCBG) were screened by TMCrys. Protein sequences were obtained from the 

Uniprot database and uploaded to the TMCrys server. The output of TMCrys was recorded, 

which was then evaluated and orthologs with high crystallisation score were selected for 

high-resolution structural studies. Moreover, a correlation graph between purification and 

crystallisation score was also plotted. 

2.8.1.2 Homology Modeling 

In this study, MODELLER 9.24 was used for homology modeling of all target proteins (ŠAli 

and Overington, 1994). The process of homology modelling consists of template selection, 

target-template alignment, model building, and model evaluation (Eswar et al., 2006). For 

selection of the templates, PSI-BLAST search against Protein Data Bank (PDB) was 

performed (Altschul et al., 1997) . The PDB file of each template was downloaded from 

PDB. The multiple alignment and alignment of target protein sequence to the template 

sequence was performed using the slign() command in MODELLER. The model of a target 

sequence was generated based on the alignment against the multiple templates using the 

“model-mult.py” file and the model was evaluated by Discrete optimized potential energy 

(DOPE) score (Eswar et al., 2006) using the “evaluate-model.py” file. At the end of the 

execution, a log file was created. MODELLER always produces a log file. Errors and 

warnings in log files can be found by searching for the _E> and _W> strings, respectively 

(Webb and Sali, 2016). 

 Basic phython scripts were downloaded from the tutorial and modified according to target 

proteins.  

2.8.1.2.1 Script 1 for Multiple Alignment 

from modeller import * 

 

log.verbose() 
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env = environ() 

env.io.atom_files_directory = './:../atom_files/' 

 

aln = alignment(env) 

for (code, chain) in (('5do7', 'A'), ('5nj3', 'A'), ('6eti', 'A'), ('6hbu', 'A'), 

('6hco', 'A')): 

    mdl = model(env, file=code, model_segment=('FIRST:'+chain, 'LAST:'+chain)) 

    aln.append_model(mdl, atom_files=code, align_codes=code+chain) 

 

for (weights, write_fit, whole) in (((1., 0., 0., 0., 1., 0.), False, True), 

                                    ((1., 0.5, 1., 1., 1., 0.), False, True), 

                                    ((1., 1., 1., 1., 1., 0.), True, False)): 

    aln.salign(rms_cutoff=3.5, normalize_pp_scores=False, 

               rr_file='$(LIB)/as1.sim.mat', overhang=30, 

               gap_penalties_1d=(-450, -50), 

               gap_penalties_3d=(0, 3), gap_gap_score=0, gap_residue_score=0, 

               dendrogram_file='5do7_5nj3_6eti_6hbu_6hco.tree', 

               alignment_type='tree', # If 'progresive', the tree is not 

                                      # computed and all structues will be 

                                      # aligned sequentially to the first 

               feature_weights=weights, # For a multiple sequence alignment only 

                                        # the first feature needs to be non-zero 

               improve_alignment=True, fit=True, write_fit=write_fit, 

               write_whole_pdb=whole, output='ALIGNMENT QUALITY') 

 

aln.write(file='5do7_5nj3_6eti_6hbu_6hco.pap', alignment_format='PAP') 

aln.write(file='5do7_5nj3_6eti_6hbu_6hco.ali', alignment_format='PIR') 

 

aln.salign(rms_cutoff=1.0, normalize_pp_scores=False, 

           rr_file='$(LIB)/as1.sim.mat', overhang=30, 

           gap_penalties_1d=(-450, -50), gap_penalties_3d=(0, 3), 

           gap_gap_score=0, gap_residue_score=0, dendrogram_file='1is3A.tree', 

           alignment_type='progressive', feature_weights=[0]*6, 

           improve_alignment=False, fit=False, write_fit=True, 

           write_whole_pdb=False, output='QUALITY') 

 

2.8.1.2.2 Script 2 for Alignment of target protein sequence to the template sequence 

 

from modeller import * 

 

log.verbose() 

env = environ() 

 

env.libs.topology.read(file='$(LIB)/top_heav.lib') 

 

# Read aligned structure(s): 

aln = alignment(env) 

aln.append(file='5do7_5nj3_6eti_6hbu_6hco.ali', align_codes='all') 

aln_block = len(aln) 

 

# Read aligned sequence(s): 

aln.append(file='qseq1.ali', align_codes='qseq1') 

 

# Structure sensitive variable gap penalty sequence-sequence alignment: 

aln.salign(output='', max_gap_length=20, 

           gap_function=True,   # to use structure-dependent gap penalty 

           alignment_type='PAIRWISE', align_block=aln_block, 

           feature_weights=(1., 0., 0., 0., 0., 0.), overhang=0, 

           gap_penalties_1d=(-450, 0), 

           gap_penalties_2d=(0.35, 1.2, 0.9, 1.2, 0.6, 8.6, 1.2, 0., 0.), 

           similarity_flag=True) 

 

aln.write(file='qseq1-mult.ali', alignment_format='PIR') 

aln.write(file='qseq1-mult.pap', alignment_format='PAP') 
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2.8.1.2.3 Script 3 for Model building 

 
from modeller import * 

from modeller.automodel import * 

 

env = environ() 

a = automodel(env, alnfile='qseq1-mult.ali', 

              knowns=('5do7A','5nj3A','6etiA','6hbuA','6hcoA'), sequence='qseq1') 

a.starting_model = 1 

a.ending_model = 5 

a.make() 

 

2.8.1.2.4 Script 4 for Model evaluation 

from modeller import * 

from modeller.scripts import complete_pdb 

 

log.verbose()    # request verbose output 

env = environ() 

env.libs.topology.read(file='$(LIB)/top_heav.lib') # read topology 

env.libs.parameters.read(file='$(LIB)/par.lib') # read parameters 

 

# read model file 

mdl = complete_pdb(env, 'qseq1.B99990001.pdb') 

 

# Assess all atoms with DOPE: 

s = selection(mdl) 

s.assess_dope(output='ENERGY_PROFILE NO_REPORT', file='qseq1.profile', 

              normalize_profile=True, smoothing_window=15) 

 

2.9 Preparation of p424GAL1 vector before cloning 

2.9.1 Design of oligonucleotides 

A206K mutation was introduced into the GFP gene of the p424GAL1 vector to prevent GFP 

dimerization (Shaner et al., 2007, Shaner et al., 2005). Primers were designed, sequences are 

given in table 2.1. 

Table 2.1: Primer sequences 

 

2.9.2 A206K site-directed mutagenesis 

A206K site-directed mutagenesis PCR was performed using a high fidelity polymerase 

enzyme. A PCR reaction was set up as shown in Table 2.2. Conditions used for PCR are 

given in table 2.3. Cycles of the PCR system were set up to 15 to be able to get the 

product (Munteanu et al., 2012). Kinase, ligase, and DpnI (KLD) treatment was carried out 

Primer Code Position Sequence (5' - 3') 

A206K-F Forward CTCAATCTAAGCTTTCCAAAGATCCAA 

A206K-R Reverse CTTTGGAAAGCTTAGATTGAGTGGAT 
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after amplification, these enzymes together allowed rapid circularization of PCR product and 

removal of template DNA (DeCero et al., 2020) (Table 2.5). 

 

Table 2.2: Reaction set up of PCR 

 

 

 

 

 

These reagents were mixed by pipetting and incubated at room temperature for 5 minutes 

before the transformation. 

2.9.3 Transformation of A206K mutated p424GAL1 expression vector into competent 

E.Coli cells 

The transformation of the PCR product was carried out by the heat shock method. 50 µl of 

DH5α cells and 5 µl of KLD mixture (section 2.9.2) were mixed in a pre-chilled tube by 

pipetting 4-5 times and kept on ice for 30 minutes and then heat shocked for 30 seconds at 

42 °C in a water bath. The tube was immediately transferred on ice for 5 minutes. 950 µl of 

room temperature SOC media was added into the tube followed by incubation at 37 °C for 

60 minutes with shaking at 250 rpm. Recipe of SOC media is given in section 2.3. Cells 

Reagents Initial 
Concentration 

Final 
Concentration 

25 µl Reaction 

Q5 hot start high fidelity 
Master mix 

2 X 1 X 12.5 µl 

Forward Primer 10 µM 0.5 µM 1.25 µl 

Reverse Primer 10 µM 0.5 µM 1.25 µl 

Template DNA (50 ng/µl)   1 µl 

Nuclease free water   9 µl 

Figure 2.3: Conditions of PCR 

Steps Temperature Time 

Initial denaturation 95 °C 30 sec 

Final denaturation 94 °C 30 sec 

1 min 15 Cycles Annealing 55 °C 

Extension 70 °C 7 min 

Final Extension 70 °C 15 min 

Hold 4-10 °C  

Figure 2.4: Kinase, ligase, and DpnI (KLD) treatment 

Reagents Initial Conc Final Conc 10µl Reaction 

PCR product   1 µl 

KLD Enzyme mix 10 X 1 X 1 µl 

KLD reaction buffer 2 X 1 X 5 µl 

Distilled water   3 µl 
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were mixed thoroughly by pipetting and grown on an ampicillin selection plate overnight at 

37 °C. 

2.9.4 Mini Preparation and sequencing of p424GAL1 

A single colony was taken from the plate and inoculated into LB media supplemented with 

100 µg/ml ampicillin in a sterile 50 ml falcon tube and grown overnight in a shaker- incubator 

at 250 rpm at 37 °C. Once OD600 reached between 0.7-0.8, a mini preparation of plasmid was 

carried out using a Qiagen miniprep kit (Vogelstein and Gillespie, 1979). The miniprep 

plasmid DNA was confirmed on 1 % agarose gel. The concentration and quality were 

determined by NanoDrop 1000 spectrophotometer. 

10 µl of 100 ng/µl plasmid DNA was sent to source bioscience company (1 Orchad Place, 

Nottingham Business Park, NGX 6P8, United Kingdom) for sequencing. The sequence was 

analyzed for A206K mutation. This vector was then sent to Proteogenix company for 

cloning. 

2.10 Stock preparation of constructs 

5 µg of recombinant DNA of all four constructs (mABCB5, gpABCB6, bbABCG1, 

mABCG4) were received from ProteoGenix in lyophilized form. 200 ng/µl stock was made 

by adding freshly prepared TE buffer, pH 8 (see section 2.3) and confirmed on 1 % agarose 

gel before the transformation. 

2.11 Transformation of constructs 

2.11.1 Transformation into competent E.Coli cells (DH5α) 

The transformation of all of the four constructs was performed into highly competent DH5α 

cells by the heat shock method as described in section 2.9.3 (Rahimzadeh et al., 2016). 

Afterwards, mini preparation of recombinant protein containing plasmid was performed 

using Qiagen miniprep kit (Vogelstein and Gillespie, 1979). 

2.11.2 Transformation into FGY217yeast cells 

Transformation of all of the four constructs into FGY217 yeast cells was done by the lithium 

acetate method (Gietz and Woods, 2002). Briefly, FGY217 yeast cells were grown on the 

YPD agar plates (see section 2.3) to prepare a yeast culture for transformation. A single 
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colony of the FGY217 yeast strain was grown in 5 ml YPD medium (see section 2.3) in a 

shaker-incubator at 250 rpm overnight at 30 °C. The overnight culture was diluted to an 

OD600 of 0.1 into a pre-warm YPD media and the cells were grown under the same conditions 

until an OD600 of 0.8-1 was reached. The yeast cells were pelleted by centrifugation at 3,000 

g for 10 min at room temperature and the cell pellet was resuspended in 1 ml dH2O and 

transferred to a 1.5 ml Eppendorf tube and vortexed briefly. Cells were again centrifuged at 

maximum speed for 30 seconds at room temperature and the cell pellet was resuspended in 

1 ml dH2O. 100 µl is enough for a single transformation, so, 100 µl of yeast cells were 

transferred to a sterile 1.5 ml eppendorf tube and centrifuged at maximum speed for 30 

seconds at room temperature and the supernatant was discarded. Transformation mixture: 

For each transformation, the transformation mixture was prepared by 240 µl of PEG 3500 

50 % (w/w), 36 µl of 1 M LiAc, 50 µl of freshly prepared 2 mg/ml salmon sperm DNA and 

1 µl of 100 ng/µl recombinant plasmid DNA (construct) + 33 µl H2O. The yeast pellet was 

resuspended in the transformation mixture and vortexed followed by heat shock for 25-30 

minutes at 42 °C in a water bath. Cells were then micro centrifuged at 12000 g for 30 seconds 

at room temperature. The supernatant was discarded and the pellet was resuspended in 400 

µl dH2O and spread onto on a YNB media plate supplemented with 2 % glucose (w/v) and 

grown under uracil selection, for 3-4 days at 30 °C. Plates were stored at 4 °C for up to one 

month. 

2.12 SDS-PAGE 

SDS-PAGE analysis was used to identify proteins based on their molecular weight 

throughout the expression and purification process (Shapiro and Maizel Jr, 1969, Smith, 

1984). The separating gel was a standard 8 % polyacrylamide gel (Sambrook and Russell, 

2006). A BioRad mini gel casting apparatus was used to cast the gels. After diluting 30 % 

bis-acrylamide (1:29) to 8 % in resolving buffer (0.4 % SDS, 1.5 M Tris-HCl, pH 8.8), the 

polymerization was initiated by adding 0.1 % APS and 0.2 % TEMED. In stacking buffer 

(0.4 % SDS, 0.5 M Tris-HCl, pH 6.8,), 4 % acrylamide, 0.1 % APS, and 0.2 % TEMED 

were used to make the stacking gel. Gels that had been polymerized could be kept in a wet 

condition for a week at 4 °C.  

Protein samples were mixed with either 2X or 6X lamelli buffer to a final 1X concentration 

and incubated at 4 °C for 1 hour. The ingredients of 2X and 6X lamelli buffer are given in 

section 2.4. It was critical to prevent denaturation of the GFP tag by not heating the protein 
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sample and doing the gel electrophoresis slowly. Samples were loaded on 8 % homemade 

polyacrylamide gels and run at 120V for 1.5 hours (or until the forward dye front was near 

the edge of the gel) in a Mini-Protein SDS-PAGE BioRad system. 10 µl of pre-stained 

molecular weight marker was also loaded into separate lane per gel. For GFP detection, gels 

were scanned under Cys5 (695 nm emission filter), Cys3 (605 nm emission filter), and 

Alexa488 (530 nm emission filter) using BioRad Chemidoc MP imager before the 

Coomassie blue staining protocol. After that, Gels were stained using Colloidal Coomassie 

Blue stain for 3 hours and destained overnight. The ingredients of Colloidal Coomassie Blue 

stain and destaining solution are given in section 2.4. The white light was used to scan 

Coomassie-stained gels in the ChemiDoc MP imager.  

2.13 Screening of yeast colonies 

Transformed FGY217 cells were grown on YNB media and the screening of yeast colonies 

was performed in a similar way as described by O’Ryan et al (O'Ryan et al., 2012a). For 

each construct, 10-18 well-separated colonies were picked from the transformation plate 

using a sterile loop and grown overnight in 9 ml YNB media supplemented with 2 % glucose 

in a shaking incubator at 250 rpm, 30 °C. Glycerol stock of each of the screened colonies 

was made in 25 % glycerol (v/v) and stored at -80 °C.  The overnight culture was used to 

inoculate 50 ml YNB supplemented with 0.1 % glucose (w/w).  The level of glucose was 

measured using glucose strips (Medi-test Glucose, Macherey-Nagel, Germany) after every 

1-2 hours. The culture was allowed to grow until both the glucose is completely consumed 

and an OD600 of 0.8-1.0 was reached. Before galactose induction, glucose consumption is 

essential for protein expression (Pullikuth and Gill, 2002). When glucose was completely 

consumed and an OD600 of 0.8-1 was reached , protein expression was induced by 2 % 

galactose and 8 % glycerol (v/v ) which had previously been proven to boost the expression 

levels of other ABC proteins (O'Ryan et al., 2012a) and the culture was grown for 16 hours 

under the same conditions. Cells were harvested by centrifugation at 3,500 g, 4 °C for 10 

minutes. The yeast pellet was re-suspended in lysis buffer supplemented with protease 

inhibitors and transferred to a 2 ml microfuge tube containing glass beads on ice. Cell lysis 

was done by mini bead beater for 3 minutes in cold room (4 °C). 

Unbroken cells were removed by centrifugation at 3,500 g, 4 °C for 5 minutes. The 

supernatant was transferred to a clean eppendorf tube and microsomes (inner membrane 

from yeast cells) were collected by centrifugation at a maximum speed, 4 °C for 2 hours. 
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The membrane pellet was re-suspended in solubilisation buffer without DDM and mixed 

with 2X lamelli buffer in equal proportion and incubated at room temperature for 1 hour. 

Samples were loaded on 8 % polyacrylamide gel along with a pre-stained protein ladder and 

ran at 120V for 1.5 hours. The gel was blotted on nitrocellulose membrane (section 2.21.1). 

Before Western blotting, gels were scanned for detection of GFP signal under Cys3, Cys5, 

and Alexa488 using a BioRad Chemidoc MP imager as described in section 2.12. The 

highest expressing cells from the glycerol stock was streaked onto a fresh YNB plate and 

incubated for 3-4 days at 30 °C.  

2.14 Time Course experiments 

To determine the optimal expression time for each construct in S cerevisiae, a time-course 

study was conducted. A small-scale expression was carried out in a 2 L baffled flask. After 

glucose consumption, the cells were induced with 2 % galactose (w/v) and 8 % glycerol (v/v) 

as described in previous section 2.13. At each time point, 50 ml of induced culture was 

collected in a falcon tube. The cells were harvested by centrifuging them for 10 minutes at 

3,500 g, 4 °C. Cell harvesting at each time point must be quick to prevent the cells from 

continuing to grow and express.  The supernatant was discarded and yeast pellet were re-

suspended in ice-cold lysis buffer. To limit yeast mobility, 15 µl of harvested cells were 

mixed with 15 µl of glycerol (50% v/v). The cells were placed on the glass slide and covered 

with the coverslip. Cells were analysed by a Zeiss Fluorescence microscope using a 60X 

objective lens. Images were taken with a Cool snap HQ2 CCD camera (Photo metrics) using 

Micromanager v1.4.23 software. As all constructs have GFP tag, therefore, set of images 

was taken at 100-200 m/s using a specific band pass GFP filter setting. Image J was used to 

analyse the images (Abràmoff et al., 2004, Rasband, 2011). The mean intensity of each field 

of view was calculated. 

For each time point, microsomes were also prepared by method as described in section 2.13. 

SDS-PAGE was run at 120 V, for 1.5 hours and the gel was blotted on a nitrocellulose 

membrane (section 2.21.1). The densitometry data were generated for western blots by 

Image J software and a graph was plotted.  

2.15 Large scale/ Shake-flask cell culture (12L) 

For all four constructs, the same approach was used for large-scale protein expression. The 

only difference was in timing of yeast cells harvesting.  After selecting the best expressing 
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colony of each construct, S. cerevisiae was re-grown from a glycerol stock at 30 °C for 3-4 

days on uracil-deficient YNB agar plates. One litre of starting culture was prepared by 

inoculating a lawn of cells or a single colony from the plate into uracil-deficient YNB media. 

The culture was grown overnight in a shaking incubator at 230 rpm, 30 ℃. The following 

day, twelve 2-liter baffled flasks, each flask containing 1 L of YNB media were inoculated 

with 80 ml of starting culture and grown under the same conditions. A spectrophotometer 

set to 600 nm was used to measure the optical density (OD) of cells periodically. Within 10 

hours, cells usually reach an OD600 of 0.8-1.0. Glucose level was measured periodically using 

glucose strips (Medi-test Glucose, Macherey-Nagel, Germany) and protein expression was 

induced as described in section 2.13. For each construct, cells were continuously grown for 

a specific time that maximised protein expression (see section 2.14). Cells were harvested 

by centrifugation at 3,500 g for 10 minutes at 4 °C and then re-suspended in an ice-cold lysis 

buffer containing a protein inhibitor cocktail. The yeast cell suspension was kept at -80 °C 

until it was needed. 

2.16 Microsomes preparation 

Microsomes were prepared by slightly modifying the bead mill process as described by 

(O'Ryan et al., 2012a, Pollock et al., 2014a). Frozen yeast cells were thawed on ice. For the 

breakage of yeast cells, acid-washed glass beads (400-600 μm in diameter) were used in a 

1:1 ratio (200 g glass beads: 200 g yeast cells). Bead beating was done in the steel chamber 

of a midi bead beater system (Biospec), in two-minute cycle with one-minute rest on ice for 

a total of 10-12 minutes of bead beating time. The outer portion of steel chamber was filled 

with dry ice during the process to maintain the sample as cold as feasible. The slurry mixture 

was allowed to remain on ice for 5 minutes after bead beating to sediment the glass beads 

from the slurry. To remove unbroken cells and cellular debris, the suspension was collected 

carefully and centrifuged at 14000 g for 10 minutes at 4 °C. To collect the microsomes 

(whole inner membrane fraction), the supernatant was centrifuged at 120,000 g for 90 

minutes at 4 °C. The supernatant was then discarded, and the microsome pellet was re-

suspended in high salt buffer with the help of a glass homogenizer and centrifuged 100,000 

g for 45 minutes. The microsome pellet was re-suspended in solubilisation buffer with no 

detergent and total protein concentration was measured by Bradford assay. In-gel GFP 

scanning following electrophoresis (see section 2.12) and Western blotting with anti-His 
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antibody was used to verified the presence of the protein of interest in microsomes. The 

microsomes suspension was flash-frozen in liquid nitrogen and kept at -80 °C until used.  

2.17 Microsomes solubilisation 

To solubilize gpABCB6 microsomes, a stock solution of 10 % DDM (w/v) in solubilisation 

buffer was made and mixed with microsomes to a final concentration of 2.5 mg/ml total 

protein and 2 % DDM (w/v). For mABCB5, bbABCG1 and mABCG4 microsomes 

solubilisation, 2 % DDM: 0.02 % CHS was used. Solubilization was performed at 4 °C with 

gentle end-to-end rotation for 2 hours. The suspension was centrifuged at 100,000 g for 45 

minutes at 4 °C and the supernatant which contains the solubilised microsomes was 

collected. The solubilized microsomes can be applied directly to a Ni-NTA affinity column 

for affinity purification or flash frozen and kept at -80 °C for long-term storage. 

2.18 Immobilized metal affinity chromatography  

A GE healthcare AKTA FPLC system with a Frac950 fraction collection system was used 

to purify mABCB5, bbABCG1, and mABCG4. Solubilized microsomes were applied to the 

5 ml pre-equilibrated Ni-Affinity column with a flow rate of 0.5 ml/min. Flow-through was 

collected in a falcon tube for further analysis. To eliminate loosely bound contaminants, the 

column was washed with 10 column volume (CV) of 20-30 mM imidazole elution buffer B 

(wash 1) and then 8CV 50-80 mM imidazole elution buffer B (wash 2). At 200-250 mM 

imidazole concentration, the purified protein was eluted. Column was washed with 5CV of 

500 mM elution buffer B to remove all bound proteins.  

Ni-NTA loose resin (Q1Agen) was used to purify gpABCB6. The column was filled with 

10 ml Ni-NTA loose resin and equilibrated with purification buffer A. solubilized 

microsomes were applied to nickel resin, and the column was incubated at 4 °C for two hours 

with end-to-end rotation. Flow-through was collected by gravity flow. Column was washed 

with 10 CV of 20 mM Imidazole elution buffer B (wash 1) and 5 column volume (CV) of 

40 mM Imidazole elution buffer B (wash 2). The specifically bound protein was eluted using 

150 mM Imidazole elution buffer B. Column was washed with 5 CV of 500 mM imidazole 

elution buffer B to remove all bound protein from the Ni-resin. 

SDS-PAGE was used to analyse the fractions as described in section 2.12. The elution 

fractions containing purified protein were pooled and concentrated using a 100 kDa cut-off 
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centrifugal filter (Millipore). Concentrated protein was aliquoted into 500 μl aliquots and 

snap-frozen for multiple rounds of size exclusion chromatography. 

2.19 Size Exclusion Chromatography (SEC)  

A GE healthcare AKTA FPLC system with a Frac900 collecting system was used to perform 

size exclusion chromatography. The column (Generon SepFast™ 6-6000 kDa) was 

equilibrated with 2 column volume of degassed ultrapure water and followed by a 1.5-

column volume of degassed SEC buffer. The sample was ultracentrifuged at 100,000 g at 4 

°C for 15 minutes to remove aggregates and injected into a 500 μl super loop, which was 

then loaded onto the equilibrated column. Gel filtration was carried out at a flow rate of 0.5 

ml/min, with 1 mL fractions collected for 1.2 column volume. UV280 absorbance was 

recorded to assess total proteins and GFP fluorescence was recorded to follow the target 

protein. SDS-PAGE was used to confirm the location of the target protein in eluted fractions 

(see section 2.12). Fractions enriched in target protein were pooled and concentrated with a 

100 kDa cut-off (Millipore) filter before being aliquoted and snap-frozen for later use. 

2.20 TEV Cleavage and negative purification of ABCG4 

To improve the quality of purified mABCG4, negative purification was performed after TEV 

protease treatment. Nickel purified ABCG4 was concentrated and imidazole buffer was 

exchanged with size exclusion buffer using PD10 column followed by the addition of TEV 

protease (GenScript). Sephadex G-25 resin, which is found in PD-10 Desalting Columns, 

enables quick group separation of high molecular weight substances from low molecular 

weight molecules. The reaction was kept on end-to-end rotation overnight at 4 °C. On the 

following day reaction mixture was applied to a 5ml Nickel-affinity column with a flow rate 

of 0.1 ml/min and flow-through was collected, concentrated, and analysed on SDS-PAGE 

as described in section 2.12. After that, to recover the protein because TEV treatment is not 

always effective, 5 ml Nickel-affinity column was washed with 500 mM imidazole, 5CV. 

2.20.1 Nanodisc preparation of ABCG4 

The ABCG4 nanodiscs were made using the ABCG1 nanodisc method (Xu et al., 2022). 

Briefly, concentrated ABCG4 solubilized in DDM/CHS was reconstituted into lipid 

nanodiscs by mixing the ABCG4 with purified MSP1D1 scaffold protein and a DDM/CHS 

(0.5%, w/v) solubilized mixture of 20% 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
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serine (w/w) (POPS, Avanti), 60% 1-palmitoyl-2- oleoyl-glycero-3-phosphocholine (w/w) 

(POPC, Avanti) and 20 % cholesterol (Sigma Aldrich). The ABCG4-MSPID1-POPC-

POPS-Cholestrol mixture was incubated at 4 °C for 1 hr, followed by addition of 0.7 g/mL 

of biobeads SM-2 and the mixture was gently rotated overnight at 14 °C to remove detergent. 

The following day, the biobeads were removed and the collected ABCG1 nanodiscs were 

injected over a Generon SepFast™ 6-6000 kDa column in cryo-buffer. Peak fractions were 

pooled and concentrated to 0.5 mg/mL for cryo-EM studies. 

2.21 Protein quantification  

SDS PAGE as described in section 2.12 was used to run serial dilutions of protein as well as 

standard dilutions of BSA. Overnight, the gel was stained with Colloidal-Coomassie stain. 

The stained gel was washed with the de-stain solution until there was no more background 

noise. The gel densitometry method was used to determine the protein concentration. As 

described at https://openwetware.org/wiki/Protein Quantification Using Image J, the image 

was scanned and put into Image J for quantification. In summary, the image was imported 

into the ImageJ programme, and protein band-containing lanes were chosen. For each lane, 

an intensity histogram plot was made. The area under the peak provides information about 

the band's intensity. A standard plot was generated using the calculated intensity of each 

standard band. The linear slope function of the standard plot was used to determine the 

enriched protein concentration. 

2.22 Protein Characterization 

2.22.1 Western blotting  

The wet transfer method was used for Western blotting analysis (Mahmood and Yang, 2012, 

Liu et al., 2014).  For SDS-PAGE, the samples were prepared and run as described in section 

2.12. Transfer sandwich was made as follows: 2 sponges-2 filter papers-gel-nitrocellulose 

membrane-2 filter papers-2 sponges. It was made sure there was no air bubble between gel 

and nitrocellulose membrane and gel should be on the negative electrode while membrane 

towards the positive electrode. The sandwich was relocated to the transfer tank containing 

transfer buffer and run for 2 hours in a cold room with a constant current of 150 mA. The 

membrane was rinsed with TBST for 5 minutes on a shaker and afterward blocked with 5 % 

skimmed milk in TBST for 30 minutes (see section 2.4). Subsequently, the membrane was 

incubated with 1:10,000 primary antibody (HRP- conjugated anti-his) overnight at 4 °C with 
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gentle agitation. The membrane was rinsed three times with TBST for ten minutes. After 

washes, horseradish peroxidase (HRP) substrate (1:1 mixture of luminol solution and 

peroxide solution) was added for 30-45 seconds. Images were captured using a 

chemiluminescence filter on a BioRad Chemidoc MP imager system.  

2.22.2 Mass spectrometry 

Mass spectrometry was used to check the identity and homogeneity of purified proteins. 2 

µg protein sample was run on 8% polyacryamide gels and stained with Colloidal Coomassie 

stain described in section 2.12. Bands of interest were excised and stored in MilliQ water in 

a micro-centrifuge tube. The MS facility (Michael Smith building, The University of 

Manchester) processed the samples i.e. dissolving the gel fragments and extracting the 

proteins (Gundry et al., 2010). Data was collected and analysed by MS facility staff. 

MASCOT Identity scoring was done based on the Swiss-Prot and TrEMBL databases. 

Further analyses (e.g. sequence analysis) was performed using Scaffold4 software (Proteome 

Software Inc.). 

2.22.3 ATPase activity (Chifflet Assay) 

This procedure is based on (Chifflet et al., 1988). In the first row of a 96 well plate, phosphate 

standards with concentrations of 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 16, 20 nmol were set up to plot 

a standard curve. In 2nd row 10 µg of purified protein was added to each well to get a good 

signal. For substrate-stimulated ATPase activity, 10 µM substrate was also added in each 

well. The reaction was started by adding ATP. The plate was incubated at 25 °C for 25 

minutes. Afterwards, in each well 40 µl of buffer A was added, followed by 100 µl of buffer 

F and incubated at room temperature for 5 minutes. Following incubation 100 µl of buffer 

D was added to the plate, and the plate was incubated for 15 minutes at 37 °C. The 

absorbance of the sample was measured in a spectrophotometer at 800 nm. The phosphate 

standard was plotted and the ATPase activity of the purified protein was calculated using the 

phosphate standard as a reference point. The components of buffer A-F are given in section 

2.4. 

2.22.4 Thermal stability assay [Measuring intrinsic tryptophan fluorescence and 

aggregation temperature (Tagg)] 

The melting temperature (Tm), which reflects the temperature at which 50 % of the protein 

in the solution is denatured, was used to determine the thermal stability of the protein. Tm 
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was monitored by intrinsic tryptophan fluorescence and the onset of aggregation i.e. Tagg 

was monitored by static light scattering (SLS) (266 nm and 473 nm) using the UNcle 

instrument (Unchained Labs Inc.). Protein samples were diluted to 10 µg in size exclusion 

column buffer. Each experimental solution, which contained 10 µg protein and buffer was 

made in a final volume of 10 µl. 9 µl of each protein sample was loaded in a 16-well Uncle 

capillary cassette.  The UNcle 267 nm and 473 nm laser was employed.  The temperature 

was steadily increased by 1 °C/steps from 20°C to 95°C, with a 30- second hold period at 

each stage. The raw data was analyzed with MS Excel software, which included initial 

calculations and buffer subtraction. GradPad Prism 7 was used to plot the graphs.  

2.22.5 Thermal stability (CPM) assay   

The melting temperature (Tm), as described in section 2.21.3 was also measured by a thio-

specific, N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide, (CPM) dye. 

Protein samples were diluted to 10 µg in CPM buffer (100 mM Tris pH 8, 10 % glycerol, 

150 mM NaCl, 0.1 % DDM and 0.02 % CHS). 4 mg/ml of CPM stock solution was prepared 

in DMSO and diluted to 0.025 mg/ml in CPM buffer before use (1:160 ratio). Each 

experimental solution, which contained 10 µg protein, buffer, 50 ng CPM, and additional 

additives such as nucleotides, was made in a final volume of 10 µl and incubated on ice for 

15 minutes. The experiment was carried out with the UNcle spectroscopic apparatus as 

described in section 2.22.4. 9 µl of each solution were loaded in a 16-well Uncle capillary 

cassette. Although peak excitation and emission wavelengths of CPM dye are 384 nm and 

470 nm, respectively, it can also be excited in the UV as it also absorbs strongly between 

260 nm and 300 nm. Therefore, the CPM fluorescence was excited by using UNcle 266 nm 

laser (Platt et al.). The laser also activated the tryptophan fluorescence (Ghisaidoobe and 

Chung, 2014), providing a second readout of the protein state and enabling correction for 

the thermal quenching of the CPM fluorescence. The temperature was steadily increased by 

1 °C/steps from 20 °C to 95 °C, with a 30-second hold period at each stage. The raw data 

was analysed with MS Excel software, which included initial calculations and buffer 

subtraction. GradPad Prism 7 was used to plot the unfolding profiles (Swift, 1997). The 

difference between experimental samples was statistically measured using an unpaired, two-

tailed student's T-test. A difference is considered significant when the P-value is less than 

0.05. 
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2.22.6 Dynamic light scattering 

The Dynamic light scattering (DLS) was recorded prior to CPM assay at 20 °C using the 

Uncle spectroscopy apparatus. The duration of data gathering was set to 5 seconds. For each 

sample, four runs were done and the average was obtained for each sample. 

2.22.7 Nucleotide-binding assay  

ATP binding was examined using TNP-ATP fluorescence as reported by (LaConte et al., 

2017). TNP-ATP is a fluorescent analogue of ATP, this compound hardly emits fluorescence 

alone, however, strongly fluoresces when it binds to the nucleotide-binding domain with a 

wavelength of 500-600nm. In a 96-well plate, 10 μg protein in each well was incubated with 

various TNP-ATP concentrations with a 50 µl final reaction volume. Biotek multi-mode 

spectrophotometer was used to record fluorescence emission spectra. The sample was 

excited at 410 nm, and the emission spectra were recorded at 500, 510, 520, 530, 540, 550, 

and 560 nm. GraphPad Prism 7 was used to analyses and plot the data. 

2.22.8 Membrane thermal shift assay on mABCG4 

A total reaction of 80 µl of solubilized microsomes (5 mg/ml) was set up.  Solubilized 

microsomes were heated in a PCR machine at various temperatures (20-90 °C) for 3 minutes 

to establish a thermal denaturation curve to find out the temperature at which ~99% of 

protein loss occurs. After heating, solubilized microsomes were ultra-centrifuged at 100,000 

g for 20 minutes at 4 °C to precipitate the denatured protein during the heating process. The 

supernatant was collected and run on 8 % polyacrylamide gel, scanned for GFP fluorescence, 

and subjected to Western blot analysis as described in section 2.12 and 2.21.2. A temperature 

of 70 °C was chosen for mABCG4 (which is this protein specific) based on an extrapolation 

from the thermal denaturation curve, which indicated 99% protein loss in the supernatant. 

To determine the relative thermal stabilization of ABCG4 by ligands, solubilized 

microsomes were first incubated with the ligands for 60 minutes at 37 °C and then heated at 

70 °C for 3 minutes and subjected to western blot analysis. The immunoblot data were 

analyzed by Image J software and the graph was plotted using GraphPad Prism 7. 
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2.23 Structural studies of proteins 

2.23.1 Negative staining electron microscopy (EM) 

Negative stain electron microscopy was used to assess the homogeneity of the purified 

protein and for initial structural validations. Protein samples were prepared according to 

previously established protocols with slight modifications (Ohi et al., 2004, Booth et al., 

2011). Using a K100X glow discharge device, 300-mesh carbon-coated copper grids were 

glow discharged at 25 mA for 45 seconds. Purified protein was diluted in SEC buffer to 20-

50 µg/ml and applied to the carbon-coated side of the grid. The grid was rinsed three times 

with ultrapure water and stained with 2 % uranyl acetate (w/v) solution for 30 seconds. The 

grids were blotted with filter paper between each step. Thermo Fisher Talos L120C 

transmission electron microscope with Ceta CMOS camera was used to screen the grids (EM 

facility, FBMH). Until grids are screened by a microscope, grids can be kept at room 

temperature in a grid box. 

2.23.2 Small Angle X-ray Scattering (SAXS) analysis  

SAXS analysis was performed via SEC-SAXS for mABCB5 and bbABCG1 proteins while 

via batch mode for mABCG4 at the Diamond light source (Didcot, UK). The sample was 

exposed to 2x104 photons/sec of radiation, and scattering was recorded on an EigerX 4M 

detector at 13 keV with a fixed camera length of 4.014m. Angular q values of 0.0045 to 0.34 

Å-1 were used to obtain data. Generic Data Acquisition software was used to record the data 

in NXS format (Cowieson et al., 2020), which was then converted to 1D (.dat) profiles using 

Data Analysis Workbench (DAWN). 

The data was analysed using ScÅtter (Förster et al., 2010) and ATSAS (Franke et al., 2017). 

The FoXS algorithm (Schneidman-Duhovny et al., 2010) implemented in the Chimera 

software (Pettersen et al., 2004) suite was used to compare theoretical SAXS curves to 

experimental curves. 

2.22.3 Cryo-electron microscopy (CryoEM) 

2.22.3.1 Grid preparation  

Cryo specimens were prepared by freezing biological samples in vitreous ice with liquid 

ethane as a fast chiller, as described previously (Thonghin et al., 2018a). 200 mesh 1.2/1.3 

carbon-coated copper grids were washed in chloroform and allowed to dry overnight. Before 



71 
 

applying protein to the grid, the sample buffer was exchanged with cryo buffer by 

diafiltration using 100 kDa cut-off concentrators. Grids were glow discharged at 25 mA for 

2 minutes using a K100X glow discharge device before loading and freezing. The glow 

discharged grid was loaded into the FEI vitrobot Mark IV using cryo tweezers. The chamber 

was kept at a constant humidity of 95% and a temperature of 20°C. 4 μl of 2.5-10mg/ml 

protein sample was applied on the carbon side of the grid with a range of blotting force 2-8. 

To achieve even spreading of protein particles on the grids, several blotting times ranging 

from 3-6 seconds were tested. The grids were immediately plunged into liquid ethane. The 

grids were kept in grid boxes and stored in liquid nitrogen until they were screened. 

2.22.3.2 Data acquisition  

Thermo Fisher Glacios Cryo-TEM was used to gather the data. Dr Richard Collins assisted 

with grid loading and screening (senior experimental scientist, FBMH). The data was 

collected at a magnification of 120000X, which corresponded to a pixel size of 1.3 Å/pixel. 

The data was collected using the EPU (FEI firm) automated data collecting programme at a 

high electron dose of 60 ē and a defocus of -2 µm to -3 µm. 
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Chapter 3 Results and Discussion: Bioinformatics 

In 1970, a Dutch biologist named Paulien Hogewe introduced the term "bioinformatics" to 

describe the use of information technology to study biological systems (Hesper and 

Hogeweg, 1970, Hogeweg, 2011). Bioinformatics is a multidisciplinary field that integrates 

computer science, statistics, and mathematics to record, recover and analyze biological data 

cost-effectively and quickly (Mehmood et al., 2014). Computational tools are now 

commonly used to characterize a gene, do phylogenetic analysis, determine physicochemical 

properties of proteins, predict 3D structures of proteins, run simulations to learn about 

biomolecule interactions in living cells, and design drugs. The user-friendly interactive 

automated modeling and SWISS-MODEL server were established about 18 years ago, 

resulting in rapid expansion in homology modelling (Peitsch, 1996). 

For this research work, bioinformatics has been applied to study the ATP binding cassette 

(ABC) transporter family. Structural details of ABC proteins may facilitate drug discovery 

by giving diverse targets for ligand screening. However, ABC membrane proteins are found 

in the cell membrane, making structure determination extremely challenging. The protein 

data bank (PDB) has a minority of membrane proteins  (Varga and Tusnády, 2018). To fully 

characterize a protein, purified protein is required (Lin and Guidotti, 2009). Obtaining 

purified protein opens many ways for structural and functional characterization. 3D protein 

structures are typically determined using X-ray crystallography, Cryoelectron Microscopy 

(cryo-EM), and Nuclear Magnetic Resonance (NMR). The highest resolution ABC protein 

structures have been obtained by crystallography, however, protein crystallization is 

challenging. For example, nucleation of crystal growth can be stochastic and often depends 

on microscopic impurities in the crystallization droplet. A good-quality protein crystal is 

obtained after a series of experiments. Initially, the DNA sequence must first be cloned into 

a suitable expression system and then sufficiently overexpressed. Transmembrane proteins 

(TMPs) are difficult to express in large quantities, in a functional state and this is the first major 

stumbling block in functional and structural research (Tate, 2001). Difficulties to express TMPs 

can arise due to several reasons, such as, when TMPs are expressed, the proteins may be 

lethal to the host, or the TMPs may remain inactive because they are not folded into a 

functional conformation (Miroux and Walker, 1996). After the protein has been produced, 

it must be purified for further analysis. Membrane protein purification is more difficult than 

soluble protein purification. The purification process can be influenced by a variety of 

parameters, and trial and error is required to optimize the protocol. Firstly, the TMPs are 
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solubilized using suitable detergent or detergent mixtures for purification. The optimal 

detergent should be chosen, which is generally done by screening a detergent library (Linke, 

2009). Secondly, the desired protein is then isolated from the cellular proteome by affinity 

chromatography. The most difficult aspect of the purification method is usually getting a 

homogeneous and ~95-99% purified protein to create a good-quality crystal. The crystal is 

then illuminated with X-rays, and diffraction data is recorded. An electron density map can 

be generated provided that the phase problem can be solved, and then the known sequence 

of the protein can be built into the density map to generate an atomic model of the structure 

if the diffraction data resolution is sufficient. An outline of the whole process of structure 

determination is shown in figure 3.1.  

Protein crystallography targets must be selected carefully. It is preferable to avoid time-

consuming and costly studies using proteins that are unlikely to provide a good quality 

crystal. In silico studies can facilitate the selection of proteins for crystallization. 

Crystallization prediction tools can be used before starting X-ray crystallography 

experiments with a given protein to get an idea of crystallization success. Numerous software 

has been developed in recent years to determine the likelihood of protein crystallization. 

CRYSTALP2, SECRET, ParCrys, OB-Score, XtalPred algorithm, and TMCrys server are 

the most well-known tools (Kurgan and Mizianty, 2009, Kurgan et al., 2009, Overton and 

Barton, 2006, Slabinski et al., 2007, Varga and Tusnády, 2018). CRYSTALP2 and SECRET 

both accept amino acids with lengths ranging from 46 to 200. Although the OB- score has no 

restriction on the length of amino acid sequences, it only considers two variables (hydrophobicity 

Figure 3.1: An outline of structure determination process with important parameters 
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and PI), which restricts the accuracy of its predictions. Both XtalPred and ParCrys are 

sophisticated servers (Varga and Tusnády, 2018). 

The TMCrys server, released by the Hungarian Academy of Sciences in October 2018, was 

selected for this study (Varga and Tusnády, 2018). TMCrys is specifically designed for 

membrane proteins to help the crystallisation of TMPs by predicting the probability of 

success of solubilisation, purification, and crystallization of TMPs based on their amino acid 

sequence, as well as, the success of all three steps taken combined. The TMCrys server takes 

FASTA sequences with or without predicted topology and provides the output. To avoid 

overburden, up to ten amino acid sequences can be uploaded to TMCrys as a single file 

(Varga and Tusnády, 2018). In-house scripts and several software packages are used by 

TMCRys to identify the various features as follows: 

1- CCTOP: for predicting membrane protein topology and signal peptide 

2- Amino acid composition: for estimating the transmembrane and extramembrane 

regions 

3- ProtParam: for determining the molecular weight, half-life, and isoelectric point of 

proteins 

4- NetSurfP: for predicting the exposed and buried residues, as well as, solvent 

accessible surface area 

5- Sequence motifs: for determining the Glycosylation [NX(ST)], and alpha-helical 

interaction 

CCTOP predicts whether a sequence is a transmembrane protein. If not, a yellow panel with 

the word "notTMP" in the left corner appears. Transmembrane protein panels are either 

green (when the outcome is predicted to be successful) or red (when the outcome is predicted 

to be unsuccessful) as shown in figure 3.2. 

                      

 

 

Figure 3.2: TMCrys result panel 
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The expected values of the various crystallisation steps are shown as slider diagram (Figure 

3.3). The range of the values is [0, 1]. A yellow region between the diagram's two sides 

designates the threshold used for classification. A vertical blue line denotes the value of the 

actual classification. 

              

 

Figure 3.3: TMCrys server slider diagram 

 

Distinct orthologs of the eukaryotic ATP binding cassette (ABC) family (ABCA-ABCBD 

and ABCG) were screened by the TMCrys server. The orthologs were selected based on 

their sequence similarity to a human member. The orthologs studied cover a wide range of 

chordate species, with protein sequence homology to human protein members ranging from 

46% to 93%. The rationale behind this approach is that the natural divergence in amino acid 

sequences could result in an ortholog that is more stable, soluble, and accessible to 

expression, purification, and structural and functional research than the human ortholog. For 

example previous data from the Ford lab suggest that possible differences in protein structure 

affect the stability of different CFTR orthologs (O'Ryan et al., 2012a).  

3.1 TMCrys Screening of ABCA Family 

An analysis of 131 ABCA orthologs was performed using the TMCrys server. The number 

of orthologs of each sub-class selected for crystallization prediction is shown in Figure 3.4. 

The likelihood of getting a purified protein and subsequently good quality crystals were 

estimated for three sub-families i.e. ABCA2, ABCA5, and ABCA12 as shown in table 3.1. 

The sequence similarity of these orthologs to the human member was determined using 

NCBI pairwise alignment (Johnson et al., 2008). The appendix has detailed TMCrys results 

for the ABCA family (Appendix Table 3.1). 
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Figure 3.4: TMCrys screening of ABCA family. Number of orthologs of each subclass 

selected for TMCrys screening is given in brackets. Protein sequences were obtained from 

the Uniprot database UniProt. 

Table 3.1: Representation of successful hits (high crystallization propensity) of the 

ABCA family. The ortholog protein sequence was compared to human protein using NCBI 

BLASTp Programme. Protein BLAST: search protein databases using a protein query 

(nih.gov). 

 

Organisms Crystallization score Sequence similarity to 

human protein 

ABCA2 subfamily 

Ictidomys tridecemlineatus 
(Ground Squirrel) 

0.698 92% 

Otolemur garnettii (Small-
eared galago) 

0.695 93% 

Anas platyrhynchos 
(Mallard) 

0.562 79% 

Taeniopygia guttata (Zebra 
finch) 

0.635 81% 

Danio rerio (Zebra fish) 0.6259 77% 

ABCA5 subfamily 

Ornithorhynchus anatinus 
(Duckbill Platypus) 

0.716 84% 

ABCA12 subfamily 

Ornithorhynchus anatinus 
(Duckbill Platypus) 

0.763 57% 

Taeniopygia guttata (Zebra 
finch) 

0.749 46% 

https://www.uniprot.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&amp;PAGE_TYPE=BlastSearch&amp;LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&amp;PAGE_TYPE=BlastSearch&amp;LINK_LOC=blasthome
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3.2 TMCrys Screening of ABCB Family 

TMCrys screening was applied to 77 orthologs of ABCB family (Figure 3.5). ABCB1-7 and 

ABCB11 orthologs with a high crystallization score were identified (Table 3.2). The appendix 

contains detailed results for the entire ABCB family (Appendix Table 3.2) 

 

Figure 3.5: TMCrys screening of ABCB family. The number of orthologs of each subclass 

selected for TMCrys screening is given in brackets. Protein sequences were obtained from 

the Uniprot database UniProt.  

 

Table 3.2: Representation of successful hits (high crystallization propensity) of the 

ABCB family. The ortholog protein sequence was compared to human protein using NCBI 

BLASTp Programme. Protein BLAST: search protein databases using a protein query 

(nih.gov). 

 

Organisms Crystallization score Sequence similarity to 

human protein 

ABCB1 subfamily 

Rattus norvegicuas (Rat 1a) 0.555 87% 

Equus caballus (Horse) 0.605 89% 

Pan troglodytes (Chimpanzee) 0.573 99% 

Ailuropoda melanoleuca (Giant 
Panda) 

0.646 90% 

Myotis lucifugus (Little Brown Bat) 0.515 88% 

Ictidomys tridecemlineatus (Ground 
Squirrel) 

0.683 85% 

ABCB2 subfamily 

Canis lupus familiaris (Dog) 0.685 76% 

https://www.uniprot.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&amp;PAGE_TYPE=BlastSearch&amp;LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&amp;PAGE_TYPE=BlastSearch&amp;LINK_LOC=blasthome
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Oryctolagus cuniculus (Rabbit) 0.5 78% 

Gallus gallus (Chicken) 0.543 50% 

ABCB3 subfamily 

Gallus gallus (Chicken) 0.659 50% 

Canis lupus familiaris (Dog) 0.874 42.44% 

Oryctolagus cuniculus (Rabbit) 0.846 42.46% 

ABCB4 subfamily 

Rattus norvegicuas (Rat) 0.603 90% 

Oryctolagus cuniculus (Rabbit) 0.489 91% 

Ovis aries (Sheep) 0.913 88% 

ABCB5 subfamily 

Mus musculus (Mouse) 0.591 78% 

Oryctolagus cuniculus (Rabbit) 0.5 83% 

ABCB6 subfamily 

Ailuropoda melanoleuca (Giant 
Panda) 

0.867 87% 

ABCB7 subfamily 

Equus caballus (Horse) 0.88 93% 

ABCB11 subfamily 

Rattu snorvegicuas (Rat) 0.4 82% 

 

3.3 TMCrys screening of ABCC Family 

TMCrys was used to evaluate a total of 137 orthologs of ABCC family (Figure 3.6). 

Subfamilies ABCC1, ABCC3, ABCC4, ABCC5, and ABCC8 were found to have good 

crystallization scores. Table 3.3 shows the crystallization score and sequence similarity to 

the human protein, whereas the appendix Table 3.3 shows the TMCrys score for the entire 

ABCC family. 
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Table 3.3: Representation of successful hits (high crystallization propensity) of the 

ABCC family. The ortholog protein sequence was compared to human protein using NCBI 

BLASTp Programme Protein BLAST: search protein databases using a protein query 

(nih.gov). 

Organisms Crystallization score Sequence similarity 

to human protein 

ABCC1 subfamily 

Bos Taurus (Bovine) 0.571 90% 

ABCC3 subfamily 

Rattus norvegicuas (Rat) 0.79 78% 

Canis lupus familiaris (Dog) 0.597 84% 

Pan troglodytes (Chimpanzee) 0.64 95% 

Equuscaballus (Horse) 0.608 81% 

ABCC4 subfamily 

Ailuropoda melanoleuca (Giant 
Panda) 

0.667 88% 

ABCC5 subfamily 

Myotis lucifugus (Little Brown 
Bat) 

0.657 94% 

ABCC8 subfamily 

Equus caballus (Horse) 0.574 96% 

Ailuropoda melanoleuca (Giant 
Panda)  

0.608 95% 

Figure 3.6: TMCrys screening of ABCC family. The number of orthologs of each 

subclass selected for TMCrys screening is given in brackets. Protein sequences were 

obtained from the Uniprot database. UniProt.   

 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&amp;PAGE_TYPE=BlastSearch&amp;LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&amp;PAGE_TYPE=BlastSearch&amp;LINK_LOC=blasthome
https://www.uniprot.org/
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3.4 TMCrys screening of ABCD Family 

TMCrys was used to screen 58 distinct orthologs of ABCD family to predict crystallization 

scores. The number of orthologs of each sub-family chosen for TMCrys screening is shown 

in Figure 3.7. Table 3.4 shows the crystallization score and sequence similarity to the human 

protein. The TMCrys results for the entire ABCD family are given in the appendix Table 

3.4.  

 

                          

Figure 3.7: TMCrys screening of ABCD family. The number of orthologs of each subclass 

selected for TMCrys screening is given in brackets. Protein sequences were obtained from 

the Uniprot database. UniProt.   

Table 3.4: Representation of successful hits (high crystallization propensity) of the 

ABCD family. The ortholog protein sequence was compared to human protein using NCBI 

BLASTp Programme. Protein BLAST: search protein databases using a protein query 

(nih.gov). 

Organisms Crystallization score Sequence similarity to 

human protein 

ABCD1 subfamily 

Rattus norvegicuas (Rat) 0.4 91% 

ABCD2 subfamily 

Ornitho rhynchusanatinus 
(Duckbill platypus) 

0.652 77% 

Oryctolagus cuniculus 
(Rabbit) 

0.5 93% 

ABCD3 subfamily 

Equus caballus (Horse) 0.705 96% 

Taeniopygia guttata (Zebra 
finch) 

0.85 89% 

Ovis aries (Sheep) 0.66 88% 

Anas platyrhynchos 
(Mallard) 

0.884 86% 

https://www.uniprot.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&amp;PAGE_TYPE=BlastSearch&amp;LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&amp;PAGE_TYPE=BlastSearch&amp;LINK_LOC=blasthome
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Ornitho rhynchusanatinus 
(Duckbill platypus) 

0.851 94% 

ABCD4 subfamily 

Ictidomys tridecemlineatus 
(Ground Squirrel) 

0.732 89% 

Taeniopygia guttata (Zebra 
finch) 

0.45 77% 

Oryctolagus cuniculus 
(Rabbit) 

0.50 90% 

Loxodonta africana (African 
elephant) 

0.52 90% 

 

3.5 TMCrys screening of ABCG Family 

Out of 75 ABCG orthologs, successful hits were found in ABCG1, ABCG2, ABCG5, and 

ABCG8 (Figure 3.8). Orthologs with good crystallization propensity scores are shown in 

Table 3.5; while TMCrys score of the whole ABCG family is shown in the appendix 

Table 3.5. 

 

Figure 3.8: TMCrys screening of ABCG family. The digits in brackets show the number 

of orthologs screened for crystallization by the TMCrys server.     

Table 3.5: Representation of successful hits (high crystallization propensity) of the 

ABCG family. The ortholog protein sequence was compared to human protein using NCBI 

BLASTp Programme. Protein BLAST: search protein databases using a protein query 

(nih.gov)  

 

Organisms Crystallization score Sequence 

similarity to 

human protein 

ABCG1 subfamily 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&amp;PAGE_TYPE=BlastSearch&amp;LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&amp;PAGE_TYPE=BlastSearch&amp;LINK_LOC=blasthome
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Gallus gallus (Chicken) 0.881 91% 

Ornith rhynchus anatinus 
(Duckbill platypus) 

0.877 93% 

Myotis lucifugus (Little Brown 
Bat) 

0.897 87% 

ABCG2 subfamily 

Canis lupus familiaris (Dog) 0.646 81% 

Equus caballus (Horse) 0.682 86% 

Anas platyrhynchos (Mallard) 0.674 69% 

ABCG4 subfamily 

Mus musculus (Mouse) 0.92  96.6% 

ABCG5 subfamily 

Monodelphis domestica (Opossum) 0.815 75% 

Taeniopygia guttata (Zebra finch) 0.736 65% 

ABCG8 subfamily 

Equus caballus (Horse) 0.741 84% 

Monodelphis domestica (Opossum) 0.45 70% 

Ornitho rhynchusanatinus 
(Duckbill platypus) 

0.752 62% 

Taeniopygia guttata (Zebra finch) 0.649 65% 

Anas platyrhynchos (Mallard) 0.578 65% 

 

3.6 TMCRYs screening after Methionine deletion at the first position 

TMCrys was used to predict the probability of success of the solubilisation, purification, and 

crystallisation process of number of orthologs of the entire ABC family, excluding ABCE 

and ABCF. It was noted that by changing the N-terminal amino acid of proteins, 

crystallization propensity scores changed substantially. After observing this variation, the 

TMCrys scoring of the entire family excluding ABCE and ABCF was repeated by removing 

Methionine (M) from the N-terminus. The average TMCrys score across all screened species 

is shown on a graph for each ABC transporter family. Within ABCA: The ABCA3 sub-

family scored well overall, whereas ABCA13 had the lowest score (Figure 3.9). The percent 

identity of human ABCA3 and human ABCA13 sequence is 33.95%. In the ABCB family, 
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the highest-scoring family is ABCB1, while ABCB8 is the least-scoring family (Figure 

3.10). The percent identity between human ABCB1 and human ABCB8 is 38.09%. In the 

ABCC family, both human ABCC4 and human ABCC11 are the highest scoring, on the 

other hand, ABCC2 and ABCC5 are the least scorings. The percent identity between human 

ABCC4 and human ABCC11 is 34.49% while the percent identity between ABCC2 and 

ABCC5 is 42.81% (Figure 3.11). In the ABCD family, ABCD3 appeared as an excellent 

candidate while ABCD1 least promising candidate (Figure 3.12). In the ABCG family, 

ABCG1 is a good candidate while ABCG2 is the least-scoring candidate for crystallization 

(Figure 3.13).  

 

Figure 3.9: Graphical representation of TMCrys scoring of ABCA family after 

Methionine deletion at first position. Mean crystallisation score of ~20 orthologs of each 

subfamily with standard deviation is shown. 

 

Figure 3.10: Graphical representation of TMCrys scoring of ABCB family after 

Methionine deletion at first position. Mean crystallisation score of ~20 orthologs of each 

subfamily with standard deviation is shown. 
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Figure 3.11: Graphical representation of TMCrys scoring of ABCC family after 

Methionine deletion at first position. Mean crystallisation score of ~20 orthologs of each 

subfamily with standard deviation is shown. 

 

 

  

 
Figure 3.12: Graphical representation of TMCrys scoring of ABCD family after 

Methionine deletion at first position. Mean crystallisation score of ~20 orthologs of each 

subfamily with standard deviation is shown. 
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Figure 3.13: Graphical representation of TMCrys scoring of ABCG family after 

Methionine deletion at first position. Mean crystallisation score of ~20 orthologs of each 

subfamily with standard deviation is shown. 

 

3.7 Correlation between crystallization and purification score 

To explore the correlation between purification and crystallisation scores, a graph was 

plotted for each ABC sub-family. In the ABCA family, a positive correlation was found 

between purification and crystallisation scores with exception of ABCA12 and ABC13 

orthologs (Figure 3.14). ABCA7 orthologs showed widely spread purification and 

crystallisation scores but had a positive correlation which means high purification as well as 

high crystallisation scores. Similar to the ABCA subfamily, a positive correlation was found 

between the purification and crystallisation score of the ABCB subfamily with exception of 

ABCB8 orthologs. For ABCB8 sub-family, a high probability of getting purified protein but 

less probability of getting crystal was predicted by the TMCrys server (Figure 3.15). The 

crystallisation and purification scores of the ABCC family were concentrated in one area 

and had a direct relation to scores (Figure 3.16). However, ABCC7 orthologs showed 

variations of 0.5-0.9 in the purification score. Purification and crystallisation scores of the 

ABCD family were widely spread and had no correlation between purification and 

crystallisation scores (Figure 3.17). ABCG family behaved best, purification and 

crystallisation score was concentrated in one region which is consistent with the ABCC 

family and a strong positive correlation was found which means a high purification as well 

as high crystallisation scores. 
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Figure 3.14: Correlation between crystallization and purification score of ABCA 

family 
 

 

 

 

 
 

Figure 3.15: Correlation between crystallization and purification score of ABCB 

family 
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Figure 3.16: Correlation between crystallization and purification score of ABCC 

family 

 

 

 

 

 
 

Figure 3.17: Correlation between crystallization and purification score of ABCD 

family 
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Figure 3.18: Correlation between crystallization and purification score of ABCG 

family 
 

3.8 Assignment of protein targets for structural studies 

The following proteins were chosen for structural research: 

1. Mouse ATP binding cassette subfamily B member 5 (mABCB5) 

2. Giant Panda ATP binding cassette subfamily B member 6 (gpABCB6) 

3. Little brown bat ATP binding cassette subfamily G member 1 (bbABCG1) 

4. Mouse ATP binding cassette subfamily G member 4 (mABCG4) 

The reasons for selection of above-mentioned target proteins are as follows: 

 Human versions of ABCB5, ABCB6, ABCG1, and ABCG4 is quite challenging to 

crystallize but the chances of crystallization of mABCB5, gpABCB6, bbABCG1, 

and mABCG4 are predicted to be very high. TMCrys score for mABCB5, gpABCB6, 

bbABCG1, and mABCG4 are as 0.6, 0.9, 0.6, and 0.6, respectively. 

 Sequence similarity of selected orthologs i.e. mABCB5, gpABCB6, bbABCG1, 

and mABCG4 to human protein version are as 78%, 87.6%, 87.8%, and 96.6%, 

respectively checked by NCBI pairwise alignment. 

 No structural information: To date, there is no high-resolution X-ray crystal 

structure of full-length ABCB5, ABCB6, ABCG1, and ABCG4. Only structures of 

the isolated nucleotide binding domain (NBD) of ABCB6 have been solved, with X-
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ray crystallography in the apo- form, ADP bound, ADP+Mg
2+

and in complex with 

ATP so far. 

 Clinical importance: As described in chapter 1 ABCB5, ABCB6, ABCG1, and 

ABCG4 has clinical significance. A number of studies revealed ABCB5 is linked 

with different types of cancer and borna disease. Overexpression/upregulation of 

ABCB6 is linked to multiple chemotherapeutic resistance. Mutations in ABCB6 also 

cause of several diseases namely; porphyria, ocular coloboma and dyschromatosis 

universalis hereditaria. ABCG1 is associated with tangier disease and sitosterolemia 

while ABCG4 plays role in alzheimer disease. 

Information of the 3D structure of human ABCB5, ABCB6, ABCG1, and ABCG4 protein 

is needed to understand its functions at a molecular level. If successful in determining the 

structure of the chosen orthologs, homology modelling will be used to build an atomic model 

of human ABCB5, human ABCB6, human ABCG1, and human ABCG4 using the structure 

of the chosen orthologs as a template. 

3.9 Homology Modeling using MODELLER 

Homology modeling is also called Comparative modeling. It is the process of constructing 

an atomic-resolution model of a protein from its amino acid sequence and an experimentally 

determined 3-dimensional (3D) structure of a relevant homologous protein (template) 

(Krieger et al., 2003). It is based on the concept that evolutionary related proteins have 

similar structures (Rost, 1997). If the sequence similarity of a protein having an unknown 

structure is high enough to a protein of known structure, then its three-dimensional structure 

can be built (Rost, 1997). Even if the quality of these models cannot compete with the 

experimentally determined structures, they are extremely cheap to produce and can be 

applied on a larger scale. The accuracy of homology model depends upon two main factors: 

1) Choose the best possible template/templates 2) Optimally align the target sequence onto 

the template. Optimal template selection is key to generate a reliable model. Template 

selection can be done by performing a PSI-Blast search against the PDB database (Altschul 

et al., 1997). When performing a PSI-Blast search, a reliable approach is to identify hits with 

low E-value (E-value represents the expectation of finding that sequence by random chance) 

which are considered sufficiently close in evolution to make a reliable homology model. A 

template with a poor E-value should generally not be chosen, even if it is the only one 

available, since it may well have a wrong structure, leading to the production of a misguided 
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model (Webb and Sali, 2016). Beside E-value, a template having a similar function to the 

target protein can also be used to generate a model. Overview of the homology modeling is 

given in figure 3.19.  

For this study, Modeller 9.24 is used (see section 2.8.1.2) for predicting homology models 

of all target proteins (ŠAli and Overington, 1994). It is one of the first fully automated 

command-line-based programs, needs some basic python scripting, relatively fast, and 

produces reliable results (Kuntal et al., 2010).  

 

                                    
 

Figure 3.19: Diagrammatic explanation of homology modeling 

3.9.1 Homology models of all Target Proteins 

Table 3.6 lists the transmembrane and nucleotide-binding domains of all target proteins, 

while table 3.7 lists the protein structures. The Alphafold2 structure from the Alphafold2 

database is provided for comparison (Jumper et al., 2020). ABCB5 is a full-length 

transporter (2xTMD and 2x NBD) of the ATP binding cassette protein B family. The first 

33 amino acids of mABCB5 remained unstructured in our predicted structure by 
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MODELLER 9.24, which is also in consistent with Alphafold's predicted structure in which 

initial 35 amino acids are not solved. Additionally, in our MODELLER predicted mABCB5 

structure, transmembrane 2 (TM2) helices have a slight kink as compared to the Alphafold 

structure. ATP binding cassette protein B member 6 (ABCB6) is a half transporter (1xTMD 

and 1xNBD, and an additional TMD0 domain). We were unable to get the TMD0 domain 

of the ABCB6 structure by MODELLER, on the other hand, TMD0 can be seen in the 

Alphafold structure. This extra TMD0 domain is absent in the template structures that were 

used for ABCB6 modelling, which would explain why it does not appear in the ABCB6 

structure predicted by MODELLER. ATP binding cassette protein G1 (ABCG1) and ATP 

binding cassette protein G4 (ABCG4) both are half transporters. The first 76 amino acids of 

ABCG1; while the initial 60 amino acids of ABCG4 have an ambiguous structure. This 

unstructured region might form an additional domain in ABCG1 and ABCG4 like TMD0. 

Templates used for homology modelling of ABCG1 and ABCG4 did not contain TMD0, 

which could justify the initial unstructured amino acids. Root mean square deviation 

(RMSD) between the recently published structure of ABCB6 on PDB (PDB ID: 7DNY) 

(Kim et al., 2022) and ABCB6 structure predicted by MODELLER is 1.265Å. RMSD 

between recently published ABCG1 structure (PDB ID: 7R8C) (Sun et al., 2021) and 

MODELLER determined structure is 1.361Å.  

 

 

 

 

 

 

 

 

 

 

 

 



92 
 

Table 3.6: Predicted Transmembrane domains (TMDs) and Nucleotide-binding 

domains of all target proteins are shown. 

 

Protein Transmembrane domains 

(TMDs) 

Nucleotide-binding 

domains (NBDs) 

mABCB5 46-66 

104-124 

290-310 

314-334 

694-714 

738-758 

814-836 

841-863 

955-975 

422-429 

1051-1058 

gpABCB6 24-47 

59-83 

103-124 

145-165 

185-204 

261-284 

296-313 

381-403 

409-430 

501-519 

525-545 

 

621-628 

bbABCG1 428-445 

457-478 

498-523 

535-559 

565-587 

599-617 

649-671 

118-125 

mABCG4 394-414 

426-446 

473-493 

504-524 

533-553 

618-638 

 

102-109 
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Table 3.7: Protein structures determined by MODELLER 9.24 and AlphaFold. RMSD 

between MODELLER and AlphaFold structures is determined in Chimera. In AlphaFold 

structures, structure confidence is indicated by different colours as Dark blue: >90%, Light 

blue: 70-90%, yellow: 50-70%, and orange: <50%. 

 

Protein MODELLER Structure AlphaFold 

structure 

RMS

D (Å) 

mABCB5 

                                           

1.159 

gpABCB6 

                                          

1.018 

bbABCG

1 

 

 

 

1.134 

mABCG4                           

      

                   

 

1.160 
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3.10 Discussion and Conclusion 

The primary method for determining the structures of proteins is X-ray crystallography. 

However, the underlying crystallisation process is expensive, lengthy, and time-consuming 

as this involves a number of trial and error experiments to make a good diffracting crystal 

(Wang et al., 2014, Wang et al., 2016, Mizianty and Kurgan, 2011). The success rate of 

crystallisation experiments can be enhanced by choosing proteins that may crystallise easily. 

For this purpose, number of bioinformatics tools are designed for determining the probability 

of protein crystallisation based on the sequences of proteins (Wang et al., 2018). These 

methods make it easier to prioritise the target proteins that show the greatest promise, look 

for alternative structural orthologues of the target proteins, and recommend construct designs 

that would increase the possibility that crystallisation will be effective.  

In this chapter, we selected an artificial intelligence AI tool, TMCrys and used it to score 

various orthologs of human ABC transporters, showing that certain orthologs were much 

higher scoring than the human versions (and hence better targets for crystallisation). When 

using the TMCrys server, it was found that the server was oversensitive to changes in a single 

amino acid at the first position; specifically, by changing the N terminal amino acid, the 

scores for crystallisation propensity changed. Having any of the three amino acids i.e. 

Glycine (G), Methionine (M), and Valine (V) at the N terminus drastically decreased the 

crystallization score from ~0.8 to ~0.2.  This odd susceptibility of the software to the nature 

of the N-terminal residue in the amino acid sequence was discussed with the software 

creators and after some fruitful discussions, we were able to re-score protein targets with 

much greater confidence and at the same time helped to significantly improve the software 

package. The reason of oversensitivity of TMCrys server to initial amino acids was found 

that the TMCrys relies heavily on topology prediction and topology prediction depends on 

initial amino acids. TMCrys server uses CCTOP to predict the topology of these membrane 

proteins which incorporates 10 methods and gives a consensus prediction. It turned out that 

two of these methods (Pro and Prodiv) changes their prediction to give 15 TM helices instead 

of 17 and these are changing the resulting topology predictions which is extremely unlikely 

to happen in the living cells. To overcome this computational error completely, TMCrys 

developers have since rewritten the webserver logic so from now it does not give different 

results upon changing the first amino acid. 

The crystallisation propensity scores for the three subfamilies ABCA12, ABCA13, and 

ABCB8 were found to be quite low when compared to orthologs of other subfamilies (see 
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section 3.6). Purification and crystallisation scores were directly correlated, with the best-

behaving family being ABCG and the worst-behaving family being ABCD (see section 3.7).  

The structures of the target proteins as identified by MODELLER 9.24 are similar to those 

predicted by the most recent online AlphaFold server with slight differences (see table 3.7) 

(Cramer, 2021). 

Conclusion 

Bioinformatics tool, TMCrys was used to score various orthologs of human ABC 

transporters, showing that certain orthologs were much higher scoring than the human 

versions and hence better targets for crystallisation. The following four protein sequences 

were chosen for high resolution structural investigation based on the bioinformatics scoring 

results and their >70% sequence similarity to human protein version: 

1. Mouse ABCB5 (mABCB5) 

2. giant panda ABCB6 (gpABCB6) 

3. little brown bat BACG1 (bbABCG1) 

4. mouse ABCG4 (mABCG4) 
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Chapter 4 Results and Discussion:  Expression and Evaluation 

The goal of this project was to obtain a structural representation of ATP binding cassette 

protein subfamily B, member 5 (ABCB5), ATP binding cassette protein subfamily B, 

member 6 (ABCB6), ATP binding cassette protein subfamily G, member 1 (ABCG1), and 

ATP binding cassette protein subfamily G, member 4 (ABCG4). In this chapter, expression 

constructs were designed for orthologs representative of ABCB5, ABCB6, ABCG1, and 

ABCG4 (see chapter 3), followed by the DNA sequences synthesis (with yeast codon 

optimisation) and then inserted the constructs into an E. coli system that allowed seamless 

incorporation into our yeast expression system. All constructs were expressed in S. cerevisiae, 

with a GFP fusion tag and octa-His tag (8His) (see chapter 2). GFP tag allowed to track the 

expression of all of the proteins in real-time during expression, solubilisation, and purification 

(Misteli and Spector, 1997, Wacker et al., 1997). The optimal expression time for yeast cell 

harvesting was determined in this chapter using a time course experiment. Abbreviations 

‘mABCB5’ for mouse ABCB5, ‘gpABCB6’ for giant panda ABCB6, ‘bbABCG1’ for little 

brown bat ABCG1, and ‘mABCG4’ for mouse ABCG4 will be used throughout the thesis. 

4.1 Generation and expression of all of the four constructs in S. cerevisiae 

For this research work, p424GAL1 plasmid vector was used as a cloning vector as well as 

an expression vector. Target genes were expressed in the p424GAL1 vector under the GAL1 

promoter.  This vector has been successfully used for cloning and expression of membrane 

proteins (Drew et al., 2006). To keep GFP from dimerizing site-directed mutagenesis was 

used to introduce the A206K mutation into the GFP (von Stetten et al., 2012). Primer details 

can be accessed in Chapter 02 (see Table 2.2). A206K-mutated p424GAL1 vector was sent 

to Source BioScience and the mutated site was confirmed by sequencing using Universal 

primer M13R (see appendix Figure 4.1). The A206K mutant p424GAL1 vector, protein 

sequences (mABCB5, gpABCB6, bbABCG1, and mABCG4), and cloning strategy (section 

2.7) were sent to ProteoGenix, a life sciences company in France, for construct synthesis. 

5µg of each of these four constructs were received from Proteogenix. For each construct, 

200 ng/µl of stock plasmid was prepared by adding TE buffer to the lyophilized powder. On 

1% agarose gel electrophoresis, the presence of recombinant plasmid DNA was confirmed 

(Figure 4.1), and the gene sequence encoding each protein was also confirmed by sanger 

sequencing. All of the four constructs were successfully transformed into E. coli cells first 
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for plasmid maintenance i.e. to increase the plasmid copy number and into S. cerevisiae 

FGY217 cells for expression and subsequent purification of the protein.  

        

Figure 4.1: Characterization of mABCB5, gpABCB6, bbABCG1 and mABCG4 on 1% 

agarose gel under UV-transilluminator.  Lane 1: 1 kbp DNA ladder, Lane 2: mABCB5, 

Lane 3: bbABCG1, lane 4: mABCG4, lane 5: Empty plasmid, lane 9: gpABCB6, EP:  

Empty plasmid, L: DNA ladder. 9 kbp corresponds to mABCB5, while 7 kbp corresponds 

to bbABCG1, mABCG1, and gpABCB6.  

4.2 Analyses of screening of mABCB5, gpABCB6, bbABCG1 and mABCG4 expressing 

yeast colonies 

mABCB5, gpABCB6, bbABCG1, and mABCG4 constructs were successfully transformed 

into highly competent DH5α cells, as well as, into the yeast cell (see section 2.11). Small 

scale screening of transformed yeast cells was performed to confirm the protein expression 

in yeast, as well as, to select the highest-protein expressing yeast colony for large scale 

expression and protein purification. In order to conduct small-scale screening for each 

construct, seven to twenty single yeast colonies were picked from the uracil selection plate 

and grown separately. For each colony microsomes were prepared and combined with 2X 

SDS loading buffer before being run on SDS-PAGE. SDS-PAGE gel was scanned under 

Alexa 488, Cyc 5 and Cyc 3 channel settings for GFP detection (as described in section 2.3) 

and western blotting was carried out using HRP-conjugated anti-His antibody (as described 

in section 2.3). For a small-scale screen of mABCB5 expression, 7 yeast colonies picked 

from a transformation experiment. Results of screening of 7 mABCB5 colonies are shown 

in panel A of figure 4.2. The mABCB5-GFP fusion protein, which generally migrates 

between the 250 kDa and 150 kDa, is strongly expressed in colony 3, as shown in the figure 
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4.2. For gpABCB6, 15 out of 20 colonies showed expression between 130 kDa and 95 kDa; 

the results are depicted in Panel B of figure 4.2. Ten yeast colonies were screened for 

bbABCG1 and mABCG4, and the findings are displayed in Panels A and B of Fig. 4.3, 

respectively. For mABCG4, 7 out of 10 colonies showed the expression, compared to 8 out 

of 10 colonies for bbABCG1. For protein purification on a large scale, mABCB5-colony 2, 

gpABCB6-colony 8, bbABCG1 colony 8, and mABCG4 colony 2 was used.  Expression 

yield for each transformed constructs is calculated and shown in table 4.1.  

A. 

       

B. 

     

Figure 4.2: Screening of mABCB5 and gpABCB6 transformed yeast colonies. The 

mABCB5-expressing yeast colonies are shown in Panel A. The gpABCB6-expressing yeast 

colonies are shown in Panel B. The western blot results are displayed in the right panel. The 

SDS-gel scanned for GFP fluorescence is shown in the left panel. For each construct, the 

colony selected for large-scale expression is indicated by a red arrow. M: protein marker in 

kDa. BI: yeast cells before induction. The colonies screened for each construct are 

represented by numbers. 
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A. 

      
B.  

 

Figure 4.3: Screening of bbABCG1 and mABCG4 transformed yeast colonies.  The 

bbABCG1-expressing yeast colonies are shown in Panel A. The mABCG4-expressing yeast 

colonies are shown in Panel B. The western blot results are displayed in the right panel. The 

SDS-gel is scanned for GFP fluorescence in the left panel. For each construct, the colony 

selected for large-scale expression is indicated by a red arrow. M: protein marker in kDa. 

The colonies screened for each construct are represented by numbers. 
 

Table 4.1: Represents the expression yield of each transformed construct (Expression 

yield= No. of yeast colonies showed protein expression/ Total no. of screened colonies 

X 100) 

 

Construct Expression yield (%) 

mABCB5 71.4 

gpABCB6 75 

bbABCG1 90 

mABCG4 70 
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4.3 Time Course Analyses of mABCB5, gpABCB6, bbABCG1 and mABCG4 

expression 

A time course analysis was done to determine the level of protein expression following 

induction in order to obtain a high yield of mABCB5, gpABCB6, bbABCG1, and mABCG4. 

In a 2L baffled flask, yeast was grown in YNB media containing 0.2 % glucose (w/v). The 

media was left at 30 °C overnight while being shaken at 250 rpm.  Cells were induced with 

2 % galactose (w/v) and 8 % glycerol (v/v) as explained in the methodology section 2.14. 50 

ml of yeast culture was collected at each time point, harvested at 3500x g and the yeast cell 

pellet was re-suspended in the lysis buffer with a protease inhibitor cocktail. A detail of the 

lysis buffer is given in section 2.4. The harvested yeast cells were fixed on a glass slide using 

50 % glycerol (v/v) and analysed with a Zeiss Fluorescence microscope with a GFP filter 

(Alexa Fluor 488) alone, as well as, using a white light and GFP filter, both channels at the 

same time to get a better contrast. 

Microscopy results for all constructs showed a negligible GFP signal in the first eight hours 

after galactose induction. However, after eight hours of galactose induction, GFP 

fluorescence started increasing. The highest intensity of GFP fluorescence of mABCB5, 

gpABCB6, bbABCG1, and mABCG4 was seen at 14 hours, between 18-20 hours, between 

18-22 hours, and 14-18 hours after induction, respectively, and after these time points GFP 

signal decreased (Figure 4.5-4.8). This decrease in GFP signal continues and after 38 hours 

and 62 hours of post-induction almost reached the starting levels (Figure 4.5-4.8). The graph 

of corrected total cell fluorescence (CTCF) was plotted against time and the results are 

displayed in Figure 4.9. Fluorescence microscopy can also be used to track the protein's 

location within the cell (Figure 4.4). For mABCB5 and gpABCB6 much of the fluorescence 

is found around the periphery of the cell as expected (Drew et al., 2008). bbABCG1 and 

mABCG4 display a punctate localization, either on or just inside the plasma membrane 

which could be due to protein recycling through a late Golgi/endosomal pathway (Yoo et 

al., 2002). Subcellular localisation of proteins needs to be confirmed using defined markers 

for specific organelles. 

    

(mABCB5)  (gpABCB6)        (bbABCG1)           ( mABCG4) 
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Figure 4.4: Fluorescence microscopy for detection of protein location 

 

Figure 4.5: Fluorescence microscopy of yeast expressing mouse ATP binding cassette 

protein subfamily B member 5 (mABCB5) at different time points after induction using 

Alexa Fluor 488 and a white light together. The highest intensity of GFP fluorescence is 

seen at 14 hours after galactose induction. 

 

 

Figure 4.6: Fluorescence microscopy of yeast expressing giant panda ATP binding 

cassette protein subfamily B member 6 (gpABCB6) at different time points after using 

Alexa Fluor 488 filter. The highest intensity of GFP fluorescence is seen between 18-20 

hours after galactose induction. 
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Figure 4.7: Fluorescence microscopy of yeast expressing little brown bat ATP binding 

cassette protein subfamily G member 1 (mABCG1) at different time points after 

induction using Alexa Fluor 488 and a white light together. The highest intensity of GFP 

fluorescence is seen between 18-22 hours after galactose induction. 

 

 
Figure 4.8: Fluorescence microscopy of yeast expressing mouse ATP binding cassette 

protein subfamily G member 4 (mABCG4) at different time points after induction 

using Alexa Fluor 488 and a white light together. The highest intensity of GFP 

fluorescence is seen between 14-18 hours after galactose induction. 
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(A)                                                       (B)  

   
 

(C)           (D) 

   
         

Figure 4.9: Time course experiment graphics for mABCB5, gpABCB6, bbABCG1, 

and mABCG4. The microscopy images were imported into Image J and calculated for  

corrected total cell fluorescence (CTCF) i.e. Total GFP signal from single cell after 

subtracting the background noise. mABCB5, gpABCB6, bbABCG1, and mABCG4 

maximum expression occurs at 14 hours, 20 hours, 22 hours and 14 hours respectively.  

 

 

mABCB5, bbABCG1, and mABCG4 expressing yeast cells were taken from different time 

points after galactose induction and were also processed for crude membranes (microsomes) 

preparation to monitor the highest protein expression levels by western blot. gpABCB6 

western blot data is missing due to a lack of gpABCB6 expressing harvested yeast sample. 

For mABCB5, bbABCG1, and mABCG4, the highest protein expression was seen at 14 

hours, 22 hours, and 14 hours (Figure 4.9).
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A. 

                        

B. 

                       

C. 

                      

Figure 4.10: Western blot results of time course experiment for mABCB5, bbABCG1, 

mABCG4 after induction. Panel A shows the mABCB5 western blot. Panel B shows the 

bbABCG1 western blot. Panel C shows the mABCBG4 western blot. Red arrow indicates 

the time of harvesting selected for each construct. M: protein marker in kDa. BI: Before 

induction 
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4.4 Discussion and Conclusion 

mABCB5, gpABCB6, bbABCG1, and mABCG4 constructs were successfully synthesized, 

cloned, and transformed into highly competent bacterial cells (DH5α) for backup as well as 

into yeast cells for protein expression and purification. Transformation of the yeast cells with 

the mABCB5/ gpABCB6/ bbABCG1/ mABCG4-containing vector, is straightforward, 

however, it is crucial to screen yeast colonies that express a lot of protein. Variable 

expression levels may result from a variety of reasons, but a large portion of variation is 

likely caused by the number of plasmid copies present in each cell.  

GFP is ~27kDa and emits fluorescence at a wavelength of ~507-509 nm when excited at a 

wavelength of ~488 nm (Patterson et al., 1997). The use of a green fluorescent protein (GFP) 

tag enabled quick and simple detection of mABCB5, gpABCB6, bbABCG1, and mABCG4 

in living yeast cells and also after extraction from the plasma membrane. It is clear from the 

microscopy data shown in Figures 4.5-4.8 that the timing of cell harvesting after induction 

with galactose is an important factor. GFP fluorescence in microscopy images of mABCB5, 

gpABCB6, bbABCG1, and mABCG4 drop drastically after about 14 hours, 20 hours, 22 

hours, and 14 hours of induction respectively, so that there is hardly any detectable protein 

expression in yeast cells after 24 hours of induction. Western blot data of the time course 

experiment of mABCB5, gpABCB6, bbABCG1, and mABCG4 is also in agreement with 

the fluorescence data (see figure 4.10). There could be two possible reasons for decreased 

protein expression after 24 hours of induction either protein degradation or the likelihood 

that there is abundant protein expression but GFP has been cleaved off the target protein.  

Before induction, yeast cells also showed very less but evenly dispersed internal signals 

under the blue light filter (Alexa Fluor 488) (Figure 4.5-4.8, pre-induction). This is likely 

because the yeast cells produce inherently fluorescent proteins such as succinate 

dehydrogenase and other FAD-containing proteins (Frey et al., 2011). Leaky expression or 

incomplete promoter repression could also be a reason for the expression in the non-induced 

cells. Additionally, this time course microscopy images also confirm the correct folding of 

proteins in the yeast system. Yeast cells possess an intrinsic endoplasmic reticulum-

associated degradation (ERAD) pathway for the quality monitoring of membrane proteins. 

Only properly folded proteins can reach the plasma membrane (PM), whereas misfolded 

proteins are entrapped and destroyed in the cytosol as the protein destruction part of ERAD 

occurs in the cytosol (Brodsky and Skach, 2011). Consequently, the production of the GFP 
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tag signal may serve as a proximate marker for the folding of heterologous-produced 

membrane proteins (Drew et al., 2001, Newstead et al., 2007).  

Taken together, the results of this chapter were important in three aspects: 

 To confirm protein expression in yeast  

 To determine the time for yeast-cells harvesting to get a high yield of purified protein  

 To ensure that microsomes can be made 

Conclusion 

Yeast expression was induced consistently when OD600 of ~1.6-1.8 was reached and glucose 

was completely used. Optimal yeast harvesting time following galactose induction was 

determined and this was found within the 24 hours but some variations were observed as 14 

hours, 20 hours, 22, and 14 hours, for mABCB5, gpABCB6, bbABCG1, and mABCG4 

respectively.   
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Chapter 05 Results and Discussion: Protein Purification 

The downstream structural activities required pure protein and the purification methodology 

was enabled by the specific design of the expression construct (see section 2.7). The 

expression of mABCB5, gpABCB6, bbABCG1, and mABCG4 protein in yeast was 

confirmed by fluorescence microscopy, as well as, optimal yeast cell harvesting times after 

galactose induction for each protein were also determined as described in chapter 4. In this 

chapter, we scaled up the yeast culture for protein purification, using a 12L shake-flask-

batch method (see chapter 02, section 2.15). Large-scale protein purification was carried out 

using specially chosen yeast colonies for each design (see section 4.2). Protein expression 

was induced by the switch of yeast nutrients from glucose to galactose. Once glucose was 

depleted, 2 % galactose (w/v) and 8 % glycerol (v/v) were used to induce expression. 8 % 

glycerol (v/v) was introduced as a chemical chaperon that has been reported to significantly 

enhance membrane protein expression in yeast (Figler et al., 2000). The cells were harvested 

between 14-22 hours after induction as determined in chapter 4. The harvested cells were re-

suspended in lysis buffer supplemented with a protease cocktail to inhibit yeast proteases. 

The microsomes (crude membranes) were prepared using a bead-beating protocol as 

explained in chapter 2 (see section 2.16) and dissolved in solubilisation buffer with detergent 

for protein purification. 

5.1 Microsomes solubilisation 

DDM is the most commonly used detergent to solubilise membrane proteins and it has been 

the most successful for structural studies of membrane proteins (Awayn et al., 2005, 

Anandan and Vrielink, 2016, Parker and Newstead, 2012). The efficiency of microsomes 

solubilisation in DDM can be influenced by salt concentration and pH value. The efficiency 

of gpABCB6 was evaluated with 2 % DDM (w/w) solubilisation buffer with pH ranging 

from 7-9 and different NaCl concentrations (as explained in chapter 02, section 2.16). In 

addition, the efficiency of solubilizing gpABCB6 microsomes in lysofos glycerol 14 was 

also assessed.  The solubilized material was run on SDS-PAGE gels which were scanned for 

GFP fluorescence and also processed for Western blot. 

Figure 5.1 shows the SDS-PAGE gels and Western blot with soluble and insoluble fractions 

for 7 different buffer conditions. Results revealed an optimal solubilisation efficiency with 

50 mM Tris-buffer containing 2 % n-Dodecyl-β-D-Maltopyranoside (DDM) (w/w), no salt 
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at pH8 of ~50 % (as measured by the ratio of the gpABCB6 GFP band intensity for soluble 

and insoluble fractions). Solubilisation efficiency with Lysofos glycerol 14 was comparable 

with DDM (Figure 5.1), but due to the known harsh character of this detergent, DDM was 

preferred (Anandan and Vrielink, 2016).   

A. 
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B.  

                               

Figure 5.1: Optimization of gpABCB6 microsomes solubilisation with eight different 

buffer conditions. gpABCB6 containing microsomes at a total protein concentration of 5 

mg/ml were incubated with 2 % DDM (w/w) buffer for 2 hours at 4 °C at a detergent to total 

protein ratio of (8:1). DDM-soluble protein was then separated from DDM insoluble material 

by ultracentrifugation at 120,000 g and analyzed by SDS-PAGE using GFP fluorescence 

(left panel) and by western blot using HRP-conjugated anti-His antibody (right panel). Panel 

A, B. 50 mM Tris-buffer containing 2% DDM, 300 mM NaCl at different pH (7, 7.5, 8, 8.5 

and 9), 50 mM Tris buffer containing 2% DDM, no NaCl at different pH (7, 7.5, 8, 8.5 and 

9); soluble and insoluble fractions. Panel C. Soluble and insoluble fractions of Buffer 1: 50 

mM Tris, 1M NaCl (pH8) Buffer 2: 50 mM Tris, 2 % LysoFosglycerol 14, pH8 Buffer 3: 

50 mM phosphate buffer saline (PBS), 2 % DDM, pH8 Buffer 4: 50 mM Tris, pH 8 M: 

Protein marker in kDa, C: P-gp as a positive control 

 

For mABCB5, bbABCG1, and mABCG4, the microsomes solubilisation was standardized 

based on the optimization as described above and the work of Jackson et al 2018b (Jackson 

et al., 2018b). Microsomes were solubilized using 2 % DDM: 0.02 % CHS with final protein 

concentrations at 2.5 mg/ml and proceeded for protein purification (Jackson et al., 2018b).  

5.2 Ni-NTA purification 

The solubilized protein was purified using Ni-NTA chromatography followed by size 

exclusion (Pollock et al., 2014a). gpABCB6 was purified using Qiagen Ni-NTA loose resin 

(see chapter 2, section 2.17). The corresponding fractions were run on SDS-PAGE and 

analysed for GFP fluorescence. In Figure 5.2, a prominent band with a molecular weight of 

roughly 120 kDa is shown which can be compared to the expressed gpABCB6 construct 

molecular weight (sequence weight 92 kDa + the additional cleavable GFP and affinity tag 

= 21 kDa). Additionally, when comparing the quantity of gpABCB6 in the 150 mM fraction 

with the amount of gpABCB6 in the flow-through collected, Ni-NTA affinity 

chromatography demonstrates a protein retention efficiency of about 90 %. Imidazole-free 
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purification buffer was used to dilute the 150 mM elution fraction, bringing the 150 mM 

imidazole concentration down to less than 5 mM. Using milipore20 concentrators with a 100 

kDa cut-off, the diluted fraction of approximately 100 ml was then concentrated to a final 

volume of 1-2 ml for size exclusion purification or until the absorption of GFP is observable 

by eye (a greenish yellow colour) in the concentrator.    

 

Figure 5.2: Ni-NTA chromatography of gpABCB6. Panel A shows the corresponding 

purification fractions on SDS gel scanned for GFP-fluorescence under Alexa488, Cyc3, and 

Cyc5 filters in the chemidoc system. gpABCB6 eluted at 150 mM imidazole concentration. 

Panel B shows the Western blot using HRP-conjugated anti-His Antibody M: The molecular 

weight markers are indicated on the left in kDa. FT: Flow-through, Mic: ABCB6 

microsomes, W1: Wash 1 (20 mM imidazole concentration), W2: Wash 2 (40 mM 

imidazole concentration), W3: Wash 3 (500 mM imidazole concentration), W4: Wash 4 

(500 mM imidazole concentration), Elution: 150 mM imidazole concentration. A band at 

~120 KDa represents the gpABCB6 indicated by red arrow. 

 

mABCB5, bbABCG1 and mABCG4 were purified using 5ml HiFliQ Ni-NTA FPLC 

column. All of these three solubilized proteins were purified by one optimized strategy i.e. 

first two washes with 20 mM and 80 mM imidazole to remove unbound protein and non-

specific interactions, higher affinity protein elution between 200 mM-250 mM imidazole 

followed by a last wash with 500 mM imidazole to elute any remaining bound protein from 

the column. Figure 5.3A depicts mABCB5 fractions on SDS-PAGE scanned for GFP 

fluorescence; a prominent band with a molecular weight of roughly 150 kDa is shown, which 

represents the expressed mABCB5 construct molecular weight (sequence weight 137.4 kDa 

+ the additional cleavable GFP and affinity tag = 21 kDa). A very faint band of mABCB5 

and other protein contaminants was visible on an SDS gel stained with Coomassie (Figure 

5.3B). Comparison of the band intensity of the 200 mM imidazole fraction to the band 

intensity of the flow through indicates protein retention of about 95 % (Figure 5.3A).  

 

(A) (B) 
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Figure 5.3: Ni-NTA chromatography of mouse ABCB5. A) The corresponding 

purification fractions on SDS gel scanned for GFP-fluorescence under Alexa488, Cyc3, and 

Cyc5 filters in the chemidoc system. mABCB5 eluted at 200 mM imidazole concentration. 

A band at ~158.6 KDa corresponds to mABCB5. B) The corresponding purification 

fractions on Coomassie-stained SDS gel M: protein marker in kDa SMB: Solubilized 

microsomes before centrifugation SMA: Solubilized microsomes after centrifugation InM: 

Insoluble microsomes. FT: Flow-through, Numbers: indicate imidazole concentration in 

purification buffer in millimolar (mM).  

 

Figure 5.4A shows a representative chromatogram of bbABCG1 nickel affinity 

chromatography. In figure 5.4A the highest peak of the chromatogram corresponds to 

fractions A10 and A11 and showed a band with a molecular weight of ~94 kDa on SDS-

PAGE scanned for GFP fluorescence. A band at ~94kDa corresponds to enriched bbABCG1 

(sequence weight 75.4 kDa + the additional cleavable GFP and affinity tag = 21 kDa). 

Comparison of the GFP band intensity of the 200 mM imidazole fraction to the band 

intensity of the flow through indicates protein retention of about 95%, however, a huge 

number of protein contaminants were also visible on the Coomassie-stained SDS gel (Figure 

5.4B).  

 

 

 

 

 

 

 

 

 

(A) (B) 
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Figure 5.4: Ni-NTA Chromatography of bbABCG1. Panel A represents the 

chromatogram of nickel affinity chromatography. The x-axis represents time whereas the y-

axis represents the absorbance UV280 (green trace represents the Imidazole concentration 

in buffer B). Left Panel B represents the gel analysis of Ni-NTA fractions on SDS-PAGE 

scanned for GFP fluorescence and right Panel B represents Coomassie stained SDS gel.  

bbABCG1 is represented by a red box. X1: 20mM imidazole, A1-A6: 80 mM imidazole 

concentration, A7-A12: 250 mM imidazole concentration, X2: 500 mM imidazole 

concentration, M: Protein marker in kDa, Mic: bbABCG1 microsomes, SMB: Solubilized 

microsomes before centrifugation SMA: Solubilized microsomes after centrifugation, InM: 

Insoluble microsomes, FT: Flow through 
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The purification steps for mABCG4 are shown as an ideal example, here each purification 

step was examined using SDS-PAGE with Coomassie staining and followed by Western 

blot. Figure 5.5 represents the ~40% mABCG4 microsomes solubilisation efficiency. Figure 

5.6A shows the nickel-purified fractions on SDS gels scanned for GFP fluorescence. Figure 

5.6B shows the SDS gel after Coomassie staining and figure 5.6C shows the Western blot. 

A band at ~93KDa band represents the expressed mABCG4 construct molecular weight 

(sequence weight 72 kDa + the additional cleavable GFP and affinity tag = 21 kDa). When 

comparing the amount of protein in the 200mM fraction with the amount in the flow-through, 

Ni-NTA affinity chromatography shows a protein retention efficiency of about 80-90%, and 

this efficiency remained consistent in each run. To lower the imidazole concentrations from 

200 mM to less than 5 mM, the elution fractions were diluted with purification buffer A. 

After that, the diluted fractions were concentrated using Millipore20 concentrators with a 

100 kDa cut-off for size exclusion purification. 

 

       

 

Figure 5.5: mABCG4 microsomes solubilisation. Microsomes were solubilized with 

solubilized buffer containing 2% DDM (w/v):0.02 % CHS for 2 hours at 4 °C. M: Protein 

marker in kDa, SMB: Solubilized microsomes before centrifugation, SMA: Solubilized 

microsomes after centrifugation, InM: Insoluble microsomes 
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(A)      (B)       (C) 

Figure 5.6: Ni-NTA chromatography of mouse ABCG4. Soluble material was applied to 

the HisTrap 5 ml column. All purification steps were monitored by SDS-PAGE followed by 

western blotting with a 25 µl sample loaded per well on the gel. Panel A represents the SDS-

PAGE gel scanned for GFP fluorescence under Alexa488, Cyc3, and Cyc5 filters in the 

chemidoc system. Panel B represents SDS gel after Coomassie staining. Panel C represents 

the western blot. M: protein marker in kDa, Numbers indicate imidazole concentration in 

purification buffer in millimolar (mM)    

5.3 Size exclusion Chromatography 

A second stage of size exclusion chromatography (SEC) was used to enrich the purified 

proteins. 500 µl of concentrated protein after affinity chromatography were ultracentrifuged 

to remove large aggregates, and the protein was then placed onto the Generon SepFast 6-

5000 kDa column (see section 2.18). A flow rate of 0.5 ml/minute was used for the 

purification. The eluent from the column was fractionated into 1ml fractions for 1.2 Colum 

Volumes (CV) after sample injection. As all 4 proteins have a GFP tag a fluorescence 

detector was also used to detect the GFP-tagged protein as it was eluted from the SEC 

column.  

Chromatogram of all of the four proteins i.e. mouse ABCB5, giant panda ABCB6, little 

brown bat ABCG1, and mouse ABCG4 chromatograms showed a strong UV280 peak at the 

void volume of the column corresponding to eluent fractions 9-11 suggesting the presence 

of large aggregated species. Superimposed on the tail of the void-volume peak was a large 

shoulder between eluents 11ml to 18ml corresponding to the retention volume expected for 

the solubilized ABC transporter (Figure 5.7A, 5.8A, 5.9A, 5.10A). 

In chromatograms, the reading for UV280 is represented by a blue colour, while the reading 

for GFP fluorescence is shown by a pink colour. mABCB5 size exclusion chromatogram 

(Figure 5.7A) UV280 readings show a sharp first peak at the void volume followed by a 

second, large shoulder peak. The GFP fluorescence reading is consistent with UV280 

G4= 20.8+72=92.8 
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readings, indicating that the peak at the void volume contains mABCB5 aggregates whereas 

the shoulder peak corresponds to the monomeric form of the mABCB5 protein.  

The gpABCB6 chromatogram (Figure 5.8A) displays only one UV280 peak starting at the 

void volume. The GFP fluorescence reading reveals a sharp peak at the void volume 

followed by a shoulder peak. However, the fluorescence signal at the shoulder peak is very 

low, indicating that only a small amount of monomeric gpABCB6 was eluted and that 

gpABCB6 was primarily aggregated. 

bbABCG1 chromatogram (Figure 5.9A) UV 280 readings show a sharp peak at the void 

volume followed by a small shoulder peak. The GFP fluorescence reading is consistent with 

UV280 readings, indicating that the peak at the void volume contains protein aggregates 

whereas the shoulder peak is the monomeric form of the bbABCG1.  

UV 280 measurements of the mABCG4 chromatogram (Figure 5.10A) reveal a strong peak 

at the void volume followed by a large shoulder peak. In contrast, the GFP fluorescence 

reading shows a small value corresponding to the initial sharp peak of UV280 at the void 

volume, but shows a large peak that is consistent with the shoulder peak of UV280 readings. 

This suggests that mABCG4 is mostly purified in monomeric form and a minor fraction is 

aggregated.  

SEC fractions were further analysed using SDS PAGE.  Figure 5.7B depicts the SDS-PAGE 

analysis of mABCB5; SDS-gel scanned for GFP fluorescence shows the molecular weight 

corresponding to the tagged mABCB5 construct but Coomassie staining suggests a lot of 

impurities. Fractions 12-15 with enriched protein were pooled and concentrated using 

Millipore4 100 kDa cut-off filters. The concentrated mABCB5 protein was analysed for 

purity and quantification on SDS PAGE relative to serial dilutions of bovine serum albumin 

(BSA) (Fig 5.7C). Figure 5.8B represents the SDS-PAGE of corresponding peak fractions 

of gpABCB6. SDS gel was scanned for GFP fluorescence which shows the molecular weight 

corresponding to the tagged gpABCB6 construct ~120kDa. Fractions 12 and 13 were pooled, 

concentrated using Millipore4 100 kDa cut-off filters, and analysed for purity on SDS-PAGE 

relative to BSA (Figure 5.8C). Figure 5.9B represents the corresponding peak fractions of 

bbABCG1 on SDS-PAGE. Figure 5.10B represents the corresponding peak fractions of 

mABCB5 on SDS-PAGE. Fractions 12, 13, and 14 were pooled, concentrated using 

Millipore4 100kDa cut-off filters, and analysed for purity on SDS-PAGE relative to serial 

dilutions of bovine serum albumin (BSA) (Figure 5.10C). 
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A) 

         

B) 

                      

C) 

                 

 

Figure 5.7: mouse ABCB5 size exclusion chromatography (SEC). The chromatogram of 

mABCB5 is shown in Panel A. Volume is shown on the x-axis, while absorbance at 280 nm 

is shown on y-axis. GFP fluorescence at 509 nm is shown as a pink trace. Chromatogram 

illustrates that protein was eluted in fractions 10-18 ml. Panel B represents the corresponding 

fractions collected during SEC. Concentrated mABCB5 loaded as 1 µl, 2 µl, 3 µl, 4 µl, 5 µl 

as well as BSA dilutions are shown in panel C. The Coomassie-stained SDS-PAGE gel is 

shown in the right panel, while the left panel displays the SDS-PAGE for GFP fluorescence.  

 

 



117 
 

A) 

    

B) 

                                       

C) 

 

Figure 5.8: Giant panda ABCB6 size exclusion chromatography (SEC). The 

chromatogram of gpABCB6 is shown in Panel A. Volume is shown on the x-axis, while 

absorbance at 280 nm and GFP fluorescence are shown on the y-axis. Chromatogram 

illustrates that protein was eluted in fractions 10-18 ml but the signal at fractions 10 ml and 

11 ml suggests protein aggregation. Panel B represents the pre-concentrated fractions 8 to 

14 on SD-PAGE gel scanned for GFP fluorescence. Concentrated gpABCB6 loaded as 1 µl 

and 2 µl as well as BSA are shown in panel C. The Coomassie-stained SDS-PAGE gel is 

shown in the right panel, while the left panel displays the SDS-PAGE for GFP fluorescence 
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A) 
  

    

B) 

     

 

Figure 5.9: Little brown bat ABCG1 size exclusion chromatography (SEC). The 

chromatogram of bbABCG1 is shown in Panel A. Volume is shown on the x-axis, while 

absorbance at 280 nm and GFP fluorescence are shown on the y-axis. Chromatogram 

illustrates that protein was eluted in fractions 10-17 ml but the signal at fractions 10 ml and 

11 ml suggests protein aggregation. Panel B represents the pre-concentrated fractions 8 to 

17 on SD-PAGE gel scanned for GFP fluorescence. The Coomassie-stained SDS-PAGE gel 

is shown in the right panel, while the left panel displays the SDS-PAGE for GFP 

fluorescence.  bbABCG1 at about ~93 kDa was seen. 
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Figure 5.10: Mouse ABCG4 size exclusion chromatography (SEC). The chromatogram 

of mABCG4 is shown in Panel A. Volume is shown on the x-axis, while absorbance at 280 

nm and GFP fluorescence are shown on the y-axis. Chromatogram illustrates that protein 

was eluted in fractions 10-18 ml but the signal at fractions 10 ml and 11 ml suggests protein 

aggregation. Panel B represents the pre-concentrated fractions 8 to 15 ml collected during 

SEC. Panel C represents the concentrated mABCBG4 loaded in different dilutions along 

with BSA dilutions. The Coomassie-stained SDS-PAGE gel is shown in the right panel, 

while the left panel displays the SDS-PAGE for GFP fluorescence.  
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5.4 Discussion and Conclusion 

The aim of the work reported in this chapter was to enrich the proteins to a purity suitable 

for high resolution structural studies. In this context, microsomes were made from protein 

expressing yeast cells. In microsomes preparation, controlling the temperature during bead 

beating process was important for maintaining the protein quality. During the two-minute 

cycle of bead beating, the temperature can reach as high as 60–70 °C. So, the bead beating 

process carried out in cold room (4 °C) and dry ice was placed on the outer chamber of midi-

bead beater throughout the process. In addition, protease inhibitors were added to the slurry 

to prevent yeast intrinsic proteases from destroying our recombinant protein (Lingam et al., 

2017, O'Ryan et al., 2012a).   

For microsomes solubilisation, DDM was chosen because of its mild and non-denaturing 

character and also ~80 % of the three dimensional (3D) structures of ATP binding cassette 

proteins (ABC family) on the protein data bank (PDB) was solved in the presence of DDM 

(Hofacker et al., 2007, Nandigama et al., 2019). In the pH range of 7.0 to 9.0, gpABCB6 

solubilisation remained largely consistent, however there was a slight increase from roughly 

10 % at pH 7.0 to 60 % at pH 9.0. (Figure 5.1). These findings are encouraging given that 

the His-tag affinity chromatography techniques demand a pH above 7.5 (in between 7.5-8.0) 

(Loughran and Walls, 2011).  

We successfully expressed all of the four proteins, gpABCB6, mABCB5, bbABCG1 and 

mABCG4, in yeast expression systems and purified them via 2-step purification including 

nickel affinity chromatography and SEC. Following nickel affinity chromatography, SDS 

gels were analysed for GFP signals, which confirmed that all four of these proteins were 

binding to the His-trap column and eluting in the imidazole solution. However, after nickel 

affinity chromatography, SDS gels stained with Coomassie revealed protein impurities, with 

mABCG4 having the highest purity and bbABCG1 having the lowest purity. In mABCG4, 

an additional band of ~120 kDa band was also observed on the western blot but not visible 

under the GFP scan. This band could be mABCG4 that has been glycosylated or another 

intrinsic yeast protein that has a propensity to bind His-tag. 

Aggregation in all of the four purified proteins (mABCB5, gpABCB6, bbABCG1 and 

mABCG4) was evident from the size exclusion chromatograms even after numerous size 

exclusion cycles and ultracentrifugation. These findings pointed to an interparticle 

equilibrium in the aqueous solutions between the aggregated and monomeric forms. It could 
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be because of the protein tendency to form a variety of oligomers and aggregates when 

concentrated, which is why in SEC chromatogram a strong peak at void volumes of 10 ml 

and 11 ml showed up. Another hypothesis is that all four of the proteins have GFP tags on 

them and the interparticle interactions in recombinant proteins have been reported to change 

when GFP is present (Montecinos-Franjola et al., 2020). Additionally, concentrating the 

protein also results in protein aggregation as well as protein loss because protein may link to 

the concentrator device filter.  

bbABCG1 and mABCG4 showed better purity and homogeneity as judge by Coomassie 

stained SDS-PAGE gels after size exclusion chromatography (Figure 5.9B and Figure 

5.10A). On the contrast, SDS-PAGE gels of mABCB5 and gpABCB6 showed polydispersity 

(see Figure 5.7B and Figure 5.8B). In order to improve protein purity and homogeneity of 

mABCB5 and gpABCG6 it may need to optimise its purification conditions or GFP resin 

purification might help to get pure protein. An additional negative purification step will be 

possible after tag cleavage which may increase the quality of the protein sample. Overall it 

could be argued that purified ABCG1 and ABCG4 was promising to use in high-resolution 

structural studies. 

Conclusion 

Taking everything into account, the UV280 readings and GFP fluorescent traces for each 

protein shows the aggregation in the void is mainly due to large impurities (mABCB5) or to 

aggregation of the target proteins (bbABCG1) or a combination (gpABCB6). This suggests 

that mABCG4 is the only one we could do structural work with or without cleaving the tag. 
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Chapter 06 Results and Discussion: Characterisation of purified 

proteins 

Production of correctly folded, functional, and stable recombinant protein is challenging 

(Birch et al., 2020). To ensure that the purified protein is intact and fully functional, protein 

characterization is necessary before doing any structural research on it. In this chapter, the 

biochemical and biophysical characteristics of mABCB5, gpABCB6, bbABCG1, and 

mABCG4 were investigated under experimental conditions where the detergent, DDM, was 

present. Although the detergent mimics the membrane protein’s natural environment, it may 

have some influence on the protein’s characteristics to some extent (Thonghin, 2019).  

6.1 Mass spectrometry (MS) 

All constructs were newly synthesized and expressed in yeast, therefore, the purified 

mABCB5, gpABCB6, bbABCG1, and mABCG4 samples were examined for protein 

identification using mass spectrometry at the MS facility (Michael Smith building, the 

University of Manchester). Roughly 2 μg of purified protein was run on an SDS-PAGE gel 

which was then stained with Colloidal Coomassie stain. Protein bands of interest were 

excised and kept in 200 μl of MilliQ water (see section 2.21.2). Staff at the MS facility 

dissolved and processed gel fragments. The number of peptides that match the proteins in 

the Swiss-Prot and TrEMBL databases was used to display the results of the identification 

(Table 6.1-6.4). According to the MS facility's interpretation standards, an identification 

match with a threshold score of "3" is considered to be likely, whereas identification matches 

with higher levels are considered to be progressively assured. 

The purified proteins were identified as the mouse ABCB5, giant panda ABCB6, little brown 

bat ABCG1, and mouse ABGC4 as shown by 40, 39, 30, and 34 peptide matches, 

respectively, in Tables 6.1- 6.4. Keratin, which is known as a common contaminant in MS 

(Keller et al., 2008), appeared to be the second-best match in purified gpABCB6, bbABCG1, 

and mABCG4. Keratin can be commonly found in skin and hair as well as in the form of 

dust in the laboratory. Keratin can sometimes interfere with analysis, however, in this study, 

its presence was not so great as to have an adverse impact. Interestingly, besides keratin, 

many other proteins of mouse origin were also found in purified mABCB5 protein as shown 

in table 6.1.  
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Table 6.1: MS identification scores for the mABCB5 sample using the mammal 

swissprot database. The table was re-written based on reports provided by MS facility, 

Michael Smith building, UOM. The first ten identified proteins are only shown. OS= 

OrganismName, GN= GeneName, PE= ProteinExcistence, SV= SequenceVersion 

 

Identified proteins No. of Peptides 
Identified 

ATP-binding cassette sub-family B member 5 OS=Mus musculus 
GN=Abcb5 PE=2 SV=1 

40 

Fatty acid-binding protein, heart OS=Mus musculus GN=Fabp3 PE=1 
SV=5 

5 

Heat shock cognate 71 kDa protein OS=Mus musculus GN=Hspa8 PE=1 
SV=1 

4 

MCG23377, isoform CRA_b OS=Mus musculus GN=Gm8797 PE=4 SV=1 4 

Keratin, type II cytoskeletal 6A OS=Mus musculus GN=Krt6a PE=1 SV=3 2 

Junction plakoglobin OS=Mus musculus GN=Jup PE=1 SV=3 9 

ADP/ATP translocase 1 OS=Mus musculus GN=Slc25a4 PE=1 SV=4 6 

Desmoplakin OS=Mus musculus GN=Dsp PE=1 SV=1 12 

Actin, beta OS=Mus musculus GN=Actb PE=2 SV=1 9 

ATP synthase subunit alpha OS=Mus musculus GN=Atp5a1 PE=1 SV=1 6 

 

Table 6.2: MS identification scores for the gpABCB6 sample using the mammal 

swissprot database. The table was re-written based on reports provided by MS facility, 

Michael Smith building, UOM. The first ten identified proteins are only shown. OS= 

OrganismName, GN= GeneName, PE= ProteinExcistence, SV= SequenceVersion 

 

Identified proteins No. of Peptides 
Identified 

ATP binding cassette subfamily B member 6 (Langereis blood group) 
OS=Ailuropoda melanoleuca GN=ABCB6 PE=4 SV=1 
 

39 

ABCG4 OS=Mus musculus GN=Abcg4 PE=2 SV=1 
 

6 

Keratin 1 OS=Homo sapiens GN=KRT1 PE=3 SV=1 
 

27 

Keratin, type II cytoskeletal 2 epidermal OS=Homo sapiens GN=KRT2 
PE=1 SV=2 
 

25 

Keratin, type I cytoskeletal 9 OS=Homo sapiens GN=KRT9 PE=1 SV=3 
 

21 

Keratin, type I cytoskeletal 10 OS=Homo sapiens GN=KRT10 PE=1 SV=6 
 

23 

ATP binding cassette subfamily B member 6 (Langereis blood group) 
OS=Callithrix jacchus GN=ABCB6 PE=4 SV=1 

2 
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Keratin, type II cytoskeletal 5 OS=Homo sapiens GN=KRT5 PE=1 SV=3 
 

13 

Keratin 14 OS=Macaca mulatta GN=KRT14 PE=3 SV=1 
 

9 

Heat shock cognate 71 kDa protein OS=Homo sapiens GN=HSPA8 PE=1 
SV=1 
 

5 

 
Table 6.3: MS identification scores for the bbABCG1 sample using the mammal 

swissprot database. The table was re-written based on reports provided by MS facility, 

Michael Smith building, UOM. The first ten identified proteins are only shown. OS= 

OrganismName, GN= GeneName, PE= ProteinExcistence, SV= SequenceVersion 

 

Identified proteins No. of Peptides 
Identified 

ATP binding cassette subfamily G member 1 OS=Myotis lucifugus 
GN=ABCG1 PE=4 SV=1 

30 

Keratin 1 OS=Homo sapiens GN=KRT1 PE=3 SV=1 2 

Keratin, type II cytoskeletal 5 OS=Pan troglodytes GN=KRT5 PE=3 SV=1 4 

Uncharacterized protein OS=Pongo abelii PE=3 SV=1 2 

Heat shock cognate 71 kDa protein OS=Mus musculus GN=Hspa8 PE=1 
SV=1 

18 

Keratin, type II cytoskeletal 2 epidermal OS=Homo sapiens GN=KRT2 
PE=1 SV=2 

23 

Keratin, type II cytoskeletal 6C OS=Homo sapiens GN=KRT6C PE=1 
SV=3 

16 

Keratin, type I cytoskeletal 10 OS=Homo sapiens GN=KRT10 PE=1 SV=6 21 

Heat shock protein 70-2 OS=Mus musculus PE=3 SV=1 2 

Keratin, type II cytoskeletal 5 OS=Homo sapiens GN=KRT5 PE=1 SV=3 24 

 

Table 6.4: MS identification scores for the mABCG4 sample using the mammal 

swissprot database. The table was re-written based on reports provided by MS facility, 

Michael Smith building, UOM. The first ten identified proteins are only shown. OS= 

OrganismName, GN= GeneName, PE= ProteinExcistence, SV= SequenceVersion 

 

Identified proteins No. of Peptides 
Identified 

ABCG4 OS=Mus musculus GN=Abcg4 PE=2 SV=1 34 

ATP-binding cassette sub-family G member 4 OS=Fukomys damarensis 
GN=H920_07488 PE=4 SV=1 

2 

ATP binding cassette subfamily G member 4 OS=Felis catus GN=ABCG4 
PE=4 SV=1 

2 
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ATP binding cassette subfamily G member 4 OS=Macaca mulatta 
GN=ABCG4 PE=4 SV=2 

2 

ATP-binding cassette sub-family G member 4 OS=Heterocephalus 
glaber GN=GW7_18683 PE=4 SV=1 

4 

Keratin, type II cytoskeletal 2 epidermal OS=Homo sapiens GN=KRT2 
PE=1 SV=2 

20 

Keratin, type II cytoskeletal 5 OS=Homo sapiens GN=KRT5 PE=1 SV=3 10 

Heat shock cognate 71 kDa protein OS=Homo sapiens GN=HSPA8 PE=1 
SV=1 

10 

Keratin, type II cytoskeletal 6C OS=Homo sapiens GN=KRT6C PE=1 
SV=3 

2 

Heat shock 70kDa protein 2, isoform CRA_a OS=Homo sapiens 
GN=HSPA2 PE=3 SV=1 

2 

 

6.2 ATPase activity assays 

It is important to look into a purified protein's function, especially when it comes to 

membrane proteins where detergent-induced denaturation may be a problem. Since the 

mABCB5, gpABCB6, bbABCG1, and mABCG4 were expressed and produced in a yeast 

expression system, it was always a concern that a recombinant higher eukaryotic protein 

produced in lower eukaryotic organisms could be incorrectly processed. The activity of the 

protein is a way to verify that functional protein can be produced in the expression system. 

This is also essential to check whether the protein is active under experimental settings. 

Additionally, this is essential for future structural studies to establish that any found 

structures have biological relevance. 

The ATP binding cassette transporter family transports allocrites using a process powered 

by ATP hydrolysis (Locher, 2004). Based on their ATP hydrolysis reactions, ABC 

transporters are frequently monitored for their activity (Kuhnke et al., 2006, Simpson et al., 

2016, Yamashita et al., 2014, Ward et al., 2013, Chavan et al., 2013) and this assay has been 

used to examine the functional activity of purified mABCB5, gpABCB6, bbABCG1, and 

mABCG4 proteins. The Chifflet assay was used to measure the ATPase activity of all of 

these four purified proteins (Chifflet et al., 1988). This assay measures how much inorganic 

phosphate (Pi) is released when ATP is hydrolyzed by ABC transporters which is directly 

proportional to protein activity. The basal, as well as, substrate-stimulated ATPase activity 

of all of the four DDM purified proteins were measured. Because we know from the 

purification (Chapter 05), that all of these four purified proteins contain contaminating 

proteins at varying levels, so to ensure that the target purified protein is the source of the 
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basal ATPase activity and not some other contaminating protein, substrate-stimulated 

ATPase activity was also performed in the presence of known substrates. For purified 

mABCB5 protein, verapamil, doxorubicin, vincristine, paclitaxel, camptothecin, and 

ivacaftor –six well-known substrates of mABCB5- (Tangella et al., 2021), were used as a 

stimulator, at a concentration of 10 µM. The three substrates used for purified gpABCB6 

protein were piperlongumine, benzothium chloride, and glutathione (Polireddy et al., 2012). 

Piperlongumine, benzothium chloride was used at 10 µM concentration while glutathione 

was used at 5 mM concentration.  For bbABCG1 protein, five substrates i.e. cyclosporinA, 

L-thyroxine, estradiol, estrone, and mestranol at 10 µM concentration were used (Cserepes 

et al., 2004a). For substrate-stimulated ATPase activity of mABCG4, substrates were 

classified into 2 categories: One class is known substrates of ABCG4 (Cserepes et al., 

2004a), while, in the 2nd class, mABCG4 ATPase activity was determined in the presence of 

tyrosine kinase inhibitors (see detail in section 6.5) 

Kinetics parameters were determined using different ATP concentrations ranging from 0-

2.5 mM. Whereas, substrate-stimulated ATPase activity was calculated at a fixed 

concentration of 3 mM at 25 °C for 25 minutes (see Chapter 02, Section 2.21.2 ).  Kinetics 

data were fitted using GraphPad prism 7 software according to the Michaelis-Menten 

equation (Rebbeor and Senior, 1998, Raaijmakers, 1987): 

𝑉 =
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚+[𝑆]
   

The ATPase activity of mABCB5 was tested in just two independent experiments (due to a 

decrease in the amount of purified mABCB5 protein); therefore, to reduce the likelihood of 

error, the mABCB5 mean data from the two studies as well as the individual data points 

from each experiment are shown. For the other three target proteins (gpABCB6, bbABCG1, 

and mABCG4)  as 3-4 independent experiments were conducted, therefore data are shown 

as Mean ± SD. A one-way ANOVA test followed by Dunnett’s test was applied to examine 

the statistical significance in GraphPad Prism 7. Maximal activity (Vmax) and a Michaelis-

Menten constant (Km) were determined by Michaelis-Menten kinetics fittings. 

 DDM Purified mABCB5 protein in apo-state exhibited ATPase activity with maximal 

activity (Vmax) of 17.97 ± 0.95 nmol/min/mg of protein and a Michaelis-Menton constant 

(Km) of 0.77 ± 0.11 mM (Figure 6.1A). This shows that the mABCB5 possesses basal 

ATPase activity under experimental conditions. Substrate-stimulation results showed that 
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the maximal activity of mABCB5 increased by 3-fold (47.010 ± 20 nmol/min/mg) and 5-

fold (63 ± 8 nmol/min/mg) in the presence of doxorubicin and paclitaxel respectively (Figure 

6.1B). On the other hand, verapamil and ivacaftor didn’t stimulate the activity of detergent-

purified mABCB5. Similarly, vincristine and camptothecin did not show any significant 

effect on mABCB5 basal ATPase activity. Kawanobe et al., reported a basal ATPase rate of 

65 nmol/min/mg and Km 1.8 mM for the ABCB5 protein purified from an insect expression 

system this is somewhat higher than the results we found, additionally, Kawanobe and co-

workers found 1.5-fold and 3-fold increase in mABCB5 basal ATPase activity in the 

presence of doxorubicin and docetaxel respectively (Kawanobe et al., 2012). Possible 

explanations for this variation might include the ATPase activity may be influenced by the 

expression system utilised to produce the protein, removal of detergents, detergents to 

protein ratio, ortholog variation, and incubation time. The amino acid identity and similarity 

of ABCB5 and ABCB1(P-gp) sequences are 55.0% and 89.8%, respectively, indicating 

significant homology (Kawanobe et al., 2012). In previous studies, it has been shown that 

verapamil, ivacaftor, and vincristine can stimulate the ABCB1 ATPase activity (Thonghin, 

2019, Sáfár et al., 2016, Gottesman et al., 1995); while in our study these three substrates 

showed no significant effect on mABCB5 ATPase rate.  These variances could be the result 

of how these transporters recognise substrates differently. 

DDM Purified gpABCB6 in apo-state exhibited ATPase activity with maximal activity 

(Vmax) of  24.83 ± 0.85 nmol/min/mg and a Michaelis-Menten constant (Km) of 0.26 ± 0.04 

mM (Figure 6.2 A). Substrate-stimulation results showed that glutathione increased the 

gpABCB6 ATPase rate 2-fold i.e. 48.7 ± 1.28 nmol/min/mg (Figure 6.2 B). This is consistent 

with an earlier report in which they reported the basal ABCB6 as Vmax 27 nmol/min/mg and 

3-fold increase in the presence of glutathione (Song et al., 2021). Piperlongumine and 

benzothium chloride appeared to slightly reduce the baseline gpABCB6 ATPase activity, 

which is also consistent with the previous research (Polireddy et al., 2012) 

DDM Purified bbABCG1 exhibited ATPase activity in apo-state with maximal activity 

(Vmax) of 54.78 ± 1.63 nmol/min/mg and a Michaelis-Menton constant (Km) of  0.35 ± 0.04 

mM (Figure 6.3 A). Estradiol and mestranol stimulated bbABCG1 ATPase activity by 1.3-

fold (71.4 ± 0.625 nmol/min/mg) and 1.5-fold (90 ± 5.50 nmol/min/mg) respectively (Figure 

6.3 B). This agrees with Kalpana et al., 2019 who reported Vmax of detergent-purified 

ABCG1 18.8 ± 0.4 nmol/min/mg and Km 1.8 ± 0.1 mM   (Shanmugarajah et al., 2019), but 

interestingly, this contradicts Hiroshi et al., 2013, who reported that the detergent-purified 
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ABCG1 does not show any ATPase activity (Hirayama et al., 2013). CyclosporinA, L-

thyroxine, and estrone seemed to have an inhibitory effect on detergent-purified bbABCG1 

ATPase activity (Figure 6.5 B). 

Detergent-purified mABCG4 exhibited ATPase activity in the apo-state with maximal 

activity (Vmax) of 21.69 ± 1.23 nmol/min/mg and a Michaelis-Menten constant (Km) of 0.39 

± 0.07 mM respectively (Figure 6.4 A). This is consistent with the previous finding which 

reported 18 nmol/min/mg basal ATPase rate of ABCG4 (Cserepes et al., 2004a). Whilst, 

cyclosporinA and estrone increased the mABCG4 ATPase activity these two substrates had 

an inhibitory effect on bbABCG1 ATPase activity; while L-thyroxine, hexestrol, erythritol, 

and calcifediol do not show any significant effect on mABCG4 ATPase activity (Figure 6.4 

B). Since the data for erythritrol, hexetrol, and L-tyroxine are not very significant, it is 

possible that there was an experimental error in these three substrates. Several tyrosine 

kinase inhibitors (TKIs) have been shown to interact with ABC transporters in recent years, 

including imatinib, nilotinib, dasatinib, ponatinib, gefitinib, erlotinib, lapatinib, vandetanib, 

sunitinib, and sorafenib (e.g., ABCB1, ABCC1, ABCG2, ABCC10). TKIs can act as 

substrates or inhibitors depending on the expression of particular pumps and their affinity 

for transporters (Beretta et al., 2017). For mABCG4, seven different TKI (cediranib, 

dovitinib, gefitinib, lenvatinib, tivozanib, masitinib, and linfanib) were tested for ATPase 

activity. Results revealed that, aside from cediranib, the other six TKIs enhanced mABCG4's 

ATPase activity. This can be justified by TKIs exhibiting substrate-like qualities at low 

concentrations but inhibiting the function of the transporter at higher concentrations 

(Anreddy et al., 2014). Dovitinib, Gefitinib, and Masitinib are more significant hits. A dose-

response curve for these three medications, as well as one that includes additional 

pharmaceuticals, can be produced by follow-up studies in the future. 

Generally, it appears that the ABC transporter family exhibits significant variation in terms 

of ATPase activity depending on the expression system, detergent type, detergent-to-protein 

ratio, lipid environment, and reconstitution efficiency (Meng, 2017, Chavan et al., 2013). 

Overall, the collective results imply that all of these four purified proteins possess a basal 

ATPase activity under conditions where the detergent is still present. This indicates that 

mABCB5, gpABCB6, bbABCG1, and mABCG4 prepared in this study retained their proper 

functionality in ATP hydrolysis. However, because of time limitation, we determined the 

basal as well as substrate-stimulated ATPase rate of only detergent-purified proteins. It is 

interesting to see the ATPase activity of these protein targets after reconstitution into 
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liposomes or nanodisc as in previous studies after reconstitution ATPase activity elevated 

significantly (Thonghin, 2019, Chavan et al., 2013, Hirayama et al., 2013, Klappe et al., 

2009). 

    

    

  Figure 6.1: ATPase activity of mABCB5 measured via ATPase chifflet assay. (A) Apo-

mABCB5 in detergent (DDM) shows a maximal ATPase activity of 17.97 ± 0.9 

nmol/min/mg and a Km estimated at 0.77 ± 0.10 mM. (B) Apo-ATPase activity of each 

experiment (C) Relative maximal ATPase activities of mABCB5 showed that paclitaxel 

stimulated ATPase activity increased by 5-fold compared to that of the basal activity in a 

detergent environment. Each data point represents the mean ± SD of the duplicate 

experiment. When there is no visible error bar, the SD is less than the corresponding symbol. 

(D) Relative maximal ATPase activities of mABCB5 of each experiment. ns: non-

significant.  
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Table 6.5: Kinetics parameters of mABCB5, gpABCB6, bbABCG1 and mABCG4 in 

apo-state.  

 

 mABCB5 gpABCB6 bbABCG1 mABCG4 

Vmax 

(nmoles/min/mg) 

17.97 ± 0.95 24.82  ±  0.85 54.78 ±  1.63 21.69 ±  1.23 

Km (mM) 0.77 ±  0.11 0.26  ±  0.04 0.35 ±  0.04 0.39 ±  0.07 

                         

                                                                           

                                          

 

 

 

 

 

 

      

 

 

 

 

 

 

 

Figure 6.2: ATPase activity of gpABCB6 measured via ATPase chifflet assay. (A) Apo-

gpABC6 in detergent (DDM) shows a maximal ATPase activity of 24.83 ± 0.85 

nmol/min/mg and a Km estimated at 0.2586 ± 0.03 mM. (B) Relative maximal ATPase 

activities of gpABCB6 showed that glutathione stimulated ATPase activity increased by 2- 

fold compared to that of the basal activity in a detergent environment. Each data point 

represents the mean ± SD calculated from four independent experiments. When there is no 

visible error bar, the SD is less than the corresponding symbol. A one-way ANOVA test is 

applied for comparison of statistical significance. The p-values <0.05, 0.01, 0.001 and 

0.0001 are indicated with *, **, ***, and **** compared to apo-gpABCB6.  

A) 

B) 
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Figure 6.3: ATPase activity of bbABCG1 measured via ATPase chifflet assay. (A) Apo-

bbABCG1 in detergent (DDM) shows a maximal ATPase activity of 54.78 ± 1.63 

nmol/min/mg and a Km estimated at 0.35 ± 0.03 mM. (B) Relative maximal ATPase 

activities of bbABCG1 showed that mestranol stimulated ATPase activity increased by 6-

fold compared to that of the basal activity in a detergent environment. Each data point 

represents the mean ± SD calculated from three independent experiments. When there is no 

visible error bar, the SD is less than the corresponding symbol. A one-way ANOVA test is 

applied for comparison of statistical significance. The p-values <0.05, 0.01, 0.001 and 

0.0001 are indicated with *, **, ***, and **** compared to apo-bbABCG1.   
   

A) 

B) 
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Figure 6.4: ATPase activity of mABCG4 measured via ATPase chifflet assay. (A) Apo-
mABCG4 in detergent (DDM) shows a maximal ATPase activity of 21.69 ± 1.228 nmol/min/mg and 

a Km estimated at 0.4 ± 0.07 mM. (B) Relative maximal ATPase activities of mABCG4 showed that 

cyclosporinA and estrone stimulated ATPase activity increased by 4-fold compared to that of the 
basal activity in a detergent environment.  (C) Relative maximal ATPase activities of mABCG4 in 

the presence of tyrosine kinase inhibitors. Each data point represents the mean ± SD calculated from 

three independent experiments. When there is no visible error bar, the SD is less than the 

corresponding symbol. A one-way ANOVA test is applied for comparison of statistical significance. 
The p-values <0.05, 0.01, 0.001 and 0.0001 are indicated with *, **, ***, and **** compared to apo-

mABCG4. ns: non-significant.   

6.3 Nucleotide binding assay 

Nucleotide binding is one of the key characteristics of ATP-binding proteins including 

mABCB5, gpABCB6, bbABCG1, and mABCG4. A crucial trigger for the ABC protein's 

transport mechanism to begin appears to be the binding of ATP (Frank et al., 2016, Oldham 

A) B) 

C) 
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et al., 2008). mABCB5 as a full-length transporter possesses two nucleotide-binding sites 

located in separated NBDs (Kawanobe et al., 2012), whereas the half-transporters 

gpABCB6, bbABCG1, and mABCG4 only encode one NBD; a functional homodimer, 

however, always has two NBDs (Wang et al., 2020b, Skarda et al., 2021, Yoshikawa et al., 

2002). To analyse the ATP binding, A fluorescent ATP analog (TNP-ATP) was used 

(Sharom et al., 2003). It is easier for researchers to analyse ATP-Protein interactions when 

2,4,6-trinitrophenol (TNP) is conjugated onto an ATP molecule. The ribose sugar of the ATP 

molecule is coupled to the TNP fluorophore, which Azegami and Iwai created in 1964 

(AZEGAMI and IWAI, 1964). In 1975, Hiratsuka used infrared spectroscopy and NMR to 

confirm the structure of TNP-ATP (Hiratsuka, 1975). TNP-ATP exhibits a broad excitation 

spectrum ranging from 350 to 520nm with excitation maxima at 410 nm and 470 nm and an 

emission spectrum between 500 nm-600 nm. 

In this research, an excitation peak of 410 nm was selected to prevent the overlapping of the 

GFP signal because all target proteins were GFP-tagged. Periodic measurements of the 

emission spectra between 510 nm and 560 nm were taken. To prevent cross-signalling 

between the wells, the binding assay was carried out in 96-well plates with clear bottom 

wells (see methods section 2.21.7). Figure 6.5 displays the fluorescence spectra of buffer 

baseline, mABCB5/gpABCB6/bbABCG1/mABCG4 alone, TNP-ATP alone, and protein 

combinations with varying TNP-ATP concentrations. BSA was used as a negative control 

in ATP binding assay. Fluorescence of TNT-ATP of these proteins is shown as mABCB5 

(Figure 6.5 A), gpABCB6 (Figure 6.5 B) bbABCG1 (Figure 6.5 C), and mABCG4 (Figure 

6.5 D). The emission peak of TNP-ATP in water lies between 550 nm and 560 nm. The 

emission spectra of this substance resembled to BSA. The fluorescence signal was found to 

increase when mABCB5/gpABCB6/bbABCG1/mABCG4 were added to TNP-ATP. 

Additionally, the emission peak was moved from 560 nm to 530-540 nm. This finding is 

consistent with the phenomenon previously discussed in the study of bacterial histidine 

kinases, which suggests that when TNP-ATP binds to the ATP-binding protein, the emission 

maxima shift towards shorter wavelengths (Guarnieri et al., 2011). 

In the presence of a fixed protein quantity, fluorescent signals were found to increase along 

with TNP-ATP concentrations. However, the signal appeared to be quenched at the high 

TNP-ATP concentrations (e.g. 500 μM; Figures 6.5A, 6.5B, and 6.5C). This can be 

explained by the fluorescence reabsorption phenomenon because the absorption spectrum of 

TNP-ATP spans between 350 nm and 540 nm, as a result, the longer wavelength section of 
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the absorption spectrum overlaps with its shorter wavelength emission region beginning at 

500 nm. Therefore, the variation in fluorescence concentration on the fluorescence emission 

spectrum can be directly attributed to fluorescence reabsorption and can be modelled using 

Beers law i.e. 𝐴 =  𝜖/𝑐.  

 

   

 

  

                                                                          

                                 

Figure 6.5: Graphical representation of TNP-ATP binding assay. A) Shows the binding 

of TNP-ATP with mABCB5. B) Shows the binding of TNP-ATP with gpABCB6. C) Shows 

the binding of TNP-ATP with bbABCG1. D) Shows the binding of TNP-ATP with 

mABCG4. E) Shows comparison of all four target proteins for TNP-ATP binding affinity at 

100 µM concentration. F) Shows comparison of all four target proteins at different TNP-

ATP concentration i.e. 0 µM, 20 µM, 100 µM and 500 µM.  

 

TNP-ATP interacts with each of these proteins in the following order: mABCB5> 

mABCG4> gpABCB6> bbABCG1 as seen in Figure 6.5E and Figure 6.5F. Our conclusion, 

which is consistent with the previous section 6.4, is that all of the target proteins are 
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functional and have a affinity for ATP. TNP-ATP binding affinity, however, follows the 

reverse order of Vmax which is as follows: bbABCG1 > gpABCB6 > mABCG4 > mABCB5. 

One possible explaniation for this might be amino acids variations at ATP-binding pocket 

of these target proteins because TNP-ATP fluorescence is extremely environment-sensitive, 

changing its spectrum features as a result of polarity and viscosity changes that occur when 

it binds to a protein's binding pocket (Woodbury et al., 2021). The early Hiratsuka and 

Uchida investigation clearly demonstrated and accepted an important point which is the 

kinetics of TNP-ATP binding to a protein differ from the kinetics of ATP binding to a protein 

(Hiratsuka and Uchida, 1973). Determining the binding parameters of ATP must therefore 

be done in a manner that does not solely rely on the information obtained through TNP-ATP 

binding. The addition of a second technique, such as P32-labeled ATP in addition to TNP-

ATP fluorescence, can be used in a follow-up study in the future to confirm the binding of 

these target proteins to ATP. 

6.4 Dynamic light scattering (DLS) 

The existence of proteins in a monodisperse state is a fundamental condition for high-

resolution structural studies i.e. for cryo-EM, small angle X-ray scattering (SAXS), and also 

for the nucleation and development of protein crystals (Aivaliotis et al., 2003). Additionally, 

it was proposed that monodisperse macromolecule solutions crystallise easily, whereas 

polydisperse systems do so infrequently (Baritaki et al., 2002). Therefore, it is vital to 

undertake an experiment to ascertain whether a purified protein is monodisperse or not 

before conducting any high-resolution structural research on target protein. In this study, 

purified proteins i.e. mABCB5, gpABCB6, bbABCG1, and mABCG4 were investigated for 

homogeneity, aggregation, and dynamic size distribution via DLS. We chose DLS because 

it is a non-destructive process that requires a small amount of a pure protein sample, can be 

completed in a few minutes, and is quick to perform. The samples were prepared as described 

in section 2.21.6 and the UNcle instrument (Unchained Labs Inc.) was used to conduct a 

duplicate examination (Unchained Labs Inc.). The University of Manchester's Biomolecular 

Analysis Facility houses this instrument. The experiment was performed in four different 

states including apo-, substrate-bound, ATP-bound, and AMP-PNP-bound i.e. nucleotide-

bound state. Figure 6.7 shows DLS profiles of mABCB5 in each state. The left panel's 

intensity distributions depict a bimodal distribution that represents two populations with 

different hydrodynamic diameters in all four states. The right panel depicts the mass 
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distribution of this data, which revealed one main population of particles. The particle 

hydrodynamic diameter of the apo-mABCB5 particle, which is revealed by the first peak of 

the intensity distribution, is 10 ± 2.1 nm, which is about the theoretical length of the 

mABCB5 i.e. 9.22 nm as determined in the Chimera using the homology model (Eswar et 

al., 2008).  Particles with a diameter of ~100 ± 18 nm made up another population. This 

population could be a mixture of oligomers or small protein aggregates. The sixth power of 

the particle radius (=squared of volume) directly correlates with the scattering intensity of 

biological molecules (Goldburg, 1999). This refers to the fact that a small number of 

aggregates or high-mass particles can produce a significant DLS amplitude and, in some 

situations, dominate the distribution. This demonstrates that DLS is a sensitive tool for 

analysing sample aggregation and homogeneity (Walian et al., 2004). mABCB5 mass 

distribution plot suggested that aggregation was present in a negligible amount of the sample.  

Therefore, under the conditions described, the purified mABCB5 sample can be said to be 

monodisperse which is not in agreement with Coomassie stained SDS-gel (see Chapter 05). 

Additionally, mABCB5 displays comparable DLS profile patterns across all experimental 

setups, indicating that nucleotides hardly have any impact on protein aggregation or mass 

distribution.  

The DLS profiles of gpABCB6 are shown in Figure 6.6. The intensity distribution plot of 

apo-gpABCB6 shows three populations; the first, extremely small peak, with a 

hydrodynamic diameter of only ~10 ± 0.6 nm, corresponds to the gpABCB6 monomer which 

is slightly bigger than the theoretically determined diameter of gpABCB6 monomer (8.44 

nm). In contrast, the second and third peaks with hydrodynamic diameters of ≥100 nm 

greater correspond to large aggregates. It's interesting to note that the third peak (>100nm 

hydrodynamic diameter) disappeared in substrate-bound gpABCB6. The mass distribution 

plots revealed that aggregation appeared to be very small. This can be explained by if large 

particles are present in the purified protein sample, the intensity and volume will tend to 

represent a bigger diameter, because those large particles will scatter more light and also 

occupy more space, even if they are minority in the sample. In a number distribution, 

however, they will represent less weight in the mass distribution because they are minority 

(Goldburg, 1999). The analysis of post-hydrolytic trapped (ADP-bound vanadate-trapped, 

ADP-Vi) and AMP-PNP-bound data for gpABCB6 was not performed. 

The DLS profiles of bbABCG1 and mABCG4 are shown in Figures 6.8 and 6.9, 

respectively. Intensity distribution graphs demonstrate a bimodal distribution of particles in 

all four states with hydrodynamic diameters of ~10 ± 0.2 nm which corresponds to 
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bbABCG1/mABCG4 monomer and ~100 ± 0.4 nm which corresponds to small aggregates. 

These findings are consistent with mABCB5 findings. Theoretically, bbABCG1 and 

mABCG4 have 7.86 nm and 7.76 nm diameters, respectively determined in Chimera using 

homology model. bbABCG1 mass distribution plots reveal that there is only a slight 

aggregation. In contrast, the mABCG4 mass distribution plots only display one peak 

suggesting mABCG4 close to homogeneity.  

As demonstrated by (Papish et al., 2002) who analysed calmodulin in the presence and 

absence of Ca+2 ions and predicted a detectable hydrodynamic diameter change as tiny as 

0.5 nm or 5 Å, DLS has also been proposed as a useful method for detecting large-scale 

conformational changes in the form of altered hydrodynamic diameter. It is interesting to 

note that in all four proteins, this study found no evidence of a substantial change in 

hydrodynamic diameter under the various experimental settings, suggesting that DLS is 

unable to resolve any modifications brought on by nucleotide-induced conformational 

changes. It is possible that only a small fraction of the population (if none) underwent 

conformational changes (Thonghin, 2019). A tiny proportion of the population would not 

significantly contribute to a detectable separated population (peak) in the intensity 

distribution. The polydispersity index (PDI) of the apo states of all four of these proteins in 

apo-state which also suggests that mABCG4 (PDI: 0.20) is monodisperse and homogeneous. 

Upon examination of all of the data collected from this single experiment (Table 1), 

prioritizing the target proteins was done as: mABCG4> gpABCB6> bbABCG1> mABCB5 

for future structural studies. 
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Figure 6.6: Dynamic light scattering profiles of gpABCB6 in different states (A) apo-

gpABCB6, (B) Substrate-bound gpABCB6. The intensity distribution plot is displayed in 

the left panel while the mass distribution is displayed in the right panel. In apo-states three 

populations with hydrodynamic diameters of ~6 nm-10 nm, ~100 nm and >100nm were 

observed; while in the presence of substrate two populations were observed. The monomer 

appears to be predominant in the sample as judge by the mass distribution plots. PDI: 

Polydispersity Index 
  

(A) Apo-gpABCB6 

PDI: 1.374  

(B) gpABCB6 + 5 mM Glutathione 
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(A) Apo-mABCB5 

(B) mABCB5 + 10 µM tariquidar 

mABCB5 + 3 mM ATP (C) 

PDI: 0.8655 
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  (D) mABCB5 + 3 mM AMP-PNP 

Figure 6.7: Dynamic light scattering (DLS) profiles of mABCB5 in different states. A) 

apo-mABCB5 B) mABCB5 in the presence of 10 µM tariquidar C) mABCB5 in the 

presence of 3 mM ATP D) mABCB5 in the presence of 3 mM AMP-PNP. The intensity 

distribution plot is displayed in the left panel while the mass distribution is displayed in the 

right panel. A bimodal intensity distribution shows two distinct populations with 

hydrodynamic diameters of ~ 13 nm and > 100 nm representing monomers and oligomers/ 

aggregates, respectively. The monomer appears to be predominant in the sample as judge 

by the mass distribution plot. PDI: Polydispersity Index. 

 
 

(A) 
Apo-bbABCG1 

PDI: 1.57 
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(B) bbABCG1 + 10 µM cyclosporinA 

(C) bbABCG1 + 3 mM ATP 

bbABCG1 + 3 mM AMP-PNP (D) 

Figure 6.8: Dynamic light scattering (DLS) profiles of bbABCG1 in different states. A) 
apo-mABCB5 B) mABCB5 in the presence of substrate C) mABCB5 in the presence of 3 mM 

ATP D) mABCB5 in the presence of 3 mM AMP-PNP. PDI: Polydispersity Index 
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Apo-mABCG4 
(A) 

mABCG4 + 10 µM cyclosporin A (B) 

mABCG4 + 3 mM ATP (C) 

PDI: 0.20 
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6.5 Thermal stability 

Thermal stability is one of the protein characteristics that may have an impact on the quality 

of protein preparations and is considered a key factor when doing 3D crystallization trials 

(Carpenter et al., 2008, Malawski et al., 2006, Dupeux et al., 2011). The majority of the 

known structures of integral membrane proteins were found to be proteins with high stability 

(Sonoda et al., 2011). Overall, investigating the thermal stability can help in assessing the 

quality of purified proteins and shed additional light on how they behave. Differential 

scanning calorimetry (DSC), circular dichroism, and other assays that are frequently used to 

examine protein thermal stability exist, however not all of them can be adapted to membrane 

proteins. (Hong et al., 2009). Most of the assays require a relatively large amount of protein 

usually on a milligram scale which is a challenge for poor-yielding membrane proteins. For 

most of the thermal stability assays, detergent is also a problem. It is impractical to use 

techniques like circular dichroism that rely on the secondary structure because the detergent 

can mask the thermal unfolding of the protein and retain the secondary structure level of 

membrane proteins. (Kean et al., 2008). The thermal stability of mABCB5, gpABCB6, 

mABCG4 + 3 mM AMP-PNP (D) 

Figure 6.9: Dynamic light scattering (DLS) profiles of mABCG4 in different states. A) 

apo- mABCG4 B) mABCG4 in the presence of substrate C) mABCG4 in the presence of 

3 mM ATP D) mABCG4 in the presence of 3 mM AMP-PNP. The intensity distribution 

plot is displayed in the left panel while the mass distribution is displayed in the right panel. 

A bimodal intensity distribution shows two distinct populations with hydrodynamic 

diameters of ~ 13 nm and > 100nm representing monomers and oligomers/ aggregates, 

respectively. The monomer appears to be predominant in the sample as judge by the mass 

distribution plots. PDI: Polydispersity Index 
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bbABCG1, and mABCG4 were thus determined using three techniques that were considered 

to be compatible with membrane proteins and detergents as follows:  

1- Using intrinsic protein fluorescence (IPF), tryptophan fluorescence is primarily 

monitored (Garidel et al., 2008, Hannemann et al., 2002, Ghisaidoobe and Chung, 

2014, Rabbani et al., 2014, Cai et al., 2009, Kotov et al., 2019). The unfolding 

transition temperature Tm and the aggregation temperature Tagg of the four purified 

proteins, mABCB5, gpABCB6, bbABCG1, and mABCG4, were investigated and 

compared to determine the thermal stability of each protein. 

2- By CPM assay (Alexandrov et al., 2008). This assay needs less protein and can be 

performed with 1-10 µg pure protein This assay has been successfully used to 

determine the thermal stability of membrane proteins including ABCA4, CFTR, and 

also P-gp (Pollock et al., 2014b, Meng et al., 2017). This CPM test was used in two 

independent experiments. In the first experiment, the thermal stability of all isolated 

proteins—aside from gpABCB6—was examined in two states i.e. the apo state and 

in the presence of nucleotides. The second experiment was carried out on pure 

mABCG4 to investigate ligands that stabilize the mABCG4. 

3- Membrane thermal shift assay (Ashok et al., 2015). This assay does not require 

purified protein and can be done on membranes/vesicles. This assay has been 

successfully used to identify ligands for ABCG2 stability (Gose et al., 2020). In this 

study, this assay was employed to explore the effect of tyrosine kinase inhibitors 

(TKIs) on the stability of mABCG4. 

6.5.1 Experiment 1: Tm and Tagg  

The thermal stabilities of these four target proteins were determined by measuring melting 

temperature, Tm monitored by Intrinsic Protein Fluorescence (IPF), and the onset Tagg 

monitored by SLS (266 nm and 473 nm) using the UNcle instrument (Unchained Labs Inc.)  

(see Methods, section 2.21.4). Tm denotes the mid-point temperature at which the native 

protein conformation changes into a fully unfolded configuration; while the Tagg 

temperature corresponds to the point at which the presence of insoluble aggregates causes a 

noticeable change in the protein solution's light scattering to be detected. The thermal 

stability of membrane proteins has been assessed by intrinsic tryptophan fluorescence 

recorded simultaneously with SLS (Mastrotto et al., 2018, Cai et al., 2009, Ghisaidoobe and 

Chung, 2014). 
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9 µL of each protein sample of 10 µg concentration were loaded in duplicate in the Uncle 

capillary cassette and run with a thermal ramp from 20 °C to 95 °C at a ramp rate of 1 °C 

per minute (see section 2.21.4). To calculate the melting temperature, Tm, which is the 

midpoint of the unfolding process, the fluorescence from intrinsic aromatic amino acid 

residues (mainly tryptophan amino acid) excited by the excitation wavelength of 266 nm 

was determined, and Tm was calculated for each protein sample using the barycentric mean 

(BCM) of fluorescence intensity by the Uncle program. As shown in Table 6.6 gpABCB6, 

bbABCG1 and mABCG4 showed similar melting temperatures (Tm) 37.3 ± 0.8 °C, 36.5 ± 

0.5 °C, and 36.8 ± 1.8 °C respectively, while the Tm of mABCB5 is 41.3 ± 6.3 °C suggesting 

that the mABCB5 is more stable than the other three proteins that had almost similar thermal 

stability. Moreover, as the Tagg 266 of mABCB5, gpABCB6, bbABCG1 and mABCG4 is 

51.4 ± 0.8 °C, 41 ± 0.6 °C, 52.8 ± 3.6 °C, 36.5 ± 0.0 °C respectively, whereas, Tagg 473 of 

mABCB5, gpABCB6, bbABCG1 and mABCG4 is 50.6 ± 13 °C, 53.6 ± 6.0 °C, 47.1 ± 10.6 

°C and 41.6 ± 2.4 °C (Table 6.6). The Tagg temperature is determined by measuring the 

point at which the presence of insoluble aggregates causes a discernible change in the protein 

solution's light scattering (Mastrotto et al., 2018). These numbers also suggest that mABCB5 

is more stable.  

At 266 nm, the mABCB5 and bbABCG1 exhibited a low level of scattered intensity and 

showed almost no aggregation at the start of a thermal ramp with a slight and gradual 

increase starting at around 60 °C. The SLS 266 nm profile of gpABCB6 showed a sudden 

and sharp increase at 40 °C, reached a maximum scattering intensity, and then had a decrease 

in signal intensity between 80–95 °C (Figure 6.10 A). Since SLS is sensitive to apparent 

molecular weight, the sharp increase in SLS at the start of the transition suggests that 

aggregation starts to happen at that temperature. Afterward at 80°C the decline, suggests that 

precipitation and gravitational clearing of aggregated material occurred via settlement. 

mABCG4 had a higher initial SLS266 intensity as compared to all other proteins tested 

(Figure 6.10 A). SLS measurements at 473 nm of mABCG4 painted a similar picture. 

Aggregation was not observed for mABCG4, which is consistent with the 266 nm 

measurements, and the lower sensitivity of the 473 nm read. The SLS 473 nm profiles were 

consistent with SLS 266 nm profiles i.e. mABCB5 and bbABCG1 had aggregation onsets at 

60 °C; while gpABCB6 at around 40 °C (Figure 6.10 B). It can be difficult to make strong 

conclusions about the absolute amount and nature of aggregates based on the melting 

temperature when comparing proteins to one another but SLS measurements in isolation, 

suggest that mABCG4 is the more stable protein as they seem to have low levels of 
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aggregation or no aggregates at all and thermal stability ranking of these four proteins based 

on SLS measurements is as mABCG4 > mABCB5/bbABCG1 > gpABCB6.  

 

     
 
 

   
        
Figure 6.10: Tm and Tagg characterisation of mABCB5, gpABCB6, bbABCG1 and 

mABCG4 A) Aggregation curves overlaid for all of these proteins as measured by scattering 

intensity at 266 nm over a thermal ramp. B) Aggregation curves overlaid for all of these 

proteins as measured by scattering intensity at 473 nm over a thermal ramp. C) BCM melting 

curves. D) Tryptophan fluorescence intensity at 325 nm is plotted against temperature. The 

fluorescence was quenched as temperature increased. 

 

Table 6.6: Summary of stability, aggregation and sizing data of mABCB5, gpABCB6, 

bbABCG1 and mABCG4 proteins in apo-state of Tm and Tagg experiment. Tm: 
Melting temperature; Tagg: Onset of aggregation temperature 

 mABCB5 gpABCB6 bbABCG1 mABCG4 

Tm (°C) 41.3 ± 6.3 37.3 ± 0.8 36.5 ± 0.5 36.8 ± 1.5 

Tagg (°C) at 266 nm  51.4 ± 0.8  41 ± 0.6 52.8 ± 3.6 36.5 ± 0.0 

Tagg (°C) at 473 nm  50.6 ± 13 53.6 ± 6 47.1 ± 10.6 41.6 ± 2.4 

Initial SLS at 266 nm 

(counts x104)  

0.6 1.19 0.6 4.5 

Final SLS at 266 nm 

(counts x104)  
4.45 6.9 3.7 2.8 

Initial SLS at 473 nm 

(counts)  
1.5 2.8 1.5 3.9 

Final SLS at 473 nm 

(counts)  
6.06 1.7 4.7 3.2 
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6.5.2 Experiment 02: CPM assay 

ABC transporter conformational changes are triggered by nucleotides (Campbell et al., 2004, 

Wen and Tajkhorshid, 2008), and their binding may have significant influences on protein 

thermal stability (Celej et al., 2003). Thus, the thermal stability of mABCB5, bbABCG1, 

and mABCG4 was examined, comparing the apo-state and states in the presence of 

nucleotides. CPM assay was not conducted on gpABCB6 because of a lack of purified 

protein. The assay adopted in this study was previously optimised to use less protein, which 

is more suitable for membrane protein studies (Alexandrov et al., 2008). 

In this experiment, N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide 

(CPM), a dye specific to thiols, was used to monitor the unfolding of proteins as the 

temperature increases (see section 2.21.4). When CPM dye bounds to exposed cysteine 

residues in proteins, the dye fluoresces intensely, but in an aqueous solution, it hardly emits 

a signal (Alexandrov et al., 2008). Hence, the CPM fluorescent signal is specific to cysteine 

binding during the thermal unfolding process. Because the dye is so sensitive, only a minimal 

amount of protein is needed for this assay. Other advantages include a good signal-to-noise 

ratio and compatibility with a variety of detergents. Therefore, it offers many benefits that 

make it a suitable fluorescent dye that can be utilised in studies of membrane protein thermal 

stability (Alexandrov et al., 2008, Lee et al., 2013). The CPM has an excitation peak at ~384 

nm, but for these experiments, it was excited using the instrument's 267 nm UV laser. Light 

output was continually measured between 200 nm and 600 nm, enabling the detection of 

both CPM and tryptophan fluorescence as well as a light scattering to be recorded. This is 

crucial because any significant change caused by protein aggregation or air bubble 

production in the capillaries could have an impact on its interpretation. The CPM 

fluorescence was detected between 475 nm and 490 nm and this region of the emission 

spectrum was integrated as a measure of CPM fluorescence intensity. Tryptophan 

fluorescence was detected between 323 nm and 350 nm and integrated before being ratioed 

with the CPM fluorescence signal. This allows deconvolution and adjustment for thermal 

quenching of the CPM fluorescence as well as any variation between duplicate experiments 

caused by sample loading, according to Xin Meng’s thesis (The University of Manchester), 

where this approach was created and optimised. The protein was heated to 95 ℃ with a 2 ℃ 

increase per step and a heating rate of 1 ℃/min. Raw data were firstly corrected by 

subtraction of data for buffer controls for each protein. This was also important to eliminate 

background effects. Due to the slight variations in each sample's capillary optics, each 
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dataset in a triplicate experiment was first normalised to the greatest value of each dataset, 

with 0% being designated as the signal of the buffer control with no protein present. The 

data is, therefore, presented here as a plot of relative thermal unfolding percentage against 

temperature increase, with the triplicate, normalised experiments averaged and then mean 

and standard deviation (SD) of fluorescence at each temperature plotted. The data was 

analysed for melting temperature (Tm) using non-linear regression of sigmoidal curve fit in 

GraphPad Prism 7. The difference was considered to be significant when P-value < 0.05 via 

unpaired, two-tailed student’s T-test. 

Figure 6.11 presents unfolding profiles of mABCB5 in the presence of different nucleotides 

in comparison with the apo-state. ADP+Pi and AMP-PNP bound states data were too noisy 

because the nucleotides strongly absorb the 267 nm laser light (Thonghin, 2019). Apo-

mABCB5 thermal unfolding transition pattern illustrating that the protein underwent 

unfolding between 40 °C and 70 ℃. Apo-mABCB5 exhibited a Tm 52.45 ± 0.38 ℃, which 

is higher than the previously reported value of 41.3 ℃ (determined by intrinsic tryptophan 

fluorescence measurements. Interestingly, the presence of nucleotide significantly increased 

the Tm of mABCB5 up to 2 degrees from 52.45℃ to 54 ± 1.21 ℃ for ADP-Vi bound-state, 

while in AMP-PNP-bound state Tm increased by 6 degrees i.e. 58 ± 0.87 ℃. There seemed 

significant difference between AMP-PNP and ADP-Vi conditions in terms of Tm. This 

implies that nucleotide plays a significant role in mABCB5 stabilisation. This is interesting 

because thermal stability has been recognised to have an inverse relationship with 

conformational flexibility (Celej et al., 2003, Tsai et al., 2001) meaning that the protein may 

gain structural rigidity upon nucleotide binding. Apo-bbABCG1 exhibited a Tm of 51± 

0.36℃, which is significantly higher than the previously reported value of 36.5 ℃ 

(determined by intrinsic tryptophan fluorescence measurements) (Figure 6.12). The presence 

of nucleotide significantly increased the Tm of apo-bbABCG1 up to 16 degrees in ADP-Vi 

i.e. from 51 ℃ to 67.08 ± 2.03 ℃, while in AMP-PNP-bound state Tm increased by 10 

degrees which is 62 ± 3.14 ℃. Apo-mABCG4 exhibited a Tm of 60.5 ± 0.34 ℃ which is 

higher than the previously reported value of 36.8 ℃ (determined by intrinsic tryptophan 

fluorescence measurements). The presence of nucleotide significantly increased the Tm of 

apo-mABCG4 up to 2 degrees from 60.5 ℃ to 62 ± 0.5 ℃ in ADP-Vi and 5 °C in AMP-

PNP bound state from 60.5 ℃ to 65.3 ± 0.2 ℃ (Figure 6.13). There seems a significant 

difference in Tm of apo-states and AMP-PNP /ADP-Vi bound in all proteins (mABCB5, 

gpABCB6, mABCG4) and results were consistent in terms that the presence of nucleotides 

is increasing the Tm indicating that nucleotides have a stabilising impact. Although, there is 
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no published data on the thermal stabilities of these proteins yet, however, our data is 

consistent with the previously published data on P-gp and CFTR which demonstrated the 

stabilising effects of nucleotides (Meng, 2017, Thonghin et al., 2018b). 

Figure 6.14 displays the comparison of mABCB5, bbABCG1, and mABCG4 in apo-state. 

CPM fluorescence plots depicts initial 40 % initial CPM labelling of mABCB5, which 

demonstrates that 40 % surface-exposed cysteine residues in mABCB5 at the 20 °C which 

increased upto 80 % as the temperature increased and then quenching occurred (Figure 

6.14B). 18-20 % CPM initial labelling of mABCG4 and bbABCG1 respectively which 

demonstrates that 18-20 % surface-exposed cysteine residues in mABCG4 and bbABCG1at 

20 °C which increased to 40 % in mABCG4 while 35 % in bbABCG1 (Figure 6.14B). The 

relative thermal unfolding patterns of mABCG4 and bbABCG1, which begin at roughly 40 

°C, are identical. This is understandable given the 72 % sequence identity between mABCG4 

and bbABCG1. 

 

Table 6.7: Summary of Tm determined by CPM assay of mABCB5, bbABCG1 and 

mABCG4 in apo, ADP+Vi and with AMP-PNP states. 

 

 Apo-state ADP+Vi AMP-PNP 

mABCB5 52.45 ± 0.38 54 ± 1.21 58 ± 0.87 

bbABCG1 51± 0.36 67.08 ± 2.03 62 ± 3.14 

mABCG4 60.5 ± 0.34 62 ± 0.5 65.3 ± 0.2 
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 A) 

                                     

B)      

     

C)      D) 

     

Figure 6.11: CPM Thermal stability of mABCB5 in different states. The thiol-specific 

dye (CPM), which binds to exposed cysteine residues on surfaces, was used in the 

experiment. A) Relative thermal unfolding data were obtained from ratioing CPM 

fluorescence data to intrinsic Tryptophan data. Melting temperature (Tm) given by the mid-

point of the protein unfolding transition was calculated using GraphPad Prism 7 via 

sigmoidal nonlinear regression fitting. B) Normalized Tryptophan fluorescence showing 

reduction of the signal along with an increasing temperature. Each data point represents 

mean ± SD of duplicate experiments. C) Aggregation curves of mABCB5 with ADP+ Vi 

and with AMP-PNP at static light scattering 266nm D) Aggregation curves of apo-mABCB5 

at static light scattering 266 nm.  
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A) 

                           
 

B)       

 

   
 

C)      D)  

 

        
 

Figure 6.12: CPM Thermal stability of bbABCG1 in different states. The thiol-specific 

dye (CPM), which binds to exposed cysteine residues on surfaces, was used in the 

experiment. A) Relative thermal unfolding data were obtained from ratioing CPM 

fluorescence data to intrinsic Tryptophan data. Melting temperature (Tm) given by the mid-

point of the protein unfolding transition was calculated using GraphPad Prism 7 via 

sigmoidal nonlinear regression fitting. B) Normalized Tryptophan fluorescence showing 

reduction of the signal along with an increasing temperature. Each data point represents 

mean ± SD of duplicate experiments. C) Aggregation curves of bbABCG1 with ADP+ Vi 

and with AMP-PNP at static light scattering 266 nm. D) Aggregation curves of apo-

bbABCG1 at static light scattering 266 nm. 
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A) 

                  

B)       

    

C)      D) 

         

Figure 6.13: CPM Thermal stability of mABCG4 in different states. The thiol-specific 

dye (CPM), which binds to exposed cysteine residues on surfaces, was used in the 

experiment. A) Relative thermal unfolding data were obtained from ratioing CPM 

fluorescence data to intrinsic Tryptophan data. Melting temperature (Tm) given by the mid-

point of the protein unfolding transition was calculated using GraphPad Prism 7 via 

sigmoidal nonlinear regression fitting. B) Normalized Tryptophan fluorescence showing 

reduction of the signal along with an increasing temperature. Each data point represents 

mean ± SD of duplicate experiments. C) Aggregation curves of mABCG4 with ADP+ Vi at 

static light scattering 266 nm. D) Aggregation curves of apo-mABCG4 at static light 

scattering 266 nm.                                                  
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Figure 6.14: Comparison profiles of CPM Thermal stability of mABCB5, bbABCG1 

and mABCG4 in apo-state. A) Normalized Tryptophan fluorescence showing reduction of 

the signal along with an increasing temperature. B) Normalized CPM fluorescence data 

showing signal transition and distinctive thermal quenching. C) Relative thermal unfolding. 

D) Aggregation curves measured at static light scattering 266 nm. 

6.5.3 Experiment 03: CPM thermal stability of mABCG4 in the prescence of 

subtrates  

Purified mABCG4 was assessed further for thermal stability in the presence of different 

substrates. The assay was conducted using the UNcle machine via the CPM thermal stability 

assay protocol described earlier in section 6.5.2. The experiment was conducted three times. 

Raw data containing emission spectra were exported and then subtracted for buffer controls 

before analysis via GraphPad Prism 7. Unfolding data derived from CPM emission data were 

plotted against temperature and fitted with non-linear regression analysis assuming a 

sigmoidal curve fit (Figure 6.15). The midpoint of each curve was determined as the melting 

temperature (Tm). Tm difference was considered to be significant when P-value < 0.05 via 

unpaired, two-tailed student’s T-test. The Tm of apo-mABCG4 was estimated at 63.01 ± 0.29 

℃ which is 3 degrees higher as compared to previous experiment 02. The purified protein 

utilised at higher concentrations in this experiment is one explanation that might be given 

for this. The Tm value increased by 14-15 ℃ in the presence of sphingolipids and 

cyclosporine A, and 10 ℃ in the presence of estriol (Figure 6.15). Interestingly, Tm decreased 
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significantly in the presence of cholesterol. One possible explanation for this could be partial 

solubility of cholesterol.   

       

                                                       

Figure 6.15: CPM Thermal stability of mABCG4 in the presence of known substrates. 
A) Normalized Tryptophan fluorescence showing reduction of the signal along with an 

increasing temperature. B) Normalized CPM fluorescence data showing signal transition C) 

Relative thermal unfolding data were obtained from ratioing CPM fluorescence data to 

intrinsic Tryptophan data. Melting temperature (Tm) given by the mid-point of the protein 

unfolding transition was calculated using GraphPad Prism 7 via sigmoidal nonlinear 

regression fitting. B) Normalized Tryptophan fluorescence showing reduction of the signal 

along with an increasing temperature. Each data point represents mean ± SD of duplicate 

experiment.  

 

Table 6.8: Summary of Tm of mABCG4 in the presence of  substrates. 

 

 Tm(°C) 

Apo-mABCG4 63.01 ± 0.2939 

mABCG4 + cholesterol 49.55 ± 2.333 

mABCG4 + Sphingolipids 79.69 ± 0.3781 

mABCG4 + cyclosporin A 78.09 ± 0.2534 

mABCG4 + Estriol 71.25 ± 0.2109 

              

6.5.3 Membrane thermal shift assay 

Although CPM assay has high a throughput but it requires a pure membrane protein which 

is challenging to get in enough quantities. Because of this reason, in order to identify ligands  

that stabilise the ABCG4 protein, the membrane thermal shift assay was adapted, according 

to Ashok et al (Ashok et al., 2015). This assay can be done using microsomes/vesicles. The 

guiding principle is that, following heating, a target protein will unfold and precipitate, 
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whereas a protein that is coupled with a ligand will often need a higher temperature to unfold 

and precipitate (Reinhard et al., 2015, Molina et al., 2013, Martinez Molina and Nordlund, 

2016, Jafari et al., 2014). There hasn't been any research into the stability of isolated full 

length mABCG4 to date. It could be argued that the improvement of thermal stability of full 

length protein will be crucial factor before doing any high-resolution structural studies. 

Additionally, it is possible that any substance that can improve the thermal stability of full-

length mABCG4 could go into the crystallization trials. 

mABCG4 membrane vesicles (5 mg/ mL, 80 µl final reaction volume) were heated in a PCR 

machine for 3 minutes at various temperatures (20-90 °C) to establish a thermal denaturation 

curve (see section 2.21.18) that revealed a Tm of 70 °C (Figure 6.16A). Based on the 

extrapolation from the thermal denaturation curve that was predicted to produce 99 % loss 

of protein in the supernatant, 70 °C was selected to assess the ability of ligands to thermally 

stabilize mABCG4. Membranes were incubated with forty-two different tyrosine kinase 

inhibitors at 10 µM concentration for 60 minutes at 37 °C and then heated at 70 °C for 3 

minutes (see section 2.21.8). Immunoblot was imported to ImageJ for analysis where the 

bands were analysed for quantification of western blot signals. The signal intensity of the 

heated sample was normalized to the signal intensity of the control sample (mABCG4 heated 

at 70 °C without any drug) and the graph is plotted as normalized protein recovery in 

Graphpad Prism 7. Because of time limitation we performed only duplicate experiments with 

TKIs and were unable to calculate standard deviation. Results are displayed in Figure 6.16 

Panel B, C and D. Results showed that Dovitinib, Tivozanib and Masitinib were most 

effective in stabilizing ABCG2 against thermal denaturation (Figure 6.16 B). On the other 

hand, linifanib, foretinib, cabozantinib, pazopanin, afatanib, ACL1717, alectinib had least 

stabilizing effect. Taken together, this study shows the ability of these tyrosine kinase 

inhibitors to thermally stabilize mABCG4 by the membrane thermal shift assay. Future 

research can be done to find out how many degrees of thermal stability can be achieved by 

running an experiment at temperatures between 70 and 80 degrees. 

 

     

                                                                                       

A) 
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Figure 6.16:  Membrane thermal shift assay of mABCG4. DDM-solubilized mABCG4 

microsomes were incubated at each temperature for 3 minutes. (A) Left panel shows the 

western blot of mABCG4 which disappeared at 70 °C. Right Panel shows the graphical 

representation of quantification of protein recovery analyzed by imageJ after thermal 

unfolding. B, C, and D) Left panel shows the Western blot of binding affinity of Tyrosine 

kinase inhibitors (TKIs) to mABCG4 at 70 °C; while right panel shows the graphical 

representation of binding affinity of Tyrosine kinase inhibitors (TKIs) to mABCG4.  

(C) 

(D) 

(B) 
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6.6 Negative stain electron microscopy 

EM is a useful technique to study the structure of biological macromolecules, including 

membrane proteins (Frank, 2006, Rubinstein, 2007, Ohi et al., 2004, Oliver, 1973). Electron 

micrographs can provide qualitative information of the homogeneity and monodispersity of 

protein (Sjollema et al., 2012). For instance, EM was successfully employed to examine the 

CFTR aggregation state following purification from mammalian cells before further 

structural characterisation (Zhang et al., 2011, Zhang et al., 2009a, Zhou and Cross, 2013).  

The sample preparation for this approach is rather simple and quick. The minimum required 

protein concentration for negative stain EM is 10 µg/ml. This technique involves embedding 

a specimen in a layer of dried heavy metal solution that greatly improves the specimen 

contrast. For typical negative staining, a number of heavy metal stains are available such as 

ammonium molybdate, tungstate stains, and uranyl stains (Ohi et al., 2004). In this 

experiment we have used uranyl acetate because research has shown that uranyl acetate 

solution fixes protein structure on a millisecond time frame and having a finer grain size 

results in improved staining of the specimen (Zhao and Craig, 2003).  

After a two-step purification process, we used negative staining to examine the mABCG4, 

gpABCB5, bbABCG1, and mABCG4 proteins to assess homogeneity and particle size. It is 

a best practice to first do a negative stain study when working with a structurally 

uncharacterized molecule before making any attempt to work with crystallography/ vitrified 

specimens. Each target protein was applied on a 300-mesh carbon-coated copper grid at a 

concentration of 25 µg/ml, and then rinsed with water to remove extra detergent and other 

solutes before being stained with uranyl acetate stain. A transmission electron microscope 

was used to view the grids. Protein is seen in micrographs as white particles on a grey 

background. 

In figures 6.17–6.20, two micrographs for each target protein are displayed. Results for each 

target protein almost similar except mABCB5. mABCB5 micrographs reveal heterogeneity 

which is consistent with SDS gels (section 5.3). Cumulative results of gpABCB6, 

bbABCG1, and mABCG4 are written in this section. Micrographs showed nearly 

homogeneous and evenly distributed purified protein particles. The majority of particles are 

~10 nm in size, which is consistent with the findings of dynamic light scattering (section 

6.4). These positive findings indicated that purified proteins are appropriate for cryo-EM or 

crystallography. However, these techniques demand high protein concentrations, and as of 

yet, we are unsure how these protein particles would function at high concentration. Previous 
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studies has shown concentrating a protein sometimes is problematic because of degradation 

propensity of proteins (Ma et al., 2017).  Besides, few particles of 20-30 nm and aggregates 

~ 100 nm are also seen in micrographs which might represent protein oligomers or protein-

detergent complexes. Also, staining buildup, which is typical of negative staining, can be 

seen on micrographs (Ohi et al., 2004).                      

(A) 

(B) 

Figure 6.17: Negatively stained mABCB5 protein analysis using transmission electron 

microscopy. Panels A and B shows 10 nm single particles, as well as, 20 nm, 30 nm, and 100 

nm aggregates. 
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Figure 6.18: Negatively stained gpABCB6 protein analysis using transmission electron 

microscopy Panels A and B shows 10 nm single particles, as well as, 20 nm, 30 nm, and 

100 nm aggregates. 

 

 

(A) 

(B) 
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Figure 6.19: Negatively stained bbABCG1 protein analysis using transmission electron 

microscopy. Panels A and B shows 10 nm single particles, as well as, 20 nm, 30 nm, and 

100 nm aggregates. 
 

 

(A) 

(B) 
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Figure 6.20: Negatively stained mABCG4 protein analysis using transmission electron 

microscopy. Panels A and B shows 10 nm single particles, as well as, 20 nm, 30 nm, and 

100 nm aggregates.

(A) 

(B) 
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6.7 Discussion and Conclusion 

The monodispersity, thermal stability, and ATPase activity of all four of these proteins 

(mABCB5, gpABCB6, bbABCG1, and mABCG4) were assessed in this research work, and 

these characteristics are expected to be important factors before conducting high-resolution 

structural research. For ABC transporter research, ATPase activity assays are necessary to 

verify whether the protein is still active under the experimental conditions. There are many 

commonly used assays to measure ATPase activity, including the enzyme-coupled assay 

(Adam, 1965), the malachite green/molybdate assay (Baykov et al., 1988), and the Chifflet 

assay (Chifflet et al., 1988). These assays detect released products of ATP hydrolysis either 

ADP or inorganic phosphate (Pi). The Chifflet assay, which was developed to measure 

released Pi calorimetrically, was used in this study (discussed in section 6.2). All of these 

four proteins were shown to exhibit a significant basal ATPase activity in the absence of any 

substrate, in the detergent environment. The basal ATPase activity appeared to lower but 

low basal ATPase activity has been detected in some ABC transporters such as MRP1 and 

MRP3 (Li et al., 1996, Gorbulev et al., 2001). Additionally, in the presence of the well-

known substrates, ATPase activity of all of these four purified proteins was determined in 

detergent environment (see section 6.2). This was important because purity of the protein 

may play a significant role in a total ATPase activity of the sample since only a small amount 

of highly active ATPase contaminants may contribute to the overestimation of an actual 

ATPase activity of the sample (Ban and Yang, 1998). According to Chapter 5, two-step 

purification produced proteins that were not of a high purity as demonstrated by Commassie 

stained gels. However, substrate stimulation or inhibition data of ATPase activity is a sign 

of purified target protein. Therefore, the likelihood of signals originating from ATPase 

contaminations is considered to be low. However, this study did not quantify transport 

activity. A protein that showed high ATPase activity might yet have low transport activity if 

it was somehow dysfunctional and uncoupled. Hence, the information seems insufficient to 

compare mABCB5, gpABCB6, bbABCG1 and mABCG4 protein samples in terms of how 

intact they were relatively to each other. 

ATP hydrolysis is recognised as a vital activity of ABC transporters (including mABCB5, 

gpABCB6, bbABCG1, and mABCG4) because it takes part in the protein’s conformational 

changes in the transport mechanism. ATP binding ability was examined using a series of 

TNP-ATP concentrations. Since it has been reported that nucleotide binding ability of ABC 

transporters is independent from substrate binding (Sauna and Ambudkar, 2001), no 
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substrate was included in this experiment as well as in the cryo-EM experiments performed 

later in this research. 

Thermal stability assays were conducted using three methods. Monitoring the intrinsic 

tryptophan fluorescence with temperature increase is an efficient, cost-effective method for 

assessing the thermal protein structural stability (Garidel et al., 2008). The CPM approach 

makes use of a fluorescent dye that strongly fluoresces when it binds to cysteine residues 

that are exposed on the surface. The assay was designed to address the shortcomings of 

existing assays, which frequently have low signal-to-noise ratios because of the detergent 

background and necessitate many components (Yeh et al., 2006, Alexandrov et al., 2008) 

The APJ receptor, an essential membrane protein that is a member of the GPCR superfamily, 

had its thermal stability successfully determined by this assay (Alexandrov et al., 2008). 

Additionally, it was used to examine the thermal stability of the CFTR in the presence of 

different potentiators (Meng et al., 2017) the analysis of cytochrome c oxidase's thermal 

stability, helped to determine the melting points of the complex's component subunits 

(Kohlstaedt et al., 2015). When compared to the Tm established by intrinsic tryptophan 

fluorescence, the melting temperature determined by the CPM assay is often higher for each 

target protein (see section 6.5.2). This could be explained by the fact that each protein has a 

higher ratio of cysteine to tryptophan. mABCB5 have 18 tryptophan and 20 cysteine 

residues. On the other hand, gpABCB6 possesses 22 tryptophan residues and 16 cysteine 

residues, bbABCG1 possesses 14 tryptophan residues and 26 cysteine residues and 

mABCG4 possesses 8 tryptophan residues and 36 cysteine residues in protein dimer (Figure 

6.16) (Table 6.8).  

This study shows an increase in Tm of the mABCB5, bbABCG1, and mABCG4 proteins in 

the presence of nucleotides. This suggests that nucleotide binding may introduce some 

conformational changes to the protein and more kinetic energy is required for the protein to 

undergo unfolding to a similar degree. Interestingly, this finding is in agreement with the 

findings of (Yang et al., 2017) where they reported catalytically-inactivated E552A/ E1197A 

mouse P-gp in the presence of nucleotide showed an elevated Tm of up to 6.2 °C in the 

presence of nucleotide, indicating enhanced structural stability. All of these four proteins 

have almost similar melting temperatures (Tm), and at first glance, their aggregation 

temperature (Tagg) values would not distinguish them dramatically. However, 

supplementing the SLS intensity values determined by intrinsic tryptophan fluorescence 

with the DLS sizing and polydispersity information allows us to conclude that mABCG4 

and mABCB5 are more “well-behaved” and do not form large heterogeneous aggregates 
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during thermal stress. Therefore, they may be better and more robust candidates for moving 

forward with high-resolution structural experiments. However, from purification chapter 05, 

Coomassie stained gels suggest mABCB5 is less pure than mABCG4, hence mABCG4 was 

prioritised for high-resolution structural research.  

 

      

             

              

 

                      

Figure 6.17: An illustration of tryptophan and cysteine residues as yellow and reds 

colour respectively.  

 

 

mABCB5 homodimer gpABCB6 homodimer 

bbABCG1 homodimer mABCG4 homodimer 
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Table 6.8: Total number of cysteine residues, as well as, surface-exposed and buried 

cysteine residues in each protein homodimer calculated in Chimera. 

 

Protein Surface-exposed 

cysteine residue in 

homodimer 

Buried cysteine 

residue in 

homodimer 

Total cysteine 

residue in 

homodimer 

mABCB5 09 11 20 

gpABCB6 08 14 22 

bbABCG1 22 04 32 

mABCG4 30 06 36 

 

mABCG4 protein was further assessed by CPM assay and also by the membrane thermal 

shift assay. By CPM assay mABCG4 was investigated whether some well-known substrates 

have any effects on mABCG4 thermal stability. Except for cholesterol, sphingolipids, 

cyclosporin A and estriol increased the Tm of mABCG4 up to 10 degrees as compared to 

apo-state. Many tyrosine kinase inhibitors (TKIs) have been reported to interact with ABC 

transporters in recent years, including imatinib, nilotinib, dasatinib, ponatinib, gefitinib, 

erlotinib, lapatinib, vandetanib, sunitinib, and sorafenib (Beretta et al., 2017). TKIs 

interaction with mABCG4 was checked by membrane thermal shift assay. Our findings 

showed that all tested TKIs had a thermal stabilising impact on mABCG4 at a temperature 

of 70 degrees except alectinib, AXL1717, cabozantinib, and foretinib (see Figure 6.16). 

Some of the TKIs also tested for ATPase activity and results demonstrated that dovitinib, 

gefitinib, lenvatinib, tivozanib, masitinib at 10 µM concentration increased the ATPase rate 

of mABCG4 protein; while cedritanib had an inhibitory effect on mABCG4 (see figure 

6.4C). This can be justified because the relationship between the molecular structure of TKIs 

and their capacity to engage with ABC transporters hasn't yet been established, though 

(Hegedűs et al., 2002). In fact, TKIs exhibit a large variability of transporter selectivity and 

affinity. TKIs typically have substrate-like qualities at low concentrations and can block the 

activity of transporters at high concentrations (Anreddy et al., 2014).  

Negative stain data of gpABCB6, bbABCG1, and mABCG4 is optimistic at this step; while 

mABCB5 protein purification needs a bit more work. Even if a protein appears pure and 

only displays one band on an SDS PAGE gel, the particles are likely to appear heterogeneous 

when seen by negative stain EM (Ohi et al., 2004). The negative staining process itself has 

the potential to produce a small amount of heterogeneity because of protein distortions 

during adsorption and/or a varying degree of stain embedding. However, there may be more 

considerable heterogeneity in the purified protein population due to particles aggregating 

into various oligomeric forms, particles adopting various conformational states, and particles 



166 
 

adsorbing to the grid in various orientations (resulting in identical molecules having a 

distinct appearance). Even though heterogeneity is typically present in pure protein 

preparations, it is more obvious when macromolecular  complexes that frequently 

disintegrate are researched (Ohi et al., 2004). 
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Chapter 7: Results and Discussion: Small Angle X-ray Scattering 

SAXS is a powerful technique for analysing the three-dimensional (3D) structure of 

biomolecules in solution (Bernadó et al., 2007, Petoukhov and Svergun, 2013). SAXS is a 

simple method that can be used to analyse proteins ranging in size from a few kDa to GDa. 

It can give numerical evaluations of structural characteristics of proteins, such as size and 

shape. In addition, the intrinsic disorder, dynamics, and conformational polydispersity of 

proteins in their native state can also be revealed by it (Doniach, 2001, Pelikan et al., 2009). 

The goal of this experiment was to use SAXS to create low-resolution structural envelopes 

of ABCB5, ABCG1, and ABCG4. These findings might be useful for comprehending the 

protein's shape, structure, and molecular dynamics. 

7.1 Data analysis  

SEC-SAXS data was collected in apo-state for 2.5 mg/ml mABCB5 and 1.5 mg/ml 

bbABCG1 at Diamond Light Source Beamline 21. In contrast, SAXS data for mABCG4 was 

collected in batch mode at 2 different concentrations of 5 mg/ml and 10 mg/ml in the apo 

state (see section 2.21.2). The data were collected with 600 frames per sample in SEC-SAXS 

mode and 21 frames per sample in batch mode to maintain consistency and detect any 

radiation damage. The data analysis program ATSAS from EMBL was utilised for data 

processing (Manalastas-Cantos et al., 2021). Each frame was imported into the PRIMUS 

interface i.e. SEC-SAS data processing and for batch into SAS data analysis (Konarev et al., 

2003). Figures 7.1 and 7.2, respectively, illustrate the elution profiles of mABCB5 and 

bbABCG1 produced by ATSAS (mABCG4 elution profile is not shown). Frames were 

chosen for the protein sample, as indicated by the green colour, and the buffer, as indicated 

by the red colour. The buffer was then subtracted from the mABCB5 and bbABCG1 apo 

samples after the frames had been averaged. Experimentally determined 1D scattering 

profiles of 5 mg/ml and 10 mg/ml mABCG4 is shown in Figure 7.3.  
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Figure 7.1: mABCB5 elution profile. Total frames: 600, Buffer selection: 33-97 

frames, sample selection: 475-506 frames 

 

 

 

 
 

Figure 7.2: bbABCG1 elution profile. Total frames: 600, Buffer selection: 141-211 

frames, sample selection: 384-418 
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Figure 7.3: Experimentally determine scattering profiles of mABCG4 at 5 mg/ml and 

10 mg/ml concentration. 

 

A qualitative examination of each scattering profile shows that at low values of momentum 

transfer (S) the gradient of the log(I) versus S plot increases as S decreases:  This is consistent 

with the presence of aggregates (Figure 7.5 A). The homology model of mABCG4, 

bbABCG1 and mABCB5 (see section 6.9.1) was used to generate the theoretical scattering 

profile server for comparison with experimentally determined scattering profiles (Figure 

7.5B). The theoretical scattering calculations was done using the FoxS server (Schneidman-

Duhovny et al., 2010). These calculated profiles have no contributions from oligomer or 

aggregate structures and do not show the same intensity variation at low S as the measured 

data.  

Comparing the calculated profiles with the measured profiles at intermediate values of 

momentum transfer (0.07<s<0.25): It is interesting to note that the experimentally 

determined scattering profiles of mABCB5, bbABCG1, and mABCG4 all exhibited a hump 

which is not seen in theoretical scattering profiles.  

Gross structural parameters can be extracted from the SAXS data using a Guinier plot and 

via the calculation of a pair distribution function. Figure 7.6 depicts the Guinier analysis 

used for calculating the radius of gyration (Rg) (Sorensen and Shi, 2000). Rg describes the 

overall distribution of the mass of the protein around its centre of gravity. The Guinier 

analysis of mABCB5, bbABCG1, and mABCG4 showed radii of gyration of 65.88 Å, 58.85 
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Å, and 70.83 Å respectively. This Guinier analysis has a drawback in that it is solely 

dependent on low "q" values, making it extremely susceptible to discrepancies at large 

scattering angles or in conditions where there is inter-particle interaction. Pairwise Distance 

Distribution Function (PDDF) is another reliable method of describing the SAXS data 

(Debye 1915). With the use of this PDDF, a Fourier transformation, the reciprocal space 

data from scattering is transformed into a real space distance distribution histogram, where 

each point represents the separation of two atoms in the given sample. This distance 

distribution graph provides information about the particle's size and general shape. The pair 

distance distribution analysis for mABCB5, bbABCG1, and mABCG4 showed Dmax of ~300 

Å, 353.26 Å, and 250 Å respectively.  

 

(A)                                                        (B)                                           

                   

C) 

                                            

Figure 7.4: Experimentally determined pair-distance distribution plots. A) mABCB5 

B) bbABCG1 C) mABCG4 
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A) 

  

B) 

 

Figure 7.5: Scattering profiles of mABCG4 (5 mg/ml), bbABCG1, and mABCB5 in apo 

state, plotted as a function of intensities vs momentum transfer (s=4πsinϴ/λ). A) 
Theoretical scattering profile of mABCG4, bbABCG1 and mABCB5 generated using FoXS 

server. B) Experimentally determined scattering profile of mABCG4, bbABCG1, and 

mABCB5.  
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A) 

            
B) 

            
C)             

 
 

Figure 7.6: Guinier analysis of ABCB5, ABCG1, and ABCG4 in the apo state, panel A, 

B, and C respectively. In the Guinier plot (ln(I) versus s^2) blue dots represent the 

experimentally determined scattering intensity, Light blue line is the best fit of a straight line 

to the transformed scattering data. The corresponding residual plot (deltaI/sigma versus s^2) 

shows the deviation of each point from the fitted line. In each case the residual plot is curved 

suggests that the Guinier plot is not fitted well with a straight line  

 

 

 

 

 

 

 



173 
 

 

 

Table 7.1: Summary of structural features determined by SAXS.  

 

 Rg 

(Guinier) 

(Å) 

I (0) Rg/ Io p(r) 

(Å) 

Theoretical 

calculated Rg 

(Å) 

Dmax 

(Å) 

mABCB5 65.88 ± 0.17 0.34 ± 0.0005 75.26 ± 0.35 38.74 300 

bbABCG1 58.85 ± 0.19 0.09 ± 0.0002  71.12 ± 0.10 34.74 353.26 

mABCG4 70.83 ± 0.11 2.51 ± 0.003 71.47 ± 2.42 36.23 250 

 

7.2 Discussion and Conclusion 

It is difficult to study membrane proteins structurally using SAXS because of the detergent 

issues (Lipfert and Doniach, 2007). It may offer system-related information that can be used 

to inform high-resolution experiments. In this experiment, structural parameters from the 

scattering profile suggest large aggregations in mABCB5, bbABCG1, and mABCG4. One 

possible explanation might be presence of detergent. Membrane proteins must be solubilized 

during purification to maintain their structural integrity in aqueous solutions. The most 

straightforward and extensively used way of solubilizing membrane proteins is detergent 

molecules above the CMC (le Maire et al., 2000).  These detergent molecules form a corona 

in the vicinity of the lipid-embedded area (Pérez and Koutsioubas, 2015). These areas have 

the potential to strongly scatter X-rays, which can change the ultimate scattering patterns of 

integral membrane proteins (Koutsioubas, 2017). This correlates with the common features 

seen in the scattering profiles of all three samples at intermediate ranges of S. The detergent 

micelle that surrounds the protein may be the cause of hump characteristic of scattering 

profiles. With aquaporin0 solubilized with DDM, a similar hump scattering characteristic 

was also seen (Molodenskiy et al., 2020).  

Conclusion 

All-together, in this study, we investigated the structural characteristics of mABCB5, 

bbABCG1, and mABCG4 in the apo state using a low-resolution small-angle scattering 

approach. Unfortunately, our findings indicated protein aggregation and since data from a 

homogeneous sample is required for ab initio modelling of envelopes from SAXS data 

(Kikhney and Svergun, 2015) we were unable to proceed with this analysis. 
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Chapter 08: Structural studies on mABCG4 

To determine structure of protein at high resolution two methods are commonly employed 

X-ray crystallography and cryo-EM. For this research work, after bioinformatics analysis 

four proteins were selected for crystallization trials. but by the end of PhD stage, 3D 

crystallisation was taking a lesser role for determining the structures than cryo-EM. Also as 

seen in chapter 5 further purification of these proteins would be required to increase their 

quality and quantity because protein crystallisation requires substantially more concentrated 

and 99.95% homogeneous protein (Caffrey, 2003). Furthermore, it is necessary to consider 

each individual membrane protein, as well as its preferred detergent and occasionally lipids, 

when planning crystallisation experiments (Saidijam et al., 2003). Considering these 

limitations and time constraints on completion of thesis work, unfortunately, no target 

protein has been screened for crystallisation in order to determine its structure, in this study.  

Alternatively, cryo-EM was employed on most promising protein for structure 

determination. mABCG4 showed the best size exclusion profile in the last purification step 

(chapter 05). we performed four cryo-EM trials on the mABCG4 (Figure 8.1). 

It has been reported that glycerol and detergent potentially have negative influences on both 

specimen preparation process and micrograph quality (Thonghin et al., 2018). Cryo-buffer 

(SEC buffer with reduced DDM and glycerol content) was used in cryo-EM. Grids were 

prepared as described earlier. Test micrographs were collected using an in-house Titan Krios 

electron microscope (EM facility, the University of Manchester). Each of the four attempts 

is depicted in a representative micrograph in Figures 8.6, 8.7, 8.8, and 8.9. 

In the first attempt 2.14 mg/ml mABCG4 was applied on the Quantifoil 1.2/ 1.3 copper grids 

and images were recorded (see section 2.23.3.1). The test micrographs were of poor quality 

for processing and heterogenous particles including long string like structures were seen in 

micrographs Individual particles were featureless and consistent with the presence of excess 

detergent micelles (Figure 8.6). The lengthy strings could be explained in two ways as 

follows:  

1. mABCG4 may be aggregated and stacked on top of each other. In previous research it has 

been shown that protein aggregation is one of the persistent problem in cryo-EM grid 

preparation (Kampjut et al., 2021).  

2. Particles  are predominantly detergent, which was also observed with the similar protein 

P-gp in our lab (Shafi, 2022). One reason for this could be that the detergent micelles were 
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concentrated in the samples by ultrafiltration instead being filtered away. As seen in Figure 

7.2, the coverage of mABCG4 particles is also low and not uniform, concentrated mostly at  

the edges. This may be due to protein's propensity to preferentially adsorb at the air-water 

interface or more likely due to concave lens formation because of the presence of  

detergent(Schmidt-Krey and Rubinstein, 2011). 

 

mACBG4 

Conc. 2.135 mg/ml 
 Buffer: 20 mM Tris, pH 7.5 

              150 mM NaCl 
              4% glycerol 
             0.01% DDM, 0.002% CHS 

Conc. 2.135 mg/ml 
 Buffer: 20 mM Tris, pH 7.5 

              150 mM NaCl 
              3% glycerol 
             0.008% DDM, 0.002% CHS 

Conc. 0.6 mg/ml 
 Buffer: 20mM Tris pH 7.5 

              150 mM NaCl 
              4% glycerol 
             0.01% DDM, 0.002% CHS 

After TEV-Cleavage 

After Nanodisc formation 

1
st

 attempt 

2
nd

 attempt 

3
rd

 attempt 

4
th

 attempt 

After Changing 
concentrator type  

Conc. 0.6 mg/ml 
 Buffer: 20mM Tris pH 7.5 

              150 mM NaCl 
 
               
              Figure 8.1: An overview of the mABCG4 cryoEM experiments 
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 To improve data quality in our second attempt, we switched from a polyethersulfone 

membrane (PES) to a regenerated cellulose membrane (RCM) to concentrate the protein, 

which decreased the ratio of these long strings and allowed us to see some, but very few, 

ABC type particles (Figure 8.7). This can be explained by the difference between cellulose 

and polyethersulfone (PES) membranes; the former is more hydrophobic while the latter has 

high hydrophilicity and, as a result, has an excellent porosity  (Qu et al., 2010, Zhang et al., 

2009b).  

In our third method, mABCG4 was negatively purified by TEV protease treatment to enrich 

the pure mABCG4. First, optimization of the TEV enzyme was done on mABCG4, which 

revealed 100 times more TEV than the amount of TEV suggested by the manufacturer 

(Figure 8.3). We did TEV treatment using 3 times more TEV suggested by the manufacturer 

which was far less than the optimisation and leads to TEV treatment ineffective (Figure 8.4). 

However, 0.5 mg/ml ABCG4 protein with no tag was applied on the Quantifoil 1.2/ 1.3 

copper grids.  Grids were screened using Titan Krios electron microscope and we could 

hardly detect any ABC particles and mostly micelle was observed (Figure 8.8).  

As TEV treatment efficiency was not good so, in order to reduce the detergent effects seen 

in previous trials, we made a mABCG4 nanodisc/bicelle using membrane scaffold protein 

1D1 (MSP1D1) (Merck) (see section 2.20.1). Size exclusion chromatogram of reconstituted 

ABCG4 is represented in figure 8.5A. Fraction 18 was collected, concentrated using a 100 

kDa cutoff filter, and run on 8% SDS-gel before applying on the Quantifoil 1.2/ 1.3 copper 

grids.  Grids were screened using titan krios electron microscope. Micrographs showed few 

Figure 8.2: Five different batches of Purified ABCG4 on SDS-PAGE. On Quantifoil 

1.2/1.3 copper grids, concentrated ABCG4 at a concentration of 2.13 mg/ml highlighted 

in red box was applied, and test micrographs were recorded in Titan Krios electron 

microscope. 
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ABC particles that were evenly distributed, although the large black dots observed which 

most likely indicated ethane contamination (Figure 8.9). These data are being processed. 

 

 

Figure 8.3: TEV optimisation of mABCG4. ABCG4 was incubated overnight with TEV 

protease at 4 with end-to-end rotation. The following day efficiency of TEV protease was 

tested by running ABCG4 treated with TEV on SDS gel. The right Panel shows the SDS gel 

after Coomassie staining. Left Panel shows the SDS gel scanned for GFP signal using 

Alexflour488. 

 

                                       

Figure 8.4: Confirmation of TEV treated mABCG4 on 8% SDS-gel before loading to 

quantifoil 1.2/1.3 grid. 
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Figure 8.5: Nanodisc formation of mABCG4. Panel A represents the size exclusion 

profile after nanodisc formation. Fraction 18 was collected, concentrated and run on 8% 

SDS-gel. Panel B shows the SDS gel of concentrated fraction 18. The right Panel shows 

the SDS gel after Coomassie staining. Left Panel shows the SDS gel scanned for GFP signal 

using Alexflour 488. 
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Figure 8.6: Representative micrograph of cryo-EM grids of 2.14 mg/ml mABCG4 on 

Quantifoil 1.2/ 1.3 grid (1st attempt). Micelles are indicated by red arrows. 

Figure 8.7: Representative micrograph of cryo-EM grids of 2.14 mg/ml mABCG4 on 

Quantifoil 1.2/ 1.3 grid (2nd attempt). Micelles are indicated by red arrows.; while, yellow 

circles denote ABC-type particles. 
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Figure 8.8: Representative micrograph of cryo-EM grids of 0.6 mg/ml TEV-treated 

mABCG4 on Quantifoil 1.2/ 1.3 grid (3rd attempt). Micelles are indicated by red arrows.; 

while, yellow circles denote ABC-type particles.  

Figure 8.9: Representative micrograph of cryo-EM grids of 0.5 mg/ml mABCG4 

bicelle/nanodisc (4th attempt). Yellow circles indicate ABC-type particles, whereas white 

arrows indicate ethane contamination. Green arrows point the empty bicelle. 
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Discussion and conclusion 

The most promising target protein, ABCG4, was studied using cryo-electron microscopy to 

obtain a high resolution structure. We collected four cryo-EM test datasets in different 

conditions. Unfortunately, detergent micelle was mostly seen. Even though the sample was 

replaced in the buffer without detergent, it is possible that ultrafiltration using 100 kDa cutoff 

filters concentrated the detergent micelles in the protein samples rather than filtered them 

away. Studies from the previous have successfully used ultrafiltration columns to replace 

buffer (Thonghin et al., 2018b).  

There may be several reasons for TEV treatment inefficiency. Because ABCG4 is a 

homodimer, which implies that its functional unit contains two TEV cleavage sites (as 

highlighted below), TEV may cleave at any site, leaving the remaining ABCG4 with His 

and binding to the nickel column. 

8His_ GFP_ TEV_ABCG4_ABCG4_8His_ GFP_ TEV 

It has been suggested that reconstituting membrane proteins into nanodiscs will provide the 

optimum balance between preserving a lipid-like environment at the membrane protein's 

boundary and enabling the membrane proteins to exist as "single particles" that can be 

investigated using cryo-EM (Earl et al., 2017, Wu and Lander, 2020). However, in 

micrographs few ABC particles were seen after reconstitution of ABCG4 into nanodisc 

which suggests that a good structure is unlikely to result. The image processing was therefore 

terminated. 
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Chapter 09 General discussion, conclusion and future work 

About two-third of known druggable targets in cells are membrane proteins and ~50% of 

drugs target membrane proteins (Lappano and Maggiolini, 2011, Sameshima et al., 2019, 

Terstappen and Reggiani, 2001b). In this regard, no discussion of biological membranes 

would be complete without mentioning ATP-binding cassette transporters (ABC). In all 

prokaryotes, as well as, in plants, fungi, yeast, and animals, ABC transporters are ubiquitous 

membrane-embedded proteins. The human genome has 49 ABC genes that are organised 

into eight subfamilies and given names through divergent evolution (Vasiliou et al., 2009). 

Given that at least 11 of these genes have already been linked to serious hereditary disorders, 

this emphasises the significance of ABC genes (see chapter 01). ABC transporters also play 

a role in the transit of most medicines and their metabolites through cell surface and cellular 

organelle membranes; therefore, defects in these genes can have a significant impact on 

cancer therapy, pharmacokinetics, and a variety of pharmacogenetic disorders (Vasiliou et 

al., 2009). Therefore, functional and structural research on ABC proteins may be essential 

to advance our understanding of the protein's structural and molecular characteristics. This 

will have a huge impact on numerous downstream research projects like protein modification 

and drug design based on structural principles. It is possible to resolve molecular structures 

to an atomic level using complex techniques like X-ray crystallography and cryoelectron 

microscopy (cryo-EM). However, it is challenging to express and purify membrane proteins 

(Lacapere et al., 2007, Carpenter et al., 2008). All ABC transporters structure on protein data 

bank is given in Appendix Table 9.1. 

9.1 Selection of protein targets for high-resolution structural studies 

Target selection for structural studies is critical. The selection of target proteins for high-

resolution structural studies can be aided by in-silico investigations i.e. the success of 

crystallisation can be aided using crystallisation prediction methods before starting X-ray 

crystallography research with a particular protein. This study was initially aiming to use a 

crystallisation prediction tool to screen the entire ABC family except ABCE and ABCF in 

order to choose targets for crystal trials. The bioinformatics screening did not include the 

subfamilies ABCE and ABCF (because these proteins are engaged in DNA repair and 

chromosomal maintenance rather than transportation) (Rees et al., 2009, Higgins, 1992). For 

this purpose, TMCrys server applied to screen a number of orthologs of the eukaryotic ATP 



183 
 

binding cassette (ABC) family (see chapter 03). The TMCrys server is chosen since it is 

designed explicitly for transmembrane proteins. Ortholog selection for high-resolution 

structural study was made applying TMCrys. Four ABC transporters namely ATP binding 

cassette subfamily B, member 5 (ABCB5), ATP binding cassette family B, member 6 

(ABCB6), ATP binding cassette family G, member 1 (ABCG1), and ATP binding cassette 

family G, member 4 (ABCG4) were selected for high-resolution structural studies. The 

selection of these ABC proteins was made for two reasons: (1) none of the ABCB5, ABCB6, 

ABCG1, or ABCG4 structures were present in the Protein Data Bank (PDB) when the 

project was started; and (2) the therapeutic importance of these proteins. Afterward, 

orthologs of these representative transporters with a high likelihood of expression, 

solubilisation, and purification were selected based on the bioinformatics scoring. For 

ABCB5, mouse ortholog, giant panda for ABCB6, little brown bat for ABCG1, and mouse 

for ABCG4 were selected for study. The amino acid identity of these orthologs relative to 

the human protein is given in table 9.1.  

Table 9.1: Sequence identity of selected orthologs to human protein calculated by NCBI 

BLAST. 

Protein name Percent Identity to human protein 

mABCB5 78.17 % 

gpABCB6 87.63 % 

bbABCG1 87.78% 

mABCG4 96.59% 

 

The strategy of using an ortholog was chosen because it could result in a protein sequence 

that is more stable, and accessible to expression, solubilisation, purification, and structural 

and functional research than the human protein due to natural divergence in amino acids.  

9.2 Selection of Saccharomyces cerevisiae as an expression system 

In this study, we have used a yeast expression system, in the past membrane proteins have 

been expressed in yeast (Vieira Gomes et al., 2018). Yeast cells possess many important 

features that are necessary for the production of eukaryotic membrane proteins. Yeast cells 

have the ability to do post-translational modifications. They also have highly regulated 

protein quality control system in the endoplasmic reticulum (ER) which ensures that only 

correctly folded protein exit the ER. Misfolded proteins are degraded by Endoplasmic-

reticulum-associated degradation pathways (Brodsky and Skach, 2011). Absence of these 
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mechanisms in prokaryotes, therefore, makes the expression of eukaryotic membrane protein 

in the bacterial system very difficult. Pichia pastoris has the ability to produce large biomass 

when compared to S. cervisae but cloning in pichia is tedious and time-consuming. It is 

observed that yeast cells can produce enough proteins for structural studies (Jidenko et al., 

2005). Yeast cultures are reasonably cost-effective and fast to grow in the lab. Yeast also 

has the ability to express high levels of recombinant proteins at lower temperatures which 

allows protein folding to occur at a steadier rate. 

9.3 Construct design 

Codon optimized mABCB5, gpABCB6 bbABCG1, and mABCG4 DNA constructs for 

Saccharomyces cerevisiae were synthesized. A yeast Kozak-like sequence (AAAACA) was 

also added before the start codon ATG (Kozak, 1986).  It has been shown that employing a 

codon-optimized CFTR gene increases expression by around 4-fold when compared to wild-

type CFTR and that adding a yeast Kozak-like sequence before the CFTR gene start codon 

increases expression by about 28-fold when compared to the gene lacking the Kozak-like 

sequence (Rimington1 et al., 2018). Furthermore, it has been demonstrated that the use of 

Kozak-like sequences enhances the production of various other recombinant proteins in 

heterologous expression systems (Alonso et al., 2002, Jäger et al., 2013). The green 

fluorescent protein (GFP) sequence and an octa-His tag are fused at the C-terminus of the 

mABCB5 and gpABCB6 constructs, whereas they are located at the N-terminus of 

bbABCG1 and mABCG4 due to reverse topology (see chapter 02). The GFP makes it 

reasonably simple to follow the expression and purification of proteins.  The constructs were 

transformed into the S. cerevisiae strain, FGY217 (originally provided by Dr. David Drew, 

Imperial College of London) in which expression of mABCB5, gpABCB6, bbABCG1, and 

mABCG4 was under the control of the galactose inducible promoter, GAL1, which is 

heavily repressed in the presence of glucose (Drew et al., 2008). As a result, the induction 

time of recombinant proteins can be tightly controlled (Drew et al., 2008) (see chapter 04).  

9.4 Expression and purification of target proteins  

All of these four target proteins i.e. mABCB5, gpABCB6, bbABCG1, and mABCG4 were 

expressed in yeast using optimized yeast culture conditions to obtain a high level of 

expression (Rimington et al., 2018).  Establishing the optimal post-induction cell harvest 

time and the optimal cell density at induction were important parameters for getting a good 
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yield (see chapter 4). The fluorescence microscopy data was very encouraging which showed 

that all of these four proteins had been correctly folded and successfully expressed in yeast 

and can be processed further for purification. The GFP fluorescence was more diffused and 

localised in mABCB5 and gpABCB6 expressing yeast cells than it was in bbABCG1 and 

mABCG4, which displayed punctate GFP localization. When comparing purity, bbABCG1 

and mABCG4 are purer than mABCB5 and gpABCB6. It could be inferred from this that, 

in contrast to localised and diffused proteins, punctate localised proteins in yeast cells are 

well-behaved in purification process. In our study, it appears that purifying mABCB5 is 

somewhat challenging. All mABCB5 purification batches produced contaminated mABCB5 

(see chapter 05). It might be because ABCB5 is a full-length transporters and needs more 

stringent conditions for purification. Some critical downstream purification steps that are 

specific to the S. cerevisae expression system, such as cell lysis and microsomes purification. 

In this study, we used the bead-beating method which is the most practical and effective in 

terms of equipment cost and ease. DDM was used for protein solubilisation and afterwards 

in all purification steps. The selection of detergents for solubilisation and purification is a 

critical step in the purification of any membrane protein. The reason for using DDM in this 

study is because Dodecyl-β-D-maltoside (DDM) is a non-ionic detergent that has been 

extensively used for both structural and functional studies of membrane proteins, which is 

why it was chosen for this study. (Oldham and Chen, 2011, Pinkett et al., 2007, Dawson and 

Locher, 2006, Gerber et al., 2008, Ward et al., 2007, Kadaba et al., 2008, Matsson et al., 

2009, Lingam et al., 2017).   

9.5 Protein characterisation and structural studies 

Different approaches were used to characterise the biochemical and biological 

characteristics of all four purified proteins. Dynamic light scattering (DLS), which is 

regarded as a non-destructive method and suitable for membrane protein study because it 

takes comparatively less sample to be studied, was used to confirm monodispersity and 

aggregation of enriched proteins (Murphy, 1997). The DLS profiles indicated that samples 

of all four e proteins in apo-state had a mixed population of monomers with ~10 nm 

hydrodynamic diameter and big particles (such as oligomers or aggregates) with ~100 nm 

hydrodynamic diameter (see details in section 6.4). Additionally, the presence of nucleotides 

was tested for any effects on the DLS measurement, and this revealed that there was no 

noticeable impact on mass and intensity distribution of protein particles in the presence of 
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nucleotides. This might be because the particle population that underwent conformational 

changes in the presence of nucleotides may have been limited (or absent altogether), and 

DLS was unable to identify any alteration in the hydrodynamic diameter of protein particles. 

Furthermore, the DLS signal was likely dominated by a signal from the larger population. 

Our findings were consistent with DLS research on P-gp, which reported that no nucleotide-

induced conformational changes could be detected by DLS (Thonghin et al., 2018b). 

However, there hasn't been any information reported on using this method to analyse the 

aggregation, monodispersity, and conformational changes of mABCG4, gpABCB6, 

bbABCG1, and mABCB5. 

The ATPase activity of mABCB5, gpABCB6, bbABCG1, and mABCG4 may also use as a 

suitable benchmark of the quality of a purified protein sample (Pollock et al., 2014b, 

Thonghin, 2019) where substrate-stimulated rates of ATPase activity may be interpreted as 

a sign of functional protein. In this study, ATPase activity was determined via Chifflet assay 

(Chifflet et al., 1988). All of the four target proteins (mABCB5, gpABCB6, bbABCG1, and 

mABCG4) exhibited basal as well as substrate-stimulated ATPase activities in a detergent 

environment (discussed in section 6.2). The basal and substrate-stimulated ATPase activity 

of some target proteins appeared to be comparable to that of several previous studies (e.g. 

gpABCB6 basal activity of 24.83 nmol/min/mg and mABCG4 basal activity of 21.69 

nmol/min/mg ) (Song et al., 2021, Cserepes et al., 2004a, Kim and Chen, 2018, Loo et al., 

2012). This indicated that all of the four purified proteins exhibited activity under the tested 

conditions to a degree comparable to that of previously published research (Kim and Chen, 

2018, Song et al., 2021, Thonghin, 2019). These results were a useful check that the proteins 

expressed in yeast and purified in DDM were active.  

mABCB5, gpABCB6, bbABCG1, and mABCG4 protein samples were also examined for 

their thermal stability by intrinsic tryptophan fluorescence and a fluorescent assay with a 

thiol-specific dye, CPM, in the absence and presence of nucleotides (Hannemann et al., 

2002, Alexandrov et al., 2008). It has been demonstrated that nucleotide binding stabilises 

NBDs; therefore, a direct stabilising action of nucleotides on the full-length protein may take 

place in a conformation-independent manner (Altieri et al., 2008). The CPM assay showed 

that the melting temperatures of the proteins increased in the presence of nucleotides. This 

indicates that additional energy is needed for the protein to unfold to the same extent 

compared to the apo-form, indicating an improvement in protein stability. This is consistent 

with thermal studies conducted on P-gp where a Tm increase upon nucleotide binding was 

reported which suggest the stabilising effect of nucleotide on P-gp (Celej et al., 2003, Pollock 



187 
 

et al., 2014b). There were small variations in the way target proteins were first labelled by 

CPM and in their unfolding transition patterns, highlighting some variation in their structural 

integrity (see details in chapter 06). 

Tyrosine kinase inhibitors were shown to have stabilising effects on mABCG4 according to 

a membrane thermal shift experiment (see section 6.5.3). In the future this assay could be 

combined with docking studies to investigate this stabilising mechanism in more detail. After 

identifying the precise residues (by molecular docking) that participate the interaction of 

tyrosine kinase inhibitors with mABCG4, mutations might be produced in the lab, and 

afterwards can be verified by comparing to wild type mABCG4 using the same membrane 

thermal shift assay.  

Low-resolution methods such as small-angle X-ray scattering were explored to shed light on 

the structural characteristics. Unfortunately, aggregation was seen in our measurements, and 

the data were unsuitable for ab-initio modelling (see details in chapter 05).  With 

improvement in preparation, ab-initio models can be made which can depict the gross 

landscape of molecular dynamics in an aqueous solution. In cryoEM experiments conducted 

on ABCG4, the difficulty in preparing a high-quality grid was mainly to the removal of 

micelles and detergent. We found a concentration of micelles during cryo-EM, despite the 

fact that cut-off filters are often effective at eliminating detergents during buffer exchange. 

9.6 Conclusion 

Overall, the bioinformatics approach we used in this study was productive during all of the 

preliminary stages of research. The transformation and expression of each chosen ortholog 

was successful in yeast cells.  All target proteins were purified and characterised which 

demonstrates that all purified proteins were functionally active with Vmax in the following 

order: 

bbABCG1> gpABCB6> mABCG4> mABCB5 

mABCB5 and gpABCB6 appeared to be less pure as compared to bbABCG1 and mABCG4. 

Furthermore, bbABCG1 size exclusion chromatogram revealed its elution in void volume 

indicating that the majority of the protein was aggregated. This left us with only one target 

protein, mABCG4, for high resolution structural study. Although no structure has been 

determined in this study, it does provide information on the expression of mABCB5, 

gpABCB6, bbABCG1, and mABCG4 proteins in yeast cells. Additionally, it sheds light on 
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the purification conditions of these proteins as well as adding knowledge on the behaviour 

of these proteins which could serve as the basis for further research in this area. 

9.7 Future work 

The research in this thesis describes the use of computational tool for screening the target 

proteins for high-resolution structural studies and afterwards expression and purification of 

mABCB5, gpABCB6, bbABCG1, and mABCG4 proteins in FGY217 yeast strain for 

functional and structural analysis. The adoption of different yeast strain for protein 

expression is another potential direction for research. Using yeast strains that have 

diminished, or are even defective in components of the degradation and/or aggregation 

pathways may help to further optimise protein expression. There are many more tags that 

might be evaluated in order to purify the protein; the ones that were investigated in this thesis 

are just a good subset of all conceivable affinity tags. Different detergents can be screened 

for microsomes solubilisation that may improve the protein yield. Purification protocol can 

be improved or purification can be performed using GFP resin that might lead to greater 

purity as well as yield of protein, that would enable a greater range of biochemical and 

biophysical analysis to be carried out, so expanding our knowledge.  

CPM thermal stability assay described in chapter 06 of the thesis could form the platform 

for screening different compounds for all of the proteins that have stabilising effect on 

purified proteins that could go into the crystal trials in future or cryo-EM studies. With this 

technique, numerous compounds could be screened simultaneously utilising direct 

comparisons to controls in multi-well plates, and only tiny amounts of protein is needed. 

Similarly, all proteins can be subjected to the membrane thermal shift experiment (see 

section 6.5.3) for compound screening. The advantage of this technique is this does not 

require purified protein and can be performed on the protein containing membrane vesicles.  

In terms of high-resolution structural studies, crystal experiments can be carried out after 

TEV treatment and obtaining a protein that is ~99.95% homogeneous. The crystallisation 

process still requires intensive optimization of a number of variables, including detergent 

types and contents, protein concentrations, protein-to-lipid ratios, and screening reagents. 

Cryo-EM experiments were carried out primarily on mABCG4 in this study, but they can be 

done on the other target proteins as well after enhancing the protein purity level. 

Furthermore, for mABCG4, following the adjustment of the membrane scaffold protein to 

mABCG4 ratio for nanodisc production, cryo experiments can be carried out. 
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Appendix- Supplementary data 

1) 

> ABCB5 sequence (Uniprot ID: B5X0E34) 

Optimization of ABCB5 for S. cerevisiae. 

BamHI-Kozak(yeast optimized)-Start codon-ABCB5-XmaI 

 

ggatccAAAACAATG 

ANSERTNGLQETNQRYGPLQEQVPKVGNQAVGPIEIFRFADNLDIVLMTLGILASM

INGATVPLMSLVLGEISDHLINGCLVQTNRTKYQNCSQTQEKLNEDIIVLTLYYIGI

GAAALIFGYVQISFWVITAARQTTRIRKQFFHSILAQDISWFDGSDICELNTRMTGDI

NKLCDGIGDKIPLMFQNISGFSIGLVISLIKSWKLSLVVLSTSPLIMASSALCSRMIIS

LTSKELDAYSKAGAVAEEALSSIQTVTAFGAQEKEIQRYTQHLKDAKDAGIKRAT

ASKLSLGAVYFFMNGAYGLAFWYGTSLIFGGEPGYTIGTILAVFFSVIHSSYCIGSV

APHLETFTVARGAAFNIFQVIDKKPNIDNFSTAGFVPECIEGNIEFKNVSFSYPSRPS

AKVLKGLNLKIKAGETVALVGPSGSGKSTTVQLLQRLYDPEDGCITVDENDIRAQ

NVRHYREQIGVVRQEPVLFGTTIGNNIKFGREGVGEKEMEQAAREANAYDFIMAF

PKKFNTLVGEKGAQMSGGQKQRIAIARALVRNPKILILDEATSALDTESESLVQTA

LEKASKGRTTIVVAHRLSTIRGADLIVTMKDGMVVEKGTHAELMAKQGLYYSLA

MAQDIKKVDEQMESRTCSTAGNASYGSLCDVNSAKAPCTDQLEEAVHHQKTSLP

EVSLLKIFKLSKSEWPFVVLGTLASALNGSVHPVFSIIFGKLVTMFEDKNKATLKQ

DAELYSMMLVVLGIVALVTYLMQGLFYGRAEENLAMRLRHSAFKAMLYQDMA

WYDDKENNTGALTTTLAVDVAQIQGAATSRLGIVTQDVSNMSLSILISFIYGWEM

TLLILSFAPVLAVTGMIQTAAMAGFANRDKQALKRAGKIATEAVENIRTVVSLTRE

RAFEQMYEETLQTQHRNALKRAHITGCCYAVSHAFVHFAHAAGFRFGAYLIQAG

RMMPEGMFIVFTAIAYGAMAIGETLVWAPEYSKAKAGASHLFALLKNKPTINSCS

QSGEKPDTCEGNLEFREVSFVYPCRPEVPVLQNMSLSIEKGKTVAFVGSSGCGKST

CVQLLQRFYDPMKGQVLLDGVDVKELNVQWLRSQTAIVSQEPVLFNCSIAENIAY

GDNSRMVPLEEIKEVADAANIHSFIEGLPRKYNTLVGLRGVQLSGGQKQRLAIARA

LLRKPKILLLDEATSALDNESEKVVQQALDKARRGKTCLVVAHRLSTIQNADMIV

VLQNGSIKEQGTHQELLRNGDTYFKLVAAH 

cccggg 

 

2) 

 

 

> ABCB6 sequence (Uniprot ID: A0A7N5P644) 

 

Optimization of ABCB6 for S. cerevisiae. 

 

BamHI-Kozak(yeast optimized)-Start codon-ABCB6-XmaI 

 

ggatccAAAACAATG 

MSFVVGNYCEAEGPLGPAWVKGGLSPCFFFTLMPSILMALGALAVVLALPCKRRE

RPAGARELSWSAGPLVASYVLQLLLAILQVALPLATLVGRVGTAGGAPLPGYLLP

ASILGTLAGACGLGLLVVEHNQAWKKLAMGIWIEFRHSSGLLLLWTVAFTAENLA

LVSWNNPLWWWARADLGQQVQFSLWVLRYVVSGGLFILGLWAPGLRPQSYALK

VNEEDQDVERIEVQSTEAPPPRSTWRDLGRKLRLLSGYLWPRGSPVLQLVVLLCL
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GLMGLERGLNVLVPIFYRDIVNLLTEKAPWSSLAWTVTTFVILKFLQGGGTGSTGF

VSNMRTFLWIRVQQFTSRQVELRLFSHLHELSLRWHLGRRTGEVLRIVDRGTSSVT

GLLSYLVFNVLPTLADITIGIIYFSMFFNAWFGLIVFLCMSLYLIVTIVVTEWRTKFR

RAMNTQENATRARAVDSLLNFETVKYYNAEGYEVDRYREAILKYQDLEWKSTAS

LVLLNQTQNLVIGLGLLAGSLLCAYFVSEQKLQVGDFVLFGTYIIQLYMPLNWFGT

YYRMIQTNFIDMENMFDLLKEKPEVKDLPGAGPLRFQRGQIEFENVHFSYTSGRET

LQDVSFTVMPGQTLALVGPSGAGKSTVLRLLFRFYDISSGCIRIDGQDISQVTQISL

RSHIGVVPQDTVLFNDTIANNIRYGCITAGDEEVMAAAQAAGIHEAILTFPEGYET

QVGERGLKLSGGEKQRVAIARTILKAPDIILLDEATSALDTSNERAIQASLAKVCAN

RTTIVVAHRLSTVVDADQILVFKDGCIVERGRHEALLSRGGMYADMWQLQQRGQ

EEVSEDAKPPD cccggg 

 

3) 

 

>ABCG1 (Uniprot ID: G1NSJ6) 

 

Optimization of ABCG1 for S. cerevisiae. 

 

BamHI-Kozak-Start codon-8His-GFP-QF-TEV-ABCG1-Stop-XmaI 
 

ggatccAAAACAATGCACCACCACCATCATCATCATCAT 

TCTAAAGGTGAAGAATTATTCACTGGCGTTGTCCCAATTTTGGTTGAATTA

GATGGTGATGTTAATGGTCACAAATTTTCTGTCTCCGGTGAAGGTGAAGG

TGACGCTACTTACGGTAAATTGACCTTAAAATTTATTTGTACTACTGGTAA

ATTGCCAGTTCCATGGCCAACCTTAGTCACTACTTTCGGTTATGGTGTTCA

ATGTTTTGCGAGATACCCAGATCATATGAAACAACATGACTTTTTCAAGTC

TGCCATGCCAGAAGGTTATGTTCAAGAAAGAACTATTTTTTTCAAAGATGA

CGGTAACTACAAGACCAGAGCTGAAGTCAAGTTTGAAGGTGATACCTTAG

TTAATAGAATCGAATTAAAAGGTATTGATTTTAAAGAAGATGGTAACATTT

TAGGTCACAAATTGGAATACAACTATAACTCTCACAATGTTTACATCATGG

CTGACAAACAAAAGAATGGTATCAAAGTTAACTTCAAAATTAGACACAAC

ATTGAAGATGGTTCTGTTCAATTAGCTGACCATTATCAACAAAATACTCCA

ATTGGTGATGGTCCAGTCTTGTTACCAGACAACCATTACTTATCCACTCAA

TCTAAGCTTTCCAAAGATCCAAACGAAAAGAGAGACCACATGGTCTTGTT

AGAATTTGTTACTGCTGCTGGTATTACCCATGGTATGGATGAATTGTACAA

ACAATTTGAAAATTTATATTTTCAAGGT 

LSGLFWIFLLGTIMNTSSYSAVMTELKSVCVSVDEVVSSNTELCEKDMLNGHLKK

VDNNLTEAQRLSSLPRRAAINIEFKDLSYSVPEGPWWKKKGYKTLLKGISGKFNSG

QLVAIMGPSGAGKSTLMNILAGYRETGMKGTILTNGKARDLRCFRKVSCYIMQDH

MLMPHLTVQEAMMVSAHLKLKEKDEGRKEMVKEILTALGLLSCATTRTGSLSGG

QRKRLAIGLELVNNPPVMFFDEPTSGLDSSSCFQVVSLMKGLAQGGRSIICTIHQPS

AKLFEMFDQLYVLSQGQCVYRGKVSNLVPYLRDLGLNCPTYHNPADFVMEVASG

EYGDQNGRLVRAVGEGLCDADCRKEPPGADGEVNPFLQHQPSEEVKQSKGWKG

RKKNSTSTESCHSVSASCLTQFFILFKRALLSTVRDAVLMHLRATSHIAIGLLIGLLY

LGIGNEAKKVMSNSGFLFFSMLFLMFAALMPTVLTFPLEMGVFLREHLNYWYSLK

AYYMAKTLADVPFQIVFPVAYCSIVYWMTSQPSDAVRFVLFAALGTMTSLVAQSL

GLLIGAAATSLQVAIFVGPMTTIPILLFSGFFVSLGTIPTYLQWMSYISYVRYGFEGV

MLSIYGLDREDLHCDVDETCHFQKSEAILRELDVENAKLYLDFIVLGIFFILLRIIAY

FVLRYKIRAER-stop-cccggg 
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4) 

 

>ABCG4 (Uniprot ID: Q91WA9) 

 

Optimization of ABCG4 for S. cerevisiae. 

 

BamHI-Kozak-Start codon-8His-GFP-QF-TEV-ABCG1-Stop-XmaI 
 

ggatccAAAACAATGCACCACCACCATCATCATCATCAT 

TCTAAAGGTGAAGAATTATTCACTGGCGTTGTCCCAATTTTGGTTGAATTA

GATGGTGATGTTAATGGTCACAAATTTTCTGTCTCCGGTGAAGGTGAAGG

TGACGCTACTTACGGTAAATTGACCTTAAAATTTATTTGTACTACTGGTAA

ATTGCCAGTTCCATGGCCAACCTTAGTCACTACTTTCGGTTATGGTGTTCA

ATGTTTTGCGAGATACCCAGATCATATGAAACAACATGACTTTTTCAAGTC

TGCCATGCCAGAAGGTTATGTTCAAGAAAGAACTATTTTTTTCAAAGATGA

CGGTAACTACAAGACCAGAGCTGAAGTCAAGTTTGAAGGTGATACCTTAG

TTAATAGAATCGAATTAAAAGGTATTGATTTTAAAGAAGATGGTAACATTT

TAGGTCACAAATTGGAATACAACTATAACTCTCACAATGTTTACATCATGG

CTGACAAACAAAAGAATGGTATCAAAGTTAACTTCAAAATTAGACACAAC

ATTGAAGATGGTTCTGTTCAATTAGCTGACCATTATCAACAAAATACTCCA

ATTGGTGATGGTCCAGTCTTGTTACCAGACAACCATTACTTATCCACTCAA

TCTAAGCTTTCCAAAGATCCAAACGAAAAGAGAGACCACATGGTCTTGTT

AGAATTTGTTACTGCTGCTGGTATTACCCATGGTATGGATGAATTGTACAA

ACAATTTGAAAATTTATATTTTCAAGGT 

AEKALEAVGCGLGPGAVAMAVTLEDGAEPPVLTTHLKKVENHITEAQRFSHLPKR

SAVDIEFVELSYSVREGPCWRKRGYKTLLKCLSGKFCRRELIGIMGPSGAGKSTFM

NILAGYRESGMKGQILVNGRPRELRTFRKMSCYIMQDDMLLPHLTVLEAMMVSA

NLKLSEKQEVKKELVTEILTALGLMSCSHTRTALLSGGQRKRLAIALELVNNPPVM

FFDEPTSGLDSASCFQVVSLMKSLAHGGRTVICTIHQPSAKLFEMFDKLYILSQGQC

IFKGVVTNLIPYLKGLGLHCPTYHNPADFIIEVASGEYGDLNPMLFRAVQNGLCTM

AEKKSSPGKNELPAHCPTCPPELDPIESHTFATSTLTQFCILFRRTFLSILRDTVLTHL

RFMSHVLIGVLIGLLYLHIGDDASKVFNNTGFLFFSMLFLMFAALMPTVLTFPLEM

AVFMREHLNYWYTLKAYYLAKTMADVPFQVVCPVVYCSIVYWMTGQPAETSRF

LLFSALAIATALVAQSLGLLIGAASTSLQVATFVGPVTAIPVLLFSGFFVSFKTIPTY

LQWSSYLSYVRYGFEGLILTIYGMERGHLTCLDEQCPFRGPTIILRELDVEEAKLY

MDFLVLGIFFLALRLLAYLVLRYRVKSER-stop-cccggg 

 

Appendix Table 3.1: List of orthologs of whole ABCA family selected for TMCrys 

screening. Protein sequences were obtained from the UniProt database 

https://www.uniprot.org/ 
 

ABCA Family 

 

Organisms 

 

Solubilisation 

 

Purification 

 

Crystallization Whole 

Process 

Reliability 

of 

prediction 

ABCA1 Subfamily 

Human-O95477 0.681 0.963 0.097 0.58 0.88 

Mouse-P41233 0.636 0.965 0.098 0.567 0.883 

Rat 0.688 0.955 0.139 0.594 0.877 

https://www.uniprot.org/
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Dog 0.706 0.962 0.128 0.599 0.876 

Bovine 0.669 0.962 0.132 0.588 0.879 

Horse 0.679 0.968 0.107 0.585 0.879 

Chimpanzee 0.65 0.961 0.11 0.573 0.882 

Chick 0.706 0.961 0.092 0.586 0.879 

Duck bill 
platypus 

0.685 0.963 0.089 0.579 0.88 

Cat 0.681 0.958 0.111 0.583 0.879 

Opossum 0.667 0.967 0.093 0.576 0.881 

America

n 

Chamel

eon 

 

0.63 
 

0.97 
 

0.104 
 

0.568 
 

0.883 

Mallard 0.681 0.963 0.127 0.59 0.878 

Rabbit 0.688 0.967 0.147 0.6 0.876 

Mustelo furo 0.681 0.96 0.125 0.589 0.878 

Ground 

Squirrel 
0.688 0.969 0.106 0.588 0.879 

Sheep 0.662 0.961 0.134 0.586 0.879 

Tasmanian 
Devil 

0.644 0.955 0.097 0.565 0.883 

Otolemur 
Garnetti 

0.657 0.965 0.119 0.58 0.88 

ABCA2 Subfamily 

Human 0.625 0.956 0.174 0.585 0.879 

Rat 0.659 0.969 0.128 0.585 0.879 

Mouse (P41234) 0.685 0.971 0.085 0.58 0.88 

Bovine 0.579 0.948 0.816 0.781 0.861 

Horse 0.64 0.956 0.169 0.588 0.878 

Mouse 

(A2AJ26) 
0.679 0.961 0.134 0.591 0.878 

Chicken 0.7 0.953 0.098 0.584 0.879 

Chimpanzee 0.635 0.951 0.294 0.627 0.871 

Pongo abelii 0.645 0.959 0.126 0.576 0.881 

Tasmanian 
Devil 

0.709 0.976 0.114 0.599 0.876 

Ground 
Squirrel-
I3MLT5 

0.675 0.947 0.693 0.772 0.859 

Small 

eared 

galogo-

H0XTW

4 

 

0.662 
 

0.95 
 

0.706 
 

0.773 
 

0.86 

Mallard 
(A0A493TVP8) 

0.681 0.965 0.088 0.578 0.881 

Zebra finch-
H0YW03 

0.696 0.94 0.672 0.769 0.857 

Zebra fish 

(A2BI69) 
0.724 0.951 0.57 0.748 0.855 

Opossum 0.709 0.971 0.083 0.588 0.879 
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ABCA3 Subfamily 

Human 0.679 0.937 0.254 0.623 0.871 

Mouse 0.71 0.971 0.14 0.607 0.875 

Rat 0.717 0.964 0.232 0.637 0.868 

Brown Bat 0.695 0.953 0.249 0.633 0.869 

Zebra fish 0.688 0.961 0.181 0.61 0.874 

Chimpanzee 0.653 0.955 0.32 0.643 0.867 

Opossum 0.74 0.982 0.14 0.62 0.872 

Ground 
Squirrel 

0.706 0.957 0.241 0.634 0.869 

Western Clawed 
Frog 

 

0.717 
 

0.919 
 

0.129 
 

0.588 
 

0.878 

Chicken 0.725 0.979 0.103 0.602 0.876 

Horse 0.712 0.961 0.201 0.625 0.871 

ABCA4 Subfamily 

Human             0.705 0.967 0.175 0.616 0.873 

Mouse 0.733 0.961 0.15 0.615 0.873 

Rat 0.705 0.955 0.093 0.584 0.879 

Dog 0.705 0.948 0.168 0.607 0.875 

Bovine 0.705 0.948 0.168 0.607 0.875 

Horse 0.691 0.969 0.148 0.603 0.875 

Western Clawed 
Frog 

 

0.626 
 

0.928 
 

0.161 
 

0.572 
 

0.882 

Cat 0.709 0.965 0.205 0.626 0.871 

Opossum 0.705 0.962 0.189 0.618 0.872 

Mouse Ear 
Cress 

0.645 0.982 0.095 0.574 0.881 

Giant Panda 0.705 0.957 0.173 0.612 0.874 

Rabbit 0.691 0.942 0.167 0.6 0.876 

Bat 0.691 0.967 0.221 0.626 0.871 

Chimpanzee 0.705 0.955 0.184 0.615 0.873 

ABCA5 Subfamily 

Human 0.73 0.96 0.1 0.596 0.877 

Mouse 0.717 0.964 0.146 0.609 0.874 

Rat 0.748 0.975 0.1 0.608 0.874 

Dog 0.759 0.971 0.146 0.625 0.871 

Chimpanzee 0.73 0.958 0.077 0.588 0.878 

Bovine 0.762 0.956 0.081 0.6 0.876 

Horse 0.708 0.929 0.046 0.561 0.884 

Chicken 0.686 0.926 0.131 0.581 0.88 

Opossum 0.705 0.949 0.067 0.574 0.881 

Brown Bat 0.748 0.974 0.088 0.603 0.875 

Gorilla 0.73 0.964 0.068 0.587 0.879 

Zebra Fish 0.729 0.971 0.071 0.59 0.878 
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Mallard 0.737 0.966 0.119 0.607 0.875 

Duck bill 

platypus 

(F7G9P8) 

0.761 0.929 0.639 0.776 0.86 

ABCA6 Subfamily 

Human 0.752 0.927 0.042 0.574 0.881 

Mouse 0.71 0.912 0.077 0.566 0.883 

Rat 0.756 0.948 0.196 0.633 0.869 

Mouse Ear 
Cress 

0.667 0.986 0.129 0.594 0.877 

Chimpanzee 0.752 0.935 0.049 0.579 0.88 

Bovine 0.727 0.971 0.068 0.589 0.878 

Horse 0.743 0.916 0.029 0.563 0.884 

Cat 0.704 0.953 0.14 0.599 0.876 

Sheep 0.7 0.965 0.085 0.583 0.879 

Brown Bat 0.718 0.945 0.071 0.578 0.881 

Rabbit 0.767 0.974 0.082 0.607 0.875 

Giant Panda 0.714 0.946 0.157 0.606 0.875 

ABCA7 Subfamily 

Human 0.568 0.832 0.171 0.523 0.892 

Mouse 0.63 0.765 0.085 0.494 0.898 

Rat 0.595 0.891 0.089 0.525 0.892 

Mouse Ear 
Cress 

0.686 0.96 0.111 0.586 0.879 

Bovine 0.55 0.755 0.116 0.474 0.902 

Dog 0.599 0.886 0.12 0.535 0.889 

Opossum 0.66 0.868 0.073 0.534 0.89 

Brown Bat 0.613 0.872 0.192 0.559 0.885 

ABCA8 Subfamily 

Human 0.761 0.949 0.038 0.583 0.88 

Mouse(a) 0.728 0.909 0.123 0.587 0.879 

Mouse (b) 0.74 0.963 0.147 0.617 0.873 

Horse 0.762 0.934 0.052 0.583 0.88 

Dog 0.738 0.932 0.047 0.572 0.882 

Rat 0.706 0.905 0.133 0.581 0.88 

Rat (a) 0.743 0.923 0.088 0.585 0.879 

ABCA9 Subfamily 

Human 0.748 0.907 0.175 0.61 0.874 

Mouse 0.781 0.944 0.087 0.604 0.875 

Rat 0.734 0.941 0.082 0.585 0.879 

Bovine 0.679 0.943 0.086 0.57 0.882 

Chimpanzee 0.737 0.902 0.072 0.57 0.882 

Horse 0.749 0.943 0.033 0.572 0.882 
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Chicken 0.703 0.953 0.109 0.589 0.878 

Cat 0.684 0.928 0.055 0.556 0.885 

ABCA10 Subfamily 

Human 0.742 0.894     0.126 0.588 0.879 

Bovine-

F1MRL3 
0.587 0.811 0.111 0.503 0.896 

Horse 0.729 0.933 0.085 0.582 0.88 

Cat 0.712 0.967 0.075 0.585 0.879 

Duck bill 
platypus-
F7G9R6 

0.739 0.852 0.6 0.73 0.851 

Zebrafinch-
H0Z0V3 

0.728 0.897 0.717 0.781 0.861 

Sheep 0.711 0.933 0.049 0.564 0.883 

ABCA12 Subfamily 

Human 0.689 0.972 0.031 0.564 0.883 

Mouse 0.674 0.985 0.041 0.567 0.883 

Rat 0.674 0.973 0.036 0.561 0.884 

Chimpanzee 0.689 0.973 0.031 0.565 0.883 

Bovine 0.687 0.98 0.049 0.572 0.882 

Dog 0.689 0.979 0.044 0.571 0.882 

Horse 0.687 0.97 0.028 0.562 0.884 

Duckbill 
platypus 

0.682 0.97 0.044 0.566 0.883 

Chicken 0.687 0.97 0.061 0.573 0.882 

ABCA13 

Subfamily 

Human 0.704 0.902 0.012 0.539 0.889 

Mouse 0.704 0.831 0.012 0.516 0.893 

Rat 0.678 0.794 0.018 0.497 0.897 

Dog 0.697 0.901 0.048 0.549 0.887 

Chimpanzee 0.682 0.91 0.012 0.535 0.89 

Horse 0.704 0.897 0.017 0.539 0.889 

Bovine 0.706 0.865 0.118 0.563 0.884 

Pongo abelii 0.688 0.796 0.129 0.538 0.889 

 

Appendix Table 3.2: List of orthologs of whole ABCB family selected for TMCrys 

screening. Protein sequences were obtained from the UniProt database 

(https://www.uniprot.org/) 
 

ABCB Family 

 

Organisms 

 

Solubilisation 

 

Purification 

 

Crystallization 

 

Whole 

Process 

Reliability 

of 
prediction 

 

ABCB1 Subfamily 

https://www.uniprot.org/
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Human 0.634 0.985 0.567 0.729 0.851 

Rat 1a 0.644 0.989 0.555 0.729 0.851 

Rat1b 0.653 0.984 0.137 0.591 0.878 

Dog 0.634 0.986 0.53 0.717 0.852 

Horse 0.679 0.987 0.605 0.757 0.856 

Chimpanzee 0.629 0.985 0.573 0.729 0.851 

Giant Panda 0.634 0.989 0.646 0.756 0.856 

Bat 0.629 0.983 0.515 0.709 0.853 

Ground 
Squirrel 

0.67 0.989 0.683 0.781 0.861 

Opossum 0.635 0.975 0.286 0.632 0.869 

Mouse 1a 0.644 0.987 0.753 0.794 0.864 

Mouse 1b 0.658 0.983 0.448 0.696 0.856 

ABCB2/TAP1 Subfamily 

Human 0.621 0.87 0.074 0.522 0.892 

Mouse 0.625 0.905 0.225 0.585 0.879 

Rat 0.627 0.821 0.289 0.579 0.88 

Zebrafish 0.682 0.946 0.075 0.568 0.883 

Chimpanzee 0.602 0.872 0.08 0.518 0.893 

Horse 0.656 0.881 0.157 0.564 0.883 

Bovine 0.642 0.761 0.202 0.535 0.89 

Dog-Q5W414 0.663 0.893 0.249 0.602 0.876 

Rabbit-
G1SGW1 

0.642 0.853 0.21 0.568 0.883 

Giant Panda 0.568 0.682 0.488 0.585 0.879 

Zebrafish 0.682 0.946 0.075 0.568 0.883 

Chicken-
B5BSK4 

0.713 0.683 0.546 0.647 0.866 

ABCB3/TAP2 Subfamily 

Human 0.618 0.937 0.33 0.626 0.871 

Mouse 0.633 0.876 0.228 0.579 0.88 

Rat 0.688 0.902 0.191 0.594 0.877 

Bovine 0.668 0.751 0.261 0.56 0.884 

Dog 0.598 0.82 0.316 0.578 0.881 

Chimpanzee 0.669 0.959 0.258 0.629 0.87 

Horse 0.656 0.886 0.232 0.591 0.871 

Chicken-

A5HUM1 
0.703 0.929 0.67 0.768 0.859 

Zebrafish 0.643 0.984 0.183 0.603 
0.875 

Rabbit-G1TNZ8 0.661 0.886 0.271 0.606 
0.875 

ABCB4 Subfamily 

Human-P21439 0.696 0.991 0.567 0.751 0.855 

Mouse 0.652 0.988 0.36 0.667 0.862 

Rat-Q08201 0.654 0.984 0.603 0.747 0.854 
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ABCB9 Subfamily 

Bovine 0.67 0.981 0.365 0.672 0.861 

Dog 0.64 0.99 0.283 0.637 0.868 

Rabbit 0.67 0.989 0.489 0.716 0.852 

Sheep-W5PWJ6 0.605 0.942 0.913 0.83 0.869 

Giant Panda 0.653 0.989 0.272 0.638 0.868 

ABCB5 Subfamily 

Human 0.672 0.961 0.473 0.702 0.855 

Mouse 0.698 0.973 0.591 0.754 0.856 

Rat 0.723 0.972 0.406 0.7 0.855 

Chimpanzee 0.672 0.966 0.398 0.679 0.86 

Dog 0.627 0.979 0.32 0.642 0.867 

Bovine 0.676 0.984 0.11 0.59 0.878 

Horse 0.681 0.973 0.192 0.615 0.873 

Zebrafish 0.627 0.982 0.301 0.637 0.868 

Bat 0.675 0.975 0.265 0.638 0.868 

Sheep 0.676 0.979 0.103 0.586 0.879 

Cat 0.662 0.984 0.113 0.586 0.879 

Rabbit 0.662 0.978 0.497 0.712 0.853 

ABCB6 Subfamily 

Human 0.579 0.966 0.474 0.673 0.861 

Mouse 0.59 0.958 0.25 0.599 0.876 

Rat 0.697 0.952 0.229 0.626 0.871 

Bovine 0.62 0.974 0.297 0.63 0.87 

Dog 0.607 0.898 0.206 0.57 0.882 

Horse 0.61 0.962 0.346 0.639 0.868 

Cat 0.635 0.955 0.284 0.625 0.871 

Chimpanzee 0.563 0.953 0.262 0.593 0.877 

Opossum 0.591 0.95 0.09 0.543 0.888 

Rabbit 0.617 0.97 0.151 0.579 0.88 

Giant Panda 0.613 0.925 0.847 0.795 0.864 

ABCB7 Subfamily 

Human 0.593 0.978 0.36 0.644 0.867 

Mouse 0.593 0.971 0.202 0.589 0.878 

Rat 0.593 0.979 0.268 0.613 0.873 

Zebrafish 0.639 0.955 0.132 0.576 0.881 

Dog 0.581 0.952 0.324 0.619 0.872 

Bovine 0.593 0.975 0.346 0.638 0.868 

Horse 0.593 0.955 0.483 0.677 0.86 

ABCB8 Subfamily 

Human-Q9NUT2 0.682 0.926 0.136 0.582 0.88 

Mouse 0.685 0.947 0.058 0.563 0.884 
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Human 0.636 0.934 0.487 0.686 0.858 

 

Rat 
 

0.693 
 

0.939 
 

0.117 
 

0.583 
0.88 

ABCB10 Subfamily 

Human 0.563 0.763 0.661 0.574 0.859 

Mouse 0.711 0.886 0.126 0.574 0.881 

ABCB11 Subfamily 

Human 0.67 0.975 0.186 0.611 0.874 

Rat 0.63 0.986 0.4 0.667 0.862 

 

Appendix Table 3.3: List of orthologs of whole ABCC family selected for TMCrys 

screening. Protein sequences were obtained from the UniProt database 

(https://www.uniprot.org/) 
 

ABCC Family 

Organisms Solubilisation Purification Crystallization 
Whole 

Process 

Reliability 

of 

prediction 

 

ABCC1/MRP1 Subfamily 

Human 0.665 0.961 0.035 0.554 0.886 

Mouse 0.707 0.944 0.033 0.561 0.884 

Rat 0.643 0.963 0.045 0.551 0.886 

Bovine-
Q8HXQ5 

0.645 0.977 0.046 0.556 0.885 

Dog 0.672 0.958 0.06 0.563 0.884 

Chimpanzee 0.67 0.967 0.253 0.63 0.87 

Cat 0.669 0.962 0.043 0.558 0.885 

Chicken 0.651 0.98 0.049 0.56 0.884 

ABCC2 

Subfamily 

Human 0.699 0.971 0.051 0.574 0.881 

Mouse 0.653 0.968 0.084 0.568 0.883 

Rat 0.637 0.971 0.055 0.554 0.886 

Rabbit 0.623 0.964 0.042 0.543 0.888 

Bovine 0.651 0.983 0.034 0.556 0.885 

Chimpanzee 0.699 0.973 0.054 0.575 0.881 

Chicken 0.66 0.974 0.086 0.574 0.881 

Dog 0.701 0.97 0.033 0.568 0.883 

Opossum 0.709 0.971 0.082 0.587 0.879 

Horse 0.682 0.97 0.029 0.56 0.884 

ABCC3/MRP2 Subfamily 

Human 0.604 0.904 0.042 0.516 0.893 

Rat 0.686 0.96 0.079 0.575 0.881 

https://www.uniprot.org/
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Mouse 0.681 0.961 0.047 0.563 0.884 

Bovine 0.898 0.965 0.041 0.568 0.883 

Dog-F1PRY2 0.643 0.95 0.065 0.553 0.886 

Chimpanzee 0.618 0.911 0.64 0.723 0.851 

Horse-F7CU08 0.614 0.948 0.079 0.547 0.887 

ABCC4 

Subfamily 

Human 0.604 0.973 0.121 0.566 0.883 

Mouse 0.598 0.983 0.115 0.565 0.883 

Rat 0.624 0.98 0.084 0.563 0.884 

Cat 0.622 0.971 0.147 0.58 0.88 

Chicken 0.659 0.967 0.117 0.581 0.88 

Opossum 0.62 0.976 0.205 0.6 0.876 

Duck bill 
platypus 

0.67 0.972 0.156 0.599 0.876 

Rabbit 0.639 0.977 0.091 0.569 0.882 

Giant Panda 0.577 0.959 0.612 0.716 0.852 

ABCC5 

Subfamily 

Human 0.721 0.975 0.028 0.575 0.881 

Rat 0.732 0.971 0.036 0.58 0.88 

Mouse 0.722 0.968 0.042 0.577 0.881 

Bovine 0.717 0.985 0.107 0.603 0.875 

Dog 0.721 0.964 0.038 0.574 0.881 

Horse 0.714 0.98 0.044 0.58 0.88 

Cat 0.721 0.972 0.068 0.587 0.879 

Chicken 0.71 0.971 0.068 0.583 0.88 

Chimpanzee 0.721 0.973 0.03 0.574 0.881 

Rabbit 0.698 0.963 0.049 0.57 0.882 

Giant Panda 0.714 0.974 0.046 0.578 0.881 

Opossum 0.706 0.955 0.132 0.598 0.877 

Sheep 0.721 0.96 0.031 0.571 0.882 

Duck bill 
platypus 

0.734 0.967 0.174 0.625 0.871 

Little Brown 
Bat-G1PGU4 

0.687 0.918 0.493 0.699 0.856 

ABCC6 

Subfamily 

Human 0.698 0.926 0.071 0.565 0.883 

Rat 0.595 0.893 0.117 0.535 0.89 

Mouse 0.57 0.901 0.126 0.532 0.89 

Bovine 0.639 0.935 0.126 0.567 0.883 

Dog 0.651 0.922 0.101 0.558 0.885 

Horse-
F7B795(With 

0.637 0.897 0.147 0.56 0.884 
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M) 

Horse-
F7B795(Del M) 

0.637 0.816 0.737 0.73 0.851 

Cat 0.615 0.91 0.169 0.565 0.883 

Chimpanzee 0.63 0.895 0.109 0.544 0.888 

Rabbit 0.647 0.912 0.135 0.565 0.883 

Sheep 0.622 0.909 0.106 0.546 0.887 

Mallard-
U3INJ9 

Deleted M 

0.634 0.941 0.844 0.806 0.867 

Mallard-
U3INJ9 

With M 

0.65 0.935 0.303 0.629 0.87 

ABCC7 

Subfamily 

Human 0.688 0.898 0.052 0.546 0.887 

Mouse 0.645 0.964 0.066 0.558 0.888 

Rat 0.666 0.958 0.065 0.563 0.884 

Horse 0.663 0.934 0.032 0.543 0.888 

Chimpanzee 0.685 0.883 0.055 0.541 0.888 

Bovine 0.631 0.875 0.084 0.53 0.89 

Duck bill 

platypus 
0.68 0.917 0.041 0.546 0.887 

Sheep 0.631 0.883 0.051 0.521 0.892 

Rabbit 0.673 0.91 0.056 0.546 0.887 

Opossum 0.643 0.912 0.059 0.538 0.889 

ABCC8 

Subfamily 

Human 0.665 0.969 0.098 0.577 0.881 

Rat 0.657 0.971 0.081 0.57 0.882 

Mouse 0.657 0.955 0.088 0.567 0.883 

Chimpanzee 0.686 0.967 0.091 0.581 0.88 

Bovine 0.678 0.95 0.09 0.573 0.882 

Dog 0.67 0.949 0.091 0.57 0.882 

Horse-F6S5D0 0.676 0.959 0.087 0.574 0.881 

Cat 0.674 0.966 0.054 0.565 0.883 

Zebrafish 0.658 0.917 0.041 0.539 0.889 

Duck bill 
platypus 

0.615 0.94 0.073 0.543 0.888 

Opossum 0.673 0.927 0.069 0.557 0.85 

Chicken 0.675 0.9 0.04 0.538 0.889 

Giant Panda-
G1L8T3 

0.601 0.902 0.689 0.731 0.851 

Little Brown 
Bat 

0.641 0.95 0.087 0.56 0.884 

ABCC9 

Subfamily 
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Human 0.653 0.949 0.042 0.548 0.887 

Mouse 0.682 0.952 0.071 0.569 0.883 

Rat 0.644 0.963 0.065 0.558 0.885 

Rabbit 0.652 0.937 0.038 0.542 0.888 

Bovine 0.653 0.971 0.054 0.559 0.885 

Dog 0.652 0.941 0.039 0.544 0.888 

Chicken 0.609 0.931 0.056 0.532 0.89 

Cat 0.653 0.947 0.04 0.547 0.887 

Opossum 0.637 0.917 0.074 0.543 0.888 

Horse 0.682 0.97 0.066 0.573 0.882 

Chimpanzee 0.653 0.954 0.036 0.547 0.887 

Zebrafish 0.589 0.976 0.06 0.542 0.888 

ABCC10 

Subfamily 

Human 0.612 0.816 0.114 0.514 0.894 

Mouse 0.584 0.889 0.118 0.53 0.89 

Rat 0.576 0.796 0.117 0.496 0.897 

Chimpanzee 0.6 0.823 0.113 0.512 0.894 

Dog 0.569 0.88 0.091 0.514 0.894 

Bovine 0.592 0.829 0.136 0.519 0.893 

Zebrafish 0.691 0.934 0.153 0.593 0.878 

Horse 0.623 0.83 0.13 0.527 0.891 

Opossum 0.659 0.883 0.082 0.541 0.888 

Cat 0.662 0.821 0.062 0.515 0.894 

Rabbit 0.58 0.852 0.092 0.508 0.895 

Sheep 0.594 0.849 0.095 0.512 0.894 

ABCC11 

Subfamily 

Human 0.684 0.947 0.09 0.573 0.882 

Bovine 0.672 0.949 0.074 0.565 0.883 

Dog 0.688 0.882 0.113 0.561 0.884 

Horse 0.694 0.87 0.083 0.549 0.887 

Duck bill 

platypus 
0.699 0.942 0.247 0.629 0.87 

Chimpanzee 0.713 0.953 0.121 0.596 0.877 

Cat 0.694 0.968 0.08 0.581 0.88 

Sheep 0.704 0.923 0.184 0.604 0.875 

Rabbit 0.662 0.945 0.126 0.578 0.881 

ABCC12 

Subfamily 

Human 0.674 0.976 0.104 0.585 0.879 

Mouse 0.71 0.983 0.061 0.585 0.879 

Rat 0.654 0.98 0.054 0.563 0.884 
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Zebrafish 0.684 0.98 0.088 0.584 0.879 

Bovine 0.69 0.98 0.05 0.573 0.882 

Dog 0.658 0.968 0.054 0.56 0.884 

Horse 0.698 0.958 0.085 0.58 0.88 

Chimpanzee 0.68 0.977 0.11 0.589 0.878 

Duck bill 
platypus 

0.732 0.976 0.067 0.592 0.878 

Opossum 0.664 0.966 0.154 0.595 0.877 

Sheep 0.661 0.98 0.064 0.568 0.883 

 

Appendix Table 3.4: List of orthologs of whole ABCD family selected for TMCrys 

screening. Protein sequences were obtained from the UniProt database 

(https://www.uniprot.org/) 

 
 

ABCD Family 

 

Organisms 

 

Solubilisation 

 

Purification 

 
Crystallization Whole 

Process 

Reliability 

of 
prediction 

 

ABCD1 Subfamily 

Human-P33897 0.663 0.919 0.16 0.581 0.88 

Mouse-P48410 0.699 0.909 0.131 0.58 0.88 

Rat-D3ZHR2 0.706 0.96 0.345 0.67 0.862 

Zebrafish-F1RBC8 0.718 0.892 0.102 0.571 0.882 

Bovine-Q2KJ57 0.71 0.941 0.186 0.612 0.874 

Dog-E2R4U7 0.721 0.892 0.236 0.616 0.873 

Horse-
A0A5F5PK56 

0.675 0.929 0.067 0.557 0.885 

Chimpanzee-

K6ZKQ4 
0.641 0.901 0.176 0.573 0.882 

Cat-M3W1G3 

 

0.682 0.912 0.185 0.593 0.877 

Little Brown Bat-
G1P2E0 

0.678 0.902 0.135 0.572 0.882 

ABCD2 Subfamily 

Human 0.573 0.678 0.148 0.466 0.904 

Mouse 0.597 0.656 0.159 0.471 0.903 

Rat 0.649 0.63 0.181 0.487 0.899 

Chimpanzee 0.573 0.729 0.139 0.48 0.901 

Bovine 0.494 0.757 0.186 0.479 0.901 

Sheep 0.558 0.762 0.147 0.489 0.899 

Rabbit 0.605 0.392 0.453 0.483 0.9 

Ground Squirrel 0.584 0.659 0.195 0.479 0.901 

Chicken 0.6 0.897 0.164 0.554 0.886 

Little Brown Bat 0.657 0.809 0.114 0.527 0.891 

https://www.uniprot.org/
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Mallard 0.694 0.72 0.324 0.579 0.88 

Duck bill platypus 0.714 0.473 0.652 0.613 0.873 

Cat 0.643 0.895 0.073 0.537 0.889 

ABCD3 Subfamily 

Human 0.689 0.941 0.229 0.62 0.872 

Mouse 0.671 0.866 0.277 0.604 0.875 

Rat 0.677 0.93 0.231 0.612 0.873 

Bovine 0.709 0.936 0.191 0.612 0.874 

Chimpanzee 0.709 0.94 0.206 0.618 0.872 

Dog 0.73 0.922 0.149 0.6 0.876 

Horse 0.67 0.966 0.249 0.628 0.87 

Chicken 0.658 0.923 0.174 0.585 0.879 

Rabbit 0.709 0.895 0.183 0.595 0.877 

Giant Panda 0.714 0.918 0.162 0.598 0.876 

Little Brown Bat 0.711 0.921 0.156 0.596 0.877 

Zebra finch-
H0Z5M6 

0.688 0.704 0.627 0.673 0.861 

Sheep-W5Q740 0.689 0.935 0.716 0.78 0.861 

Mallard 0.671 0.905 0.247 0.608 0.874 

Cat 0.7 0.961 0.196 0.619 0.872 

Duck bill 

platypus-F65BNS 

(Deleted M) 

0.713 0.892 0.859 0.821 0.87 

Duck bill 

platypus-F65BNS 

(With M) 

0.713 0.952 0.333 0.666 0.862 

Ground Squirrel 0.693 0.909 0.181 0.594 0.877 

Opossum 0.705 0.96 0.384 0.683 0.859 

ABCD4 

Subfamily 

Human 0.634 0.946 0.066 0.549 0.887 

Mouse 0.655 0.977 0.191 0.608 0.874 

Rat 0.567 0.847 0.341 0.585 0.879 

Chimpanzee 0.624 0.97 0.246 0.613 0.873 

Dog 0.637 0.961 0.084 0.561 0.884 

Bovine 0.628 0.842 0.141 0.537 0.889 

Horse 0.642 0.977 0.26 0.626 0.871 

Zebrafish 0.681 0.981 0.079 0.58 0.88 

Chicken 0.675 0.98 0.12 0.592 0.878 

Rabbit 0.625 0.977 0.468 0.69 0.857 

Sheep 0.64 0.966 0.126 0.577 0.881 

Giant Panda-
D2GZW5 

0.639 0.922 0.729 0.763 0.858 

Zebrafinch 0.678 0.906 0.448 0.677 0.86 

Little Brown Bat 0.674 0.945 0.093 0.571 0.882 
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Ground Squirrel-

I3MEC2 
0.754 0.972 0.712 0.813 0.868 

Opossum 0.7 0.975 0.195 0.623 0.871 

African Elephant-
G3SRA7 

0.709 0.787 0.352 0.616 0.873 

 

Appendix Table3.5: List of orthologs of whole ABCG family selected for TMCrys 

screening. Protein sequences were obtained from the UniProt database 

(https://www.uniprot.org/) 
 

ABCG Family 

 

Organisms 

 

Solubilisation 

 

Purification 

 

Crystallization Whole 

Process 

Reliability 

of 
prediction 

 

ABCG1 Subfamily 

Human-P45844 0.717 0.958 0.188 0.621 0.872 

Mouse-Q64343 0.692 0.949 0.221 0.621 0.872 

Rat-G3V642 0.716 0.951 0.198 0.622 0.872 

Bovine-
A0A3Q1M833 

0.749 0.961 0.185 0.631 0.87 

Dog-J9P4X7 0.76 0.964 0.208 0.644 0.867 

Cat-M3WHF1 0.716 0.956 0.209 0.627 0.871 

Chicken-
E1BYW4 

0.7 0.966 0.182 0.616 0.873 

Chicken-
E1BYW4(M 
deleted) 

0.7 0.957 0.853 0.836 0.873 

Horse-

A0A3Q2H070 

(With M) 

0.688 0.961 0.309 0.653 0.865 

Horse-

A0A3Q2H070 

(Deleted M) 

0.702 0.922 0.883 0.836 0.873 

Duck bill 
platypus-
F6VMA6 
(Deleted M) 

0.737 0.927 0.877 0.847 0.875 

Duck bill 
platypus-
F6VMA6 (With 
M) 

0.737 0.959 0.229 0.642 0.867 

Mallard-
U3IMT4 (WITH 
M) 

0.722 0.965 0.201 0.629 0.87 

Mallard-
U3IMT4 
(Deleted M) 

0.722 0.953 0.87 0.848 0.875 

Little Brown 
Bat-G1NSJ6- 
Deleted M 

0.724 0.975 0.897 0.861 0.878 

Little Brown 
Bat-G1NSJ6- 
With M 

0.717 0.981 0.265 0.654 0.865 

Giant Panda- 0.738 0.959 0.178 0.625 0.871 

https://www.uniprot.org/
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G1L5M6 

Sheep-W5PLT3 0.737 0.954 0.146 0.612 0.873 

African 
Elephant-
G3T382 

0.701 0.95 0.227 0.626 0.871 

Ground 
Squirrel-
I3MWJ9 

0.708 0.951 0.189 0.616 0.873 

ABCG2 Subfamily 

Human-
Q9UNQ0 

With M 

0.677 0.958 0.09 0.575 0.879 

Human-
Q9UNQ0 

Deleted M 

0.68 0.929 0.723 0.777 0.861 

Mouse 0.657 0.975 0.107 0.58 0.88 

Rat 0.669 0.964 0.088 0.574 0.881 

Pig 0.657 0.972 0.094 0.574 0.881 

Bovine 0.699 0.938 0.101 0.579 0.88 

Chicken 0.637 0.981 0.16 0.593 0.878 

Dog-B3RFJ1 0.676 0.975 0.09 0.58 0.88 

Chimpanzee 0.699 0.95 0.106 0.575 0.881 

Horse-F6Q6E8 0.686 0.954 0.093 0.578 0.881 

Opossum 0.621 0.979 0.092 0.564 0.884 

Goat 0.72 0.95 0.109 0.593 0.877 

Cat 0.701 0.975 0.075 0.584 0.879 

Zebrafinch 0.629 0.936 0.119 0.561 0.884 

Mallard 0.681 0.934 0.674 0.763 0.858 

ABCG4 Subfamily 

Human 0.73 0.939 0.227 0.632 0.869 

Mouse 0.72 0.93 0.92 0.69 0.857 

Rat 0.716 0.922 0.197 0.612 0.874 

Bovine 0.714 0.944 0.252 0.636 0.869 

Dog 0.714 0.944 0.252 0.636 0.869 

Horse 0.714 0.958 0.249 0.64 0.868 

Chimpanzee 0.73 0.939 0.227 0.632 0.869 

Chicken 0.713 0.932 0.213 0.62 0.872 

Zebrafish 0.701 0.929 0.211 0.613 0.873 

Opossum 0.745 0.919 0.226 0.63 0.87 

Cat 0.714 0.925 0.166 0.601 0.876 

Ground Squirrel 0.708 0.93 0.291 0.643 0.867 

Giant Panda 0.716 0.944 0.25 0.637 0.868 

ABCG5 Subfamily 

Human 0.685 0.98 0.483 0.716 0.852 

Mouse 0.654 0.966 0.299 0.64 0.868 
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Rat 0.718 0.97 0.193 0.627 0.87 

Chimpanzee 0.685 0.974 0.374 0.678 0.86 

Bovine 0.713 0.967 0.171 0.617 0.873 

Dog 0.602 0.975 0.245 0.607 0.875 

Chicken 0.654 0.964 0.132 0.584 0.879 

Zebrafish 0.662 0.977 0.169 0.602 0.876 

Opossum-

F6X4Y4 
0.707 0.973 0.127 0.602 0.876 

Ground Squirrel 0.657 0.973 0.177 0.603 0.875 

Cat 0.705 0.931 0.081 0.572 0.882 

Little Brown Bat 0.623 0.964 0.215 0.601 0.876 

Sheep 0.695 0.964 0.238 0.632 0.869 

Rabbit 0.615 0.96 0.275 0.617 0.873 

Zebrafinch-
H0YZT4 

0.644 0.975 0.753 0.79 0.863 

Giant Panda 0.636 0.97 0.253 0.62 0.872 

ABCG8 Subfamily 

Human 0.621 0.915 0.095 0.544 0.888 

Mouse 0.695 0.942 0.085 0.574 0.881 

Rat 0.717 0.935 0.067 0.573 0.882 

Chimpanzee 0.621 0.913 0.073 0.536 0.889 

Dog 0.657 0.96 0.117 0.578 0.881 

Bovine 0.594 0.909 0.107 0.537 0.889 

Horse 0.592 0.937 0.741 0.757 0.856 

Chicken 0.625 0.948 0.022 0.531 0.89 

Cat 0.605 0.92 0.148 0.558 0.885 

Opossum 0.669 0.906 0.488 0.687 0.858 

Duck bill 
platypus-
F7BLQ8 

0.663 0.897 0.685 0.748 0.855 

Rabbit 0.628 0.897 0.069 0.531 0.89 

Sheep 0.596 0.922 0.107 0.541 0.888 

Zebrafinch- 
H0YZX7 

0.653 0.915 0.593 0.72 0.851 

Giant Panda 0.646 0.933 0.228 0.603 0.875 

Little Brown Bat 0.617 0.945 0.104 0.555 0.885 

Mallard 0.635 0.912 0.578 0.708 0.854 

Human ABCG5+ ABCG8 

 0.661 0.899 0.15 0.57 0.882 
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Appendix Table 81.: Structures of ABC family on protein data bank (80 so far) 

Organism PDB Code Method Resolution Authors Doi 

ABCA1 

Human 
(2017) 

5XJY  cryo-EM 4.1 Å Qian, H.W., 
Yan, N., Gong, 
X. 

 10.1016/j.cell.2017.05.020 

B)  

 

Appendix Figure 4.1: Sequencing results of plasmid DNA (p424GAL1). A) D-

GFP: Sequence provided by David Drew. S-GFP: Sequencing results of miniprep 

plasmid DNA. Both sequences are compared by Clustal Omega. DNA sequencing 

confirmed the absence of A206K mutation in GFP tag. 8 His-tag confirmed by 

sequencing results. The highlighted sequence corresponds to 8 His tag. After 8 His 

tag, stop codon TAA is present. B) sp|P422212|GFP-AEQVI: GFP sequence from 

UniProt. D-GFP: Sequence provided by David Drew, MS-GFP: GFP sequence after 

A206K mutation. All sequences were compared using Clustal Omega. Results 

confirmed the lysine at 206 instead of alanine in MS- GFP. 

 

http://dx.doi.org/10.1016/j.cell.2017.05.020
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          ABCB1 

Mouse 
(2018) 

6GDI  cryo-EM 7.9  Å Nopnithi, Richard. 
Collins, 
Alessandro, Talha 
Shafi, Alistair 
Siebert and 
Robert C. Ford 

 10.1186/s12900-018-
0098-z 

Mouse 
(2018) 

6Q81  
Ligand: ADP 

cryo-EM 7.9  Å Same as above  Same as above 

ABCB1HM 
(Human 
mouse 
chimeric) 

(2018) 

6FN1  
(Zosoquidar and 
UIC2 bound) 

cryo-EM 3.58  Å Alam, 
A., Locher, K.P. 

 10.1073/pnas.1717044115 

ABCB1HM  
(Apo form) 
(2018) 

6FN4  cryo-EM 4.14  Å Same as above  Same as above 

Human 
(2019) 

6QEX  cryo-EM 3.6  Å Alam, A., Kowal, 
J., Broude, 
E., Roninson, 
I., Locher, K.P. 

 10.1126/science.aav7102 

(ABCB1HM 
)-EQ (2019) 

6QEE cryo-EM 3.9  Å See above  See above 

Human 
(2018) 

6C0V  cryo-EM 3.4  Å Kim, Y.J., Chen, 
J. 

 10.1126/science.aar7389 

Mouse 

(2013) 
4KSB  X-ray 

Diffraction 

3.8 Å Chang, G.  10.1073/pnas.1309275110 

Mouse 
(2013) 

4KSC X-ray 
Diffraction 

4.0 Å See above See above 

Mouse 
(2013) 

4LSG  X-ray 
Diffraction 

3.8 Å Chang, 
G., Szewczyk, 
P. 

 To be published 

Mouse 
(2017) 

5KO2  
(34 linker deleted 
mutant Hg 
derivative) 

 

X-ray 
Diffraction 

3.3 Å Xia, D., Esser, 
L., Zhou, F. 

 10.1074/jbc.M116.755884 

Mouse 

 

5KOY (34 linker 

deleted bound with 
ATP) 

X-ray 
Diffraction 

3.85 Å See above   See above 

Mouse 
(2017) 

 

5KPD ( 34 linker 
deleted double EQ 
mutant) 

X-ray 
Diffraction 

3.35 Å See above   See above 

Mouse 
native PGP 

 

5KPI X-ray 
Diffraction 

4.01 Å See above  See above 

Mouse pgp 
methylated 
protein 

 

5KPJ X-ray 
Diffraction 

3.5 Å See above  See above 

Corrected 
Structure of 

4M1M (2014) X-ray 
Diffraction 

3.8 Å Li, J., Jaimes, 
K.F., Aller, S.G. 

 10.1002/pro.2387 

http://dx.doi.org/10.1186/s12900-018-0098-z
http://dx.doi.org/10.1186/s12900-018-0098-z
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Alam,%20A.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Alam,%20A.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Locher,%20K.P.
http://dx.doi.org/10.1073/pnas.1717044115
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Alam,%20A.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Kowal,%20J.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Kowal,%20J.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Broude,%20E.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Broude,%20E.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Roninson,%20I.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Roninson,%20I.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Locher,%20K.P.
http://dx.doi.org/10.1126/science.aav7102
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Kim,%20Y.J.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Chen,%20J.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Chen,%20J.
http://dx.doi.org/10.1126/science.aar7389
https://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Chang,%20G.
http://dx.doi.org/10.1073/pnas.1309275110
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Chang,%20G.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Chang,%20G.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Szewczyk,%20P.
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=AdvancedAuthorQuery&exactMatch=false&searchType=All%20Authors&audit_author.name=Szewczyk,%20P.
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Mouse P-
glycoprotein 

 

Mouse 
4Q9H (2015) X-ray 

Diffraction 
3.4 Å McGrath, 

A.P., Szewczyk, 
P., Chang, G. 

 10.1107/S1399004715000
978 

P-gp 
cocrystallise
d with QZ-
Ala 

 

4Q9I (2015) X-ray 
Diffraction 

3.78 Å See above  See above 

Pgp 
cocrystallise
d with QZ-
Val 

 

4Q9J (2015) X-ray 
Diffraction 

3.6 Å See above  See above 

Pgp 
cocrystallise
d with QZ-
Leu 

 

4Q9K (2015) X-ray 
Diffraction 

3.8 Å See above  See above 

Pgp 
cocrystallise
d with QZ-
Phe 

 

4Q9L (2015) X-ray 
Diffraction 

3.8 Å See above   See above 

Pgp co-
crystallized 
with BDE-
100 

 

4XWK (2015) X-ray 
diffraction 

3.5 Å See above   See above 

ABCB2/ TAP1 

Rat 
(2014) 

4K8O  
Atpase domain of 
TAP1 with ATP 
(D645N, D651A) 

X-ray 
diffraction 

2.65  Å Grossmann, 
N., Vakkasoglu, 
A.S., Hulpke, 
S., Abele, 
R., Gaudet, 
R., Tampe, R. 

 10.1038/ncomms6419 

Human, 
Human 
herpesvirus 1 

5U1D (2017) cryo-EM 3.97  Å Oldham, 
M.L., Chen, 
J., Grigorieff, N. 

 10.7554/eLife.21829 

ABCB4 

Human 
(2019) 

6S7P  cryo-EM 3.42  Å Olsen, 
J.A., Alam, 
A., Kowal, 
J., Stieger, 
B., Locher, K.P. 

 10.1038/s41594-019-
0354-3 

http://www.rcsb.org/structure/4M1M
http://www.rcsb.org/structure/4M1M
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http://dx.doi.org/10.1107/S1399004715000978
http://dx.doi.org/10.1107/S1399004715000978
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http://www.rcsb.org/structure/4Q9I
http://www.rcsb.org/structure/4Q9I
http://www.rcsb.org/structure/4Q9I
http://dx.doi.org/10.1107/S1399004715000978
http://www.rcsb.org/structure/4Q9J
http://www.rcsb.org/structure/4Q9J
http://www.rcsb.org/structure/4Q9J
http://www.rcsb.org/structure/4Q9J
http://www.rcsb.org/structure/4Q9K
http://www.rcsb.org/structure/4Q9K
http://www.rcsb.org/structure/4Q9K
http://www.rcsb.org/structure/4Q9K
http://dx.doi.org/10.1107/S1399004715000978
http://www.rcsb.org/structure/4Q9L
http://www.rcsb.org/structure/4Q9L
http://www.rcsb.org/structure/4Q9L
http://www.rcsb.org/structure/4Q9L
http://www.rcsb.org/structure/4XWK
http://www.rcsb.org/structure/4XWK
http://www.rcsb.org/structure/4XWK
http://www.rcsb.org/structure/4XWK
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ABCB6 

Human 

(2010) 
3NH6  

(Apo) 

X-ray 
Diffraction 

 2.0 Å Haffke, 
M., Menzel, 
A., Carius, 
Y., Jahn, 
D., Heinz, D.W. 

 10.1107/S0907444910028
593 

Human 3NH9 
(ATP bound) 

X-ray 
Diffraction 

 2.1 Å See above  See above 

Human 3NHA 
(ATP & Mg) 

X-ray 
Diffraction 

 2.1 Å See above  See above 

Human 3NHB 
(ADP) 

X-ray 
Diffraction 

 2.15 Å See above  See above 

ABCB8 

Human 
(2018) 

5OCH  X-ray 
Diffraction 

3.4 Å Faust, B., Pike, 
A.C.W., Shintre,  

 To be published 

ABCB10 

Human 
(2013) 

4AYT  X-ray 
Diffraction 

2.85 Å  Pike, 
A.C.W., Shintre, 
C.A., Li, Q 

 10.1073/pnas.1217042110 

Human 3ZDQ (Nu free) X-ray 
Diffraction 

2.85 Å  Pike, 
A.C.W., Shintre, 
C.A., Li, Q 

 10.1073/pnas.1217042110 

Human 4AYW (Plate-
form) 

X-ray 
Diffraction 

3.3 Å See above  See above 

Human 4AYX (Rod form 
B) 

X-ray 
Diffraction 

2.9 Å See above  See above 

ABCC1 

Human 
(2014) 

4C3Z  
NBD1 (Nu free) 

X-ray 
Diffraction 

2.1 Å  Chaptal, 
V., Gueguen-
Chaignon, 

 To be published 

Bovine 
(2017) 
 

5UJA  
(Leukotriene C4 
bound) 

 

cryo-EM 3.34 Å Johnson, 
Z.L., Chen, J. 

 10.1016/j.cell.2017.01.041 

Bovine 5UJ9  cryo-EM 3.49 Å See above  See above 

Bovine 6BHU (ATP 
bound) 

cryo-EM 3.14 Å See above  See above 

Human 2CBZ X-ray 
Diffraction 

1.5 Å Ramaen, 
O., Leulliot, N., 

 10.1016/j.jmb.2006.04.005 

ABCC6 

Human 
(2018) 

6BZS  
(NBD1 apo form)  

X-ray 
Diffraction 

2.3 Å Ran, Y., Zheng, 
A., Thibodeau, 
P.H. 

 10.1074/jbc.RA118.00480
6 

Human 
(2018) 

6BZR (NBD2 
ADP bound) 

X-ray 
Diffraction 

2.8 Å  Zheng, 
A., Thibodeau, 
P.H. 

 To be published 

Human 
(2018) 

6NLO (NBD1 
H812A Apo form) 

X-ray 
Diffraction 

2.85 Å See above  See above 
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ABCC7/ CFTR 

Human 
(2018) 

6MSM (ATP 
bound, 
phosphorylated)  

cryo-EM 3.2 Å Zhang, Z., Liu, 
F., Chen, J. 

 10.1073/pnas.1815287115 

Mouse 

(2012) 

3SI7 (NBD1 delta 

F508 mutant)  

X-ray 
Diffraction 

2.25 Å Brautigam, 
C.A., Caspa, 
E., Thomas, P.J. 

 10.1016/j.cell.2011.11.023 

Human 
(2018) 

5TFI (NBD1 
bound to dGTP)  

X-ray 
Diffraction 

1.89 Å  Wang, 
C., Aleksandrov, 
A.A., Yang, Z., 

 To be published 

Human 

(2017) 
5UAK 

(dephosphorylated, 
ATP free)  

cryo-EM 3.87 Å Liu, F., Zhang, 
Z., Chen, J. 

 10.1016/j.cell.2017.02.024 

Mouse 
(2004) 

1Q3H (NBD1 with 
AMP.PNP)  

X-ray 
Diffraction 

2.5 Å Lewis, 
H.A., Buchanan, 
S.G., Burley, 
S.K., 

 10.1038/sj.emboj.7600040 

Human 

(2015) 

4WZ6 (aa 389-678 

NBD1, delta F508 
with 3 stabilizing 
mutations, ATP 
bound) 

X-ray 
Diffraction 

2.05 Å  Byrnes, 
L.J., Hall, J. 

 10.1002/pro.2821 

Human 
(2018) 

5TF7 (NBD1 with 
ATP) 

X-ray 
Diffraction 

1.93 Å  Wang, 
C., Aleksandrov, 
A.A., Yang, Z., 

 To be published 

Human 
(2018) 

5TF8 (NBD1 with 
dTTP) 

X-ray 
Diffraction 

1.86 Å See above  See above 

Human 
(2018) 

5TFA (NBD1 with 
dUTP) 

X-ray 
Diffraction 

1.87 Å See above  See above 

Human 

(2018) 

5TFB (NBD1 with 

7-methyl GTP) 

X-ray 
Diffraction 

1.87 Å See above  See above 

Human 
(2018) 

5TFC (NBD1 with 
GTP) 

X-ray 
Diffraction 

1.92 Å See above  See above 

Human 
(2018) 

5TFD (NBD1 with 
CTP) 

X-ray 
Diffraction 

1.89 Å See above  See above 

Human 
(2018) 

5TFF (NBD1 with 
UTP) 

X-ray 
Diffraction 

1.89 Å See above  See above 

Human 
(2018) 

5TFG (NBD1 with 
5-methyl UTP) 

X-ray 
Diffraction 

1.91 Å See above  See above 

Human 
(2018) 

5TFJ (NBD1 with 
dCTP) 

X-ray 
Diffraction 

1.85 Å See above  See above 

Human 
(2018) 

5TGK (NBD1 
with dATP) 

X-ray 
Diffraction 

1.912 Å  Wang, 
C., Aleksandrov, 
A.A., Yang, Z., 

 10.1074/jbc.RA117.00081
9 

Human 
(2007) 

2PZE (NBD as 
head to tail dimer) 

X-ray 
Diffraction 

1.7 Å  Atwell, 
S., Conners, 
K., Emtage, S. 

 10.1093/protein/gzq004 

Human 
(2007) 

2PZF (NBD as 
head to tail dimer 
with delta F508 
mutation) 

X-ray 
Diffraction 

2.0 Å See above  See above 

Human 
(2007) 

2PZG (NBD as 
monomer) 

X-ray 
Diffraction 

1.8 Å See above  See above 

Mouse 
(2003) 

1R0W (NBD1 
apo) 

X-ray 
Diffraction 

2.2 Å Lewis, 
H.A., Buchanan, 
S.G., 

 10.1038/sj.emboj.7600040 

Mouse 
(2003) 

1R0X (NBD1 with 
ATP) 

X-ray 
Diffraction 

2.2 Å See above  See above 
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Mouse 
(2003) 

1R0Y (NBD1 with 
ADP) 

X-ray 
Diffraction 

2.55 Å See above  See above 

Mouse 
(2003) 

1R0Z (NBD1 with 
ATP) 

X-ray 
Diffraction 

2.35 Å See above  See above 

Mouse 
(2003) 

1R10 (NBD1 with 
ATP, I4122 space 
grp) 

X-ray 
Diffraction 

3 Å See above See above 

Mouse 
(2004) 

1XF9 (NBD1 
F508S mutant) 

X-ray 
Diffraction 

2.7 Å  Thibodeau, 
P.H., Brautigam, 
C.A., 

 10.1038/nsmb881 

ABCD4 

Human 6JBJ cryo-EM 3.6 Å  Xu, D., Feng, 
Z., Hou, W.T.,  

 10.1038/s41422-019-
0222-z 

ABCG1 
Human 
(2021) 

7OZ1 cryo-EM 4 Å Locher, K.P lab  10.1016/j.jmb.2021.16721
8 

Human 
(2022) 

7FDV cryo-EM 3.26 Å  Xu, D., Feng, 
Z.,  

 10.1016/j.celrep.2022.110
298 

Human 

(2021) 
7R8E cryo-EM 3.7 Å Sun, Y., Wang, 

J., Long, T., Qi, X 
 10.1073/pnas.2110483118 

Human 
(2021) 

7R8D cryo-EM 3.2 Å Same as above  Same as above 

Human 
(2021) 

7R8C cryo-EM 3.7 Å Same as above  Same as above 

ABCG2 

Human 
(2018) 

6ETI (Inhibitor 
bound) 

cryo-EM 3.1 Å Jackson, 
S.M., Manolaridi
s, I., Locher, 
K.P. 

 10.1038/s41594-018-
0049-1 

Human 
(2018) 

6FEQ  cryo-EM 3.6 Å See above  See above 

Human 
(2018) 

6HBU (E211Q 
mutant with ATP& 

Mg) 

cryo-EM 3.09 Å  Locher, K.P.  10.1038/s41586-018-
0680-3 

Immune 
system 

5NIV (5D3 Fab) X-ray 
diffraction 

1.498 Å  Manolaridis, 
I., Locher, K.P. 

 10.1038/nature22345 

Human 
(2017) 

5NJ3 cryo-EM 3.78 Å Locher, K.P.  10.1038/nature22345 

Human 
(2017) 

5NJG cryo-EM 3.78 Å Locher, K.P.  10.1038/nature22345 

Human 
(2018) 

6HCO (E211Q 
bound to estrone 3 
sulfate& 5D3-Fab) 

cryo-EM 3.58 Å Locher, K.P.  10.1038/s41586-018-
0680-3 

Human 
(2018) 

6HIJ (ABCG2-
MZ29-Fab with 
cholesterol& PE 
lipids) 

cryo-EM 3.56 Å Locher, K.P.  10.1038/s41594-018-
0049-1 

Human 

(2018) 

6HZM (E211Q 

mutant bound to 
Mg& ATP) 

cryo-EM 3.09 Å Locher, K.P.  10.1038/s41586-018-
0680-3 
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ATP-Binding Cassette Transporters: Snap-on Complexes? 

Iqra Younus, Sofia Kochkina, Cheri C. Choi, Wenjuan Sun, and Robert C. Ford 

Abstract 

ATP-binding cassette (ABC) transporters are one of the largest families of membrane 

proteins in prokaryotic organisms. Much is now understood about the structure of these 

transporters and many reviews have been written on that subject. In contrast, less has been 

written on the assembly of ABC transporter complexes and this will be a major focus of this 

book chapter. The complexes are formed from two cytoplasmic subunits that are highly 

conserved (in terms of their primary and three dimensional structures) across the whole 

family. These ATP-binding subunits give rise to the name of the family. They must assemble 

with two transmembrane subunits that will typically form the permease component of the 

transporter. The transmembrane subunits have been found to be surprisingly diverse in 

structure when the whole family is examined, with seven distinct folds identified so far. 

Hence nucleotide-binding subunits appear to have been bolted on to a variety of 

transmembrane platforms during evolution, leading to a greater variety in function. 

Furthermore, many importers within the family utilise a further external substrate-binding 

component to trap scarce substrates and deliver them to the correct permease components. 

In this chapter, we will discuss whether assembly of the various ABC transporter subunits 

occurs with high fidelity within the crowded cellular environment and whether promiscuity 

in assembly of transmembrane and cytoplasmic 

components can occur. We also discuss the new AlphaFold protein structure prediction tool 

which predicts a new type of transmembrane domain fold within the ABC transporters that 

is associated with cation exporters of bacteria and plants. 

Human 
(2018) 

6FFC (Inhibitor 
bound) 

cryo-EM 3.56 Å Locher, K.P.  10.1038/s41594-018-
0049-1 

ABCG5/8 

Human 
(2016) 

5DO7  X-ray 
Diffraction 

3.93 Å  Lee, J.-
Y., Kinch, 
L.N., Borek, 
D.M., 

 10.1038/nature17666 
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