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Abstract  

ABC transporters represent one of the largest and most diverse protein superfamilies 

and are found in all known organisms. They couple the hydrolysis of ATP to the 

transport of different substrates across various biological membranes reflecting their 

critical role in many different cellular functions. The peroxisomal family D ABC 

transporter COMATOSE (CTS), which is expressed in Arabidopsis thaliana, is 

responsible for transporting acyl-CoAs into the peroxisome where they are used in 

beta oxidation. Importantly, the transporter possesses intrinsic thioesterase activity 

whereby the acyl-CoA substrates are cleaved during transport across the 

peroxisomal membrane. While this activity has been demonstrated biochemically, its 

nature remains unclear due to a lack of structural data on CTS. Reported here is the 

development and optimisation of purification protocols suitable for structure 

determination of CTS using cryo-EM, as well as the successful reconstitution of the 

purified and active transporter into proteoliposomes. Optimisation of the solubilisation 

and purification of an ATP-hydrolysis deficient mutant (CTSD606N/E607Q) enabled the 

first 3D reconstruction of CTSD606N/E607Q, revealing the transporters overall fold from a 

low-resolution map, and confirmed the steps required for generating a high-resolution 

structure in future studies. Using the same purification method, the wild-type and 

mutant were reconstituted into proteoliposomes where CTS showed substrate 

stimulated ATPase activity, opening the possibility of studying the transporter in a 

totally isolated system. These results pave the way for future studies on CTS to place 

the biochemistry of thioesterase activity into a structural framework and understand 

the transport cycle as well as the transporters broad substrate specificity. This work 

will synergise with the growing body of work on other family D members, such as 

human ABCD1 and yeast Pxa1p/Pxa2p, and help to explain early CTS observations 

in its native A. thaliana, thereby contributing to a more comprehensive understanding 

of this intriguing family of ABC transporters.   
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1 Introduction 

1.1 A History of ABC Transporters  

The movement of molecules and ions across biological membrane is an essential 

process in all organisms that in many cases is mediated by membrane transport 

proteins. ABC transporters represent one of the oldest and largest superfamilies of 

primary active transporters being found in all kingdoms of life where they utilise the 

free energy released from the hydrolysis of adenosine triphosphate (ATP) to shuttle 

a wide-range of substrates across various biological membranes, behaving as 

importers or exporters. The field of ABC transporter is now vast, with many members 

of the family being well characterised biochemically and structurally, and with many 

different models describing their mechanisms. The account below provides a 

snapshot of the history of this important family of proteins, highlighting key studies 

and seminal findings. 

Studies into ABC transporters began in the 1970’s after the discovery of the substrate-

binding proteins (SBPs), HisP from Salmonella typhimurium (Ames & Lever, 1970) 

and MalK from Escherichia coli (Hazelbauer, 1975) Around the same time, (Berger & 

Heppel, 1974) demonstrated biochemically that SBP-dependent transport systems 

derive their energy from the hydrolysis of ATP. In 1976 Juliano & Ling (1976) reported 

over-expression of a membrane-bound glycoprotein with concomitant altered drug 

permeability in Chinese hamster ovary (CHO) cells selected for resistance to 

colchicine. This was the first report of the now much-studied and archetypal ABC 

exporter known as P-glycoprotein (P-gp) which established the role of ABC 

transporters in multi-drug resistance (MDR). After cloning and sequencing mdr1 (the 

gene encoding P-gp; (Gros et al, 1986; Riordan et al, 1985) it was clear that P-gp 

contained six transmembrane domains followed by an ATP binding site, intriguingly, 

in duplicate. Homology between the amino acid sequences of P-gp and a variety of 

bacterial transporters (hisP, malK, oppD, and PstB) – with particular respect to the 
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highly conserved nucleotide binding motifs, Walker A and Walker B (Walker et al, 

1982) – provided a basis for the deducing the evolutionary origin of ATP binding 

proteins (Higgins et al, 1986). Over the next few years, it became clear that these 

particular ATP-binding proteins defined a larger superfamily (Ames, 1986; Higgins et 

al, 1990; Hyde et al, 1990) which was designated the ABC transporter superfamily. 

These ABC transporters represent a distinct subset of ABC proteins because not all 

ABC proteins possess a membrane spanning domain (Hopfner, 2016; Srikant, 2020). 

In subsequent years, a number of key findings were published that highlighted the 

importance of this superfamily, not only in terms of MDR, but for their role in various 

biochemical processes and pathologies.  

Identification of the cftr gene (Kerem et al, 1989; Riordan et al, 1989) and its 

sequencing soon after (Zielenski et al, 1991) confirmed that the gene product was 

indeed an ABC transporter, and proved invaluable in the study of cystic fibrosis (CF), 

by pinpointing the F508Δ mutation present in ~90% of CF patients. Similarly, Mosser 

et al (1993) suggested that a partially deleted gene found in patients suffering from 

X-linked adrenoleukodystrophy (X-ALD) resulted in a dysfunctional peroxisomal ABC 

transporter. Further genetic analysis supported the role of this gene in the pathology 

of X-ALD (Braun et al, 1995). The first model describing the mechanism of transport 

by P-gp was published in 1992 (Higgins & Gottesman, 1992) and became known as 

the hydrophobic vacuum cleaner model, whereby the structurally diverse but 

generally hydrophobic substrates of P-gp accumulate in lipid-bilayers and are flipped 

by the transporter from the inner-leaflet of the membrane to the outer-leaflet or 

extracellular space after ATP binding and hydrolysis. Further developments were 

proposed in a mini-review in 1995 (Senior et al, 1995).  

The first structural information pertaining to any ABC transporter came in 1997 from 

low-resolution electron microscopy data of P-gp solubilised from CHO cell 

membranes (Rosenberg et al, 1997). Despite this low resolution, the model generated 

was consistent with the available genetic and biochemical data (e.g., the flippase 
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model) and provided a basis for further experiments to delineate ABC transporter 

mechanisms. The following year the crystal structure of the nucleotide-binding 

domain from the bacterial histidine transporter HisP was solved at 1.8 Å (Hung et al, 

1998) which provided the first high-resolution data describing the binding mode of 

ATP in ABC transporters. Subsequently, the crystal structure of the ABC protein 

MJ0796 confirmed that the nucleotide binding domains (NBDs) of ABC transporters 

form a ‘sandwich dimer’ when binding nucleotide (Smith et al, 2002) which is a critical 

and now well-understood step in the catalytic cycle of all ABC transporters. This 

landmark paper was crucial in the development of many subsequent transporter 

models because it outlined the allosteric effects that sandwich dimer formation and 

ATP hydrolysis might have on the TMDs of ABC transporters.  

The first structural insight into a full-length ABC exporter came from the crystal 

structure of MsbA, a bacterial lipid flippase that was reported at 4.8 Å (Chang & Roth, 

2001). Whilst valuable in the early structural studies, the authors later retracted their 

publication due to technical errors in obtaining the structure solution (see the 

commentary Matthews (2007)). In their landmark paper, Locher et al (2002) reported 

the first full length crystal structure of an ABC importer, BtuCD, which demonstrated 

that ABC importers adopt an architecture distinctly different from ABC exporters 

(comparison with the retracted MsbA structure). By bringing together the genetic, 

biochemical and structural data that was now available, Higgins & Linton (2004) put 

forward their pivotal ATP switch model that even today still influences the 

development of new mechanistic models. Later, the crystal structure of Sav1866, a 

bacterial homolog of the mammalian P-gp, was solved (Dawson & Locher, 2006) 

representing the second full-length high-resolution structure of an ABC exporter (but 

the first full-length and correctly solved one).  

After completion of the human genome project and publication of the first sequences 

(Lander et al, 2001; Venter et al, 2001), humans were found to express 48 different 

ABC transporters that could be sub-divided in seven families, A – G. With the 
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availability of sequences and more advanced cloning technologies, ABC transporter 

research progressed rapidly, resulting in the enormous catalogue of ABC transporter 

research seen today. Some of the key discoveries in the history of ABC transporter 

research are highlighted in figure 1-1. 



 5 

 

Figure 1-1. A timeline of some of the key discoveries in the field of ABC transporter between 1980 and the present day. All citations can be found 

in text (Ames & Lever, 1970; Berger & Heppel, 1974; Chang & Roth, 2001; Chen et al, 2021; Choudhury et al, 2014; Dawson & Locher, 2006; 

De Marcos Lousa et al, 2013; Engelen et al, 2012; Footitt et al, 2002; Hazelbauer, 1975; Higgins & Gottesman, 1992; Higgins & Linton, 2004; 

Hung et al., 1998; Janas et al, 2003; Johnson & Chen, 2017; Jones & George, 2009; Juliano & Ling, 1976; Kadaba et al, 2008; Lee et al, 2016a; 

Locher et al., 2002; Mosser et al., 1993; Okamoto et al, 2018; Oldham et al, 2016b; Perez et al, 2015; Riordan et al., 1989; Rosenberg et al., 

1997; Senior et al., 1995; Venter et al., 2001; Walker et al., 1982; Wang et al, 2021; Ward et al, 2007; Xu et al, 2019; Zhang & Chen, 2016). 
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1.2 ABC Transporter Sub-families and Domain Arrangement 

ABC transporters may be separated into two discrete categories: ABC importers and 

ABC exporters. The former move substrates from the extracellular space to the 

intracellular space, and the latter move substrates from the intracellular space to the 

extracellular space or from the cytosol into the lumen of organelles (though HsABCD4 

may be an exception (Xu et al., 2019)). ABC importers are found almost exclusively 

in prokaryotes where they primarily mediate the uptake of environmental nutrients 

such as sugars, amino acids, vitamins, and metal ions (Cui & Davidson, 2011; Fulyani 

et al, 2016; Higgins et al., 1990; Naoe et al, 2016; Santos et al, 2018). ABC exporters 

on the other hand are involved in a wide variety of functionalities. For example in 

prokaryotes they are involved in efflux-mediated antibiotic resistance (Bolhuis et al, 

1996), secretion of virulence factors (Lewis et al, 2012; McDevitt et al, 2006; Morgan 

et al, 2017; Omori & Idei, 2003), and bacterial cell wall synthesis (Cuthbertson et al, 

2010), whereas in eukaryotes they are involved in MDR (Chen & Tiwari, 2011; 

Johnson & Chen, 2017; Juliano & Ling, 1976; Yin & Zhang, 2011), lipid transport 

(Footitt et al., 2002; Nyathi et al, 2010; Perez et al., 2015; Tarling et al, 2013), bile 

salt and cholesterol export (Berge et al, 2000; Štefková et al, 2004; Wang et al, 

2020b), antigen presentation (Nöll et al, 2017; Oldham et al., 2016b) and ion transport 

(Liu et al, 2017; Ostedgaard et al, 2001).  

ABC transporters all adopt a common core architecture consisting of two TMDs 

spanning the membrane lipid-bilayer and two NBDs located in the cytoplasm (Fig. 1-

2). Thus, the family members can be described based upon their domain arrangement  

(Biemans-Oldehinkel et al, 2006). ABC importers typically comprise 4 individually 

encoded polypeptide chains, that together form a ‘full-size’ transporter, with an 

additional SBD that is often necessary to deliver substrate to the protein (Bao et al, 

2013; Hollenstein et al, 2007). In ABC exporters the encoded polypeptides can take 

the form TMD-NBD or NBD-TMD, and are designated as ‘half-transporters’ requiring 
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dimerisation for function e.g., Sav1886 (Dawson & Locher, 2006). Conversely, they 

may also take the form TMD-NBD-TMD-NBD or NBD-TMD-NBD-TMD, and are 

designated as ‘full transporters’ requiring no dimerisation for function, e.g. Multidrug 

resistance transporter 1 (MRP1) (Johnson & Chen, 2017) and the cystic fibrosis 

conductance regulator (CFTR) (Gadsby et al, 2006). Moreover, the resulting 

functional transporters assembled from dimerised ‘half transporters’ are described as 

‘homodimers’ or ‘heterodimers’ depending on the sequence identity between the two 

halves of the protein, i.e., homodimers comprise of two identical ‘half transporters’ 

and heterodimers consist of two different ‘half transporters’. Another arrangement is 

the ‘fused-heterodimer’ that folds from a single polypeptide chain with asymmetry 

between the two halves of the transporter, e.g., CTS (Baker et al, 2015; Dietrich et al, 

2009; Footitt et al., 2002). In homodimers, both nucleotide binding sites (NBSs) are 

identical and thus both can hydrolyse nucleotide. Conversely, in heterodimers there 

can be a deviation between the amino acid sequences of the two halves of the protein, 

resulting in one consensus NBS (hydrolysable), and one degenerate NBS 

(nonhydrolysable) (Bienengraeber et al, 2000; Hohl et al, 2012; Hohl et al, 2014; 

Timachi et al, 2017) the presence of one consensus and one degenerate NBS results 

in a asymmetric transporter (section 1.5.3).   
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Figure 1-2. Domain arrangement in ABC transporters. The difference between full 

transporters, half transporters, homo & heterodimers, and importers formed from 

multiple polypeptide chains is illustrated. PDB IDs are in brackets, except for 

COMATOSE (CTS) which is the predicted model from AlphaFold2 (Jumper et al, 

2021).   
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1.3 ABC Transporter Classification and Diversity 

Given its large size, the ABC transporter superfamily has been categorised into 

several subcategories. Several different categorisations have been used for this, 

including the family A-G nomenclature – which was based on NBD and TMD 

sequence homology, gene structure, and domain order (Dean et al, 2001) – the 

division of ABC exporters vs. ABC importers, e.g. Sav1866 vs. BtuCD, (Dawson & 

Locher, 2006; Locher et al., 2002), and further still, the different types of exporters, 

e.g. P-gp vs. ABCG2 (Aller et al, 2009; Taylor et al, 2017), and the different types of 

importers (Rice et al, 2014).  

Whilst this division has been useful for categorising ABC transporters, there can be 

significant difference between transporters placed into the same category and 

therefore, a new classification has been proposed. Given the structural data now 

available for so many different ABC transporters, Thomas et al (2020) have proposed 

a new classification method that is based upon the structural homology of the ABC 

transporters TMDs. By combining phylogenetic and structural data, this new 

classification system divides ABC transporters into 7 different groups, each based on 

their TMD fold. This method – which maintains the previous A-G classification within 

type IV and V subcategories – can be applied universally across the three domains 

of life and is therefore able to incorporate newly discovered ABC transporters 

seamlessly. Whilst classification in this way requires structural data, this 

nomenclature can be used in addition to previously defined classification methods. 

The current members of type I-III are exclusively importers, and current members of 

Types VI and VII possess distinct features are led to their separation into these 

groups. Therefore, going forward this work will be framed from the perspective of ABC 

exporters, or more broadly, the newly classified Type IV transporters (though some 

insights will come from type V members).  
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As this new classification is based upon TMD fold, Type members span from a range 

of different organisms with diverse functionality. Within Type IV and V are transporters 

from humans (still following the A-G nomenclature), various Gram-positive and Gram-

negative bacteria, yeast, and plants. Human Type IV transporters include, but are not 

limited to, the archetypal multidrug resistance protein P-gp (Esser et al, 2017), the 

bile-salt exporter ABCB11 (Wang et al., 2020b), the ATP-sensitive potassium-

channel regulators SUR1/2 (Sikimic et al, 2018), the lysosomal cobalamin importer 

ABCD4 (Xu et al., 2019), the chloride ion channel CFTR (Liu et al., 2017; Zhang & 

Chen, 2016), and the antigen presentation transporter TAP1/2 (Hohl et al., 2012; 

Lehnert & Tampé, 2017; Oldham et al, 2016a). Several bacterial transporters reside 

within Type IV including another multidrug resistance transporter MsbA (Chang & 

Roth, 2001; Josts et al, 2018) and the peptide transporter McjD (Bountra et al, 2017) 

both from Escherichia coli, the lipid flippase Pglk from Campylobacter jejuni (Perez et 

al, 2017; Perez et al, 2019), the type-1 secretion system component PrtCD (Morgan 

et al., 2017), and the siderophore transporter IrtAB  (Arnold et al, 2020) from 

Mycobacterium tuberculosis. To date, the only yeast transporter classified in this way 

is the mitochondrial iron-sulphur cluster transporter Atm1 (Srinivasan et al, 2014). 

Type V transporters differ from Type IV in that they do not present with domain-

swapped architecture. This class includes the promiscuous exporter ABCG2  (Kerr et 

al, 2011; Manolaridis et al, 2018; Taylor et al., 2017), its sterol-effluxing G family 

member ABCG5/G8 (Lee et al., 2016a), the floppases Wzm-WztN (Caffalette & 

Zimmer, 2021) and TarGH (Chen et al, 2020), and the exporter ABCA1 (Qian et al, 

2017).  

To date, the new classification system does not include any plant ABC transporters 

due to the lack of structural data. Nonetheless, plant ABC transporters possess a 

wide variety of functionalities; indeed in A. thaliana there are over 100 ABC 

transporters (Sánchez-Fernández et al, 2001; Verrier et al, 2008) and new plant 

transporters are being discovered all the time (Do et al, 2021). For example, A. 
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thaliana AtABCG28 is a half transporter that contributes to the growth of pollen tubes 

by transporting polyamines (a source of reactive oxygen species (ROS)) from the 

cytosol into vesicles that then move and fuse with the growing tip; in this way ABCG28 

protects the growing tip from oxidative damage. (Do et al, 2019). Plant ABC 

transporters also play a role in detoxification; AtABCC1 protects from arsenic toxicity 

by sequestering it as phytochelatin-arsenic conjugates in the vacuole (Song et al, 

2010). Pathogen resistance is also mediated by ABC transporters, where fungal 

infection of Nicotiana benthamiana is combated by ABCG1- and ABCG2-mediated 

secretion of capsidiol, a compound that is toxic to fungus (Shibata et al, 2016). These 

examples and tables 1.1 and 1.2 highlight the diversity in ABC transporters and their 

subfamilies. For an in-depth overview of plant ABC transporters see Do et al. (2021).  

Currently, the newly proposed classification system may be used in conjunction with 

previously established systems and therefore does not detract from or supersede 

them now and is not expected to in future. In this way, ABC transporters without any 

structural data – such as those from plants - can still be classified appropriately 

depending on the context in which they are discussed.  



 12 

Table 1.1. Human ABC transporters and their associated diseases reflecting the diversity of ABC transporter functionality. Families E and F have 

been omitted since the fold of family E is distinctly different from typical ABC transporters, and because family F do not possess TMDs thereby 

eliminating their role as transporters; thus, family E and F are beyond the scope of this work.  Adapted from Vasiliou et al (2009) and Tusnady et 

al (2006). ECD, extra-cellular domain; TMD, transmembrane domains; NBD, nucleotide-binding domain; TMD0, TM5 extension motif.

Subfamily Transporters Example Members Topology General function Associated Diseases 

A (type V) 
ABCA1-12 (full 

transporters) 

ABCA1 ECD-TMD-NBD- ECD-TMD-

NBD 

Lipid transport Tangier disease 

ABCA4 Retinal transport Stargardt disease 

B (type IV) 

ABCB1-11 (half 

and full 

transporters) 

ABCB1 (P-gp) TMD-NBD-TMD-NBD Multidrug resistance Various cancers 

ABCB4 TMD-NBD-TMD-NBD Bile salt transport 
Familial intrahepatic 

cholestasis 

C (Type IV) 
ABCC1-13 (full 

transporters) 

ABCC7 (CFTR) TMD-NBD-TMD-NBD 
Chloride ion 

transport 
Cystic Fibrosis 

ABCC2 TMD0-TMD-NBD-TMD-NBD Multidrug resistance Dubin-Johnson syndrome 

D (Type IV) 
ABCD1-4 (half 

transporters) 

ABCD1 (ALDP) 
TMD-NBD (homodimer) 

Acyl-CoA transport X-ALD 

ABCD4 Cobalamin transport B12 deficiency 

G (Type V) 
ABCG1-5 (half 

transporters) 

ABCG2 NBD-TMD (homodimer) Xenobiotic transport Variou 

ABCG5/G8 NBD-TMD (heterodimer) 
Cholesterol and 

sterol transport 
Sitosterolemia 
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Table 1.2. Examples of A. thaliana ABC transporter. This exemplifies the huge variety 

of different cellular process that ABC transporters from different families are involved 

in. Adapted from Do et al. (2021).  
 
  

Subfamily 
Example 

Members 
General Function 

A ABCA9 
Lipid transfer into the Endoplasmic 

Reticulum 

B 

ABCB1 Transport of auxin and precursors 

ABCB25 Transport of Iron-sulphur cluster precursors 

ABCB14 Regulation of stomatal aperture 

C 

ABCC5 Phytic acid transport 

ABCC2 Accumulation of defence molecules 

ABCC3 
Sequestration of heavy metals and toxic 

organics 

D ABCD1 Acyl-CoA transport 

G 

ABCG34 Secretion of defence molecules 

ABCG28 Sequestering polyamines 

ABCG16 Secretion of pollen wall and coat materials 

ABCG29 Secretion of ligin precursors 
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1.4 The Structural Biology of ABC Transporters 

1.4.1 The Transmembrane Domains (TMDs) 

Unlike ABC transporter NBDs, there is no significant sequence conservation found 

between the TMDs of transporters with unrelated function, and their remarkable 

diversity has led to the recognition of seven distinct TMD folds (Thomas et al., 2020). 

In this classification, types I-III currently represent importers exclusively, whereas 

Types IV include exporters (including floppases), importers, an ion channel, and 

regulators, and Type V include both exporters and importers. While members of the 

Type VI and VII bear resemblance to Type V folds, discrete differences place them 

into their own Types that are beyond the scope of this work. Examples of Types I-V 

are highlighted in figure 1-3.  

 

 

Figure 1-3. Examples of ABC transporter structures classified by their TMD folds. 

PDB IDs are in brackets. MalFGK2-MalE and BtuC2D2BtuF are made from individual 

polypeptides; green, substrate binding proteins; blue and orange, TMDs; grey, NBDs. 

In EcfTaa’-FoIT; blue and orange, TMDs; grey, NBDs. Sav18866 and ABCD1 fold 

from a single polypeptide chain, blue. ABCG2 is a half transporter; blue and orange, 

transporter monomers.   
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There is considerable variation in the number of membrane-spanning helices found 

in different transporters, with some possessing as few as ten (Kadaba et al., 2008) 

and others as many as twenty (Locher et al., 2002). The packing of the membrane-

spanning helices within the two TMDs defines the translocation pore – which may 

contain multiple substrate binding pocket – through which substrates are transported. 

In general, depending on the stage of the transport cycle, the translocation pore 

adopts an inward (facing the cytosol) or outward facing conformation (facing the 

extracellular space). However, it is important to note that other conformations also 

exist representing intermediate states of the proteins transport cycle that occur 

between the fully inward and fully outward states. This is exemplified by the outward 

occluded state of McjD (Choudhury et al., 2014). The different TMD folds, as well as 

the varying number of membrane-spanning domains in different transporters, 

certainly reflects the diversity of ABC transporter substrates. So-called coupling 

helices, short alpha helical regions that sit in the intracellular loops between certain 

TM helices, connect the TMDs to the NBDs and therefore transmit conformational 

changes from the NBDs through the TMDs and vice versa (Ter Beek et al, 2014). 

Consequently, it is the coupling helices that allow the transporter to transition between 

inward and outward facing conformations.  In most cases, the fold of ABC exporters, 

which was initially defined by Sav1866 after its crystal structure was solved by 

Dawson & Locher (2006), often present with a ‘domain-swapped’ architecture 

meaning that two helices from one monomer (usually TM4 and 5) of the transporter 

interact through their coupling helix with the NBD of the opposite monomer (Fig. 1-4).   
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Figure 1-4. The structure of Sav1866 highlighting type IV ABC exporter ‘domain-

swapped’ architecture. The dashed box on the complete structure (left) is expanded 

on the right, showing TM4 and TM5 of one monomer (purple) interacting via their 

coupling helix (CH2, green) with the NBD of the opposing monomer (orange, ribbon 

representation). Adapted from Dawson & Locher (2007). CH, coupling helix.  

Unlike Type I-III transporters, which generally have their NBDs close to the 

membrane, the NBDs of Type IV and V transporters typically extend ~25 Å into the 

cytosol (though there are notable exceptions e.g., ABCG2) and have been shown in 

very close proximity (i.e. dimerised), or widely spaced apart (up to ~44 Å, though the 

physiological relevance of this observation remains controversial (Perez et al., 2015; 

Wright et al, 2018).   
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1.4.2 The Nucleotide Binding Domains (NBDs) 

In all ABC transporters, dimerisation of the NBDs is essential for ATP binding and 

hydrolysis and is mediated by distinct interactions between several critical motifs. 

These motifs are distributed across the monomers of the NBDs, which themselves 

adopt a conserved L-shaped fold comprising two distinct sub-domains: the RecA-like 

domain (RecA is a recombinase involved in recombination and DNA repair) and a 

unique alpha helical domain (Ford & Hellmich, 2020). The motifs include the Walker 

A (or P-loop), Walker B, and signature motifs (or C-loop), as well as the Q-loop, A-

loop, D-loop, and the switch region.  The crystal structure of the inactive but stable 

dimer formed by the E171Q mutant of the ABC protein MJ0796 revealed how these 

motifs interact with each other and with nucleotide (Smith et al., 2002) in a true ABC 

transporter for the first time (Fig. 1-5). 

 

 

 

 

 

 

Figure 1-5. The 3D structure of the dimerised NBDs of the E171Q mutant of MJ0796. 

This diagram illustrates how ATP is sandwiched between the two NBDs. Left, the 3D 

model of MJ0796. ATP is shown by ball-and-stick representation between the two 

NBDs interacting with the Walker A motif of one NBD and the signature motif of the 

other. Right, contact diagram showing the interaction of MJ0796 E171Q residues with 

ATP. Na+, green circle. Adapted from Smith et al. (2002).   
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It revealed the formation of two composite NBSs created by the co-ordination of two 

ATP molecules sandwiched between the Walker A and Walker B motifs of one NBD 

monomer and the signature motif and D-loop of the other. This ‘head to tail’ orientation 

established the basis for cross talk between the two halves of ABC transporters during 

the transport cycle. Within the RecA-like domain are the Walker A (G/AXXXXGKT/S, 

where X is any amino acid) and Walker B motifs (ΦΦΦΦDE, where Φ is any 

hydrophobic amino acid) (Walker et al., 1982), the former being responsible for 

binding the γ- and β-phosphates of ATP and the latter  coordinating a Mg2+ ion and 

providing the catalytic glutamate necessary for hydrolysis. Within the alpha helical 

domain is the well-conserved signature motif (typically LSGGQ) responsible for 

orienting nucleotide for hydrolysis. The highly conserved A-loop ~25-amino acids 

upstream of the Walker A motif provides an essential aromatic ring capable of 

stabilising nucleotide by forming π-π stacking interactions with the adenine ring of 

ATP (Ambudkar et al, 2006).  

The Q-loop (containing a conserved glutamine), found in the alpha helical domain, is 

primarily involved in interaction with the TMDs, and is conformationally variable 

implicating this motif in the coupling of hydrolysis to conformational change in the 

TMDs (Dalmas et al, 2005; Zolnerciks et al, 2014). Whilst research into the D-loop – 

also known as the dimerisation loop – has yielded conflicting results that have not yet 

been reconciled, it is clear that this motif has a role in coordinating and activating a 

nucleophilic water molecule, and is thereby critical for inducing a hydrolysis 

competent state (Jones & George, 2012). Moreover, the D-loops (sequence SALD) 

of each monomer interact at the dimer interface, as well as with the Walker A of their 

respective monomers, perhaps mediating allosteric cross talk between NBSs 

(Zaitseva et al, 2005; Zaitseva et al, 2006). Whilst some models suggest a glutamate-

driven general base mechanism for ATP hydrolysis, others have suggested a 

substrate assisted mechanism by which the switch histidine motif (or H-loop) behaves 

as a ‘linchpin’ that stabilises a transition state between the ATP, water molecules, 
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Mg2+, and amino acid during the hydrolysis reaction (Locher, 2016; Zaitseva et al., 

2005; Zhou et al, 2013). A summary of key motifs is provided in table 1.3.  

 

Motif Consensus Sequence (N-C) Function 

A-loop F/KxY (Ambudkar et al., 2006) ATP binding (base stacking) 

Walker A 
(G/A)XXXXGK(T/S) (Walker et al., 

1982) 

ATP binding (phosphate 

binding) 

Walker B  ΦΦΦΦDE (Geourjon et al, 2001) ATP hydrolysis 

Q-loop ΦV(S/P)Q (Szollosi et al, 2018) TMD-NBD interaction  

Signature LSGGQ (Schmitt & Tampe, 2002) 

ATP binding (phosphate 

binding) 

NBD-NBD interaction 

D-loop SALD (Grossmann et al, 2014) NBD-NBD interaction  

H-loop ΦAHRL (Zaitseva et al., 2005) ATP hydrolysis  

Table 1.1. The sequence and function of the conserved motifs in the NBDs of ABC 

transporters. Φ denoted hydrophobic residues, and X denotes any amino acid. 

Adapted from Szollosi et al. (2018).  
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1.5 ABC Transporter Mechanics and Models 

1.5.1 Alternate Access 

In its most basic form, the catalytic cycle of ABC exporters (or the newly defined Type 

IV and V transporters) is generally described by the alternate access model first 

proposed by Jardetzky (1966) for P-type ATPases and the switch model (Higgins & 

Linton, 2004). These models propose that ABC transporters alternate between 

inward and outward facing conformational states to move substrates across the 

membrane. The cycle begins with transporter in the apo- inward-facing state with 

NBDs separated and substrate capable of binding at the TMDs. Upon substrate 

binding, the affinity of the NBDs for ATP increases and ATP binding results in the 

formation of a closed sandwich dimer and a transition state intermediate. Through the 

coupling helices, dimer formation transmits conformational change to the TMDs 

causing a transition from the inward- to the outward-facing state and expulsion of the 

substrate to the opposite side of the membrane. Hydrolysis of ATP and the release 

of Pi leads to a disengagement of the NBD sandwich dimer and restores the 

transporter to the basal state. However, the exact order of steps in this generalised 

model (Fig. 1-6) is not unclear and it does not consider individual 

transporter characteristics.   
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Figure 1-6. The generalised alternate access mechanism of ABC exporters. The 

transporter beings the inward-facing state ready to accept substrates between its 

TMDs. Substrate may enter from the intracellular space or from the membrane. 

Binding of substrate causes closure of the TMDs, and concomitant sandwiching of 

ATP between the NBDs. Dimer formation causes rearrangement of the TMDs by 

driving conformational changes through the coupling helices and expulsion of the 

substrate on the opposite side of the membrane. ATP is hydrolysed and the release 

of inorganic phosphate drives the dimerised NBDs apart restoring the transporter to 

the basal state. Blue and yellow, individual transporter monomers; green, generic 

substrate; grey, membrane. Adapted from Locher (2016).  

 
Consequently, this has led to the development of many different mechanisms, each 

attempting to describe the specifics of the transporter being studied. Given the variety 

of models now published describing ABC transporter catalytic cycles and 

substrate/inhibitor binding modes (Januliene & Moeller, 2020; Johnson & Chen, 2017; 

Kawaguchi et al, 2021; Manolaridis et al., 2018; Nosol et al, 2020a; Olsen et al, 2020; 

Perez et al., 2017; Sun et al, 2021; Wang et al., 2021), it is evident that transporter 

nuances eliminate the possibility of a one-size-fits-all model, and therefore, it is 

beyond the scope of this work to discuss each in detail (some important mechanisms 

are highlighted in table 1.4). That said, there are several general aspects of ABC 
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exporters presented below (section 1.5.2 and 1.5.3) that are critical to understanding 

how these transporters function and are particularly relevant to the work presented in 

this thesis on the family D ABC transporter, COMATOSE (section 1.7).  

Model Transporter Features 

ATP switch 

(Higgins & 

Linton, 2004) 

Several in 

citation 

The transporter alternates between inward 

and outward facing states where 

conformational change and substrate release 

is mediated by nucleotide binding. ATP 

hydrolysis resets the cycle. 

Constant 

contact 

(Jones & 

George, 2009) 

MJ0796 NBDs are semi-open with one NBS binding 

ATP while the other is occluded. The NBDs 

remain in contact while the NBS alternate 

between binding and hydrolysis. 

Outward-only 

(Perez et al., 

2019) 

PglK Flipping of lipid-linked oligosaccharides 

occurs by substrate loading directly from an 

outward facing transporter and translocation 

via a ‘substrate hunting’ mechanism. 

Ion transport 

(Zhang et al, 

2018) 

CFTR CFTR functions as an ion channel that is 

regulated by the phosphorylation of a R 

domain that sits between the TMDs. 

Processive 

Clamp (Janas et 

al., 2003) 

MdI1p The association and dissociation of NBDs 

depends on the status of bound nucleotide at 

each NBS.  

Alternating 

catalytic sites 

(Senior et al., 

1995) 

P-gp Each binding and hydrolysis of ATP occurs at 

one NBS during each cycle of the transport 

process. 

Table 1.2. Different ABC transporter mechanisms highlighting key models. Despite 

the binding and hydrolysis of nucleotide clearly being a universal feature of ABC 

transporters, the variety of nuances observed for different transporters almost 

certainly eliminates the possibility of a one-size-fits-all model.  
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1.5.2 Substrate Promiscuity  

Whilst some ABC exporters are very specific in what they transport (Bountra et al., 

2017), it is intriguing that many others are able to transport a wide variety of different 

substrates (McCormick et al, 2015). Whilst this action has been well 

characterised biochemically, the exact nature of this substrate promiscuity was, until 

recently, poorly understood due to lack of substrate-bound structures. The first real 

insight explaining this behaviour was gained from the substrate-bound cryo-EM 

structure of ABCC1, or MRP1 (Johnson & Chen, 2017). MRP1 has been shown to 

play a role in chemotherapeutic drug resistance (Chen & Tiwari, 2011; Cole, 2014) 

capable of transporting vincristine, doxorubicin, etoposide, and methotrexate, though 

this list is not exhaustive. Additionally, the transporter has been shown to 

transport anti-HIV drugs (Meaden, 2002), antibiotics, anti-depressants (Lee et al, 

2010), statins (Knauer et al, 2010) pro-inflammatory molecules such as leukotriene 

C4 (LTC4) and antioxidants such as glutathione (Cole & Deeley, 2006; He et al, 

2012).  

The structure of MRP1 solved by Johnson & Chen (2017) – which is bound to the 

transporter’s physiological substrate LTC4 – showed for the first time how one 

transporter is capable of accepting such a wide range of structurally 

dissimilar amphipathic substrates. Two distinct conformational states were 

reported, one in the apo-form and one bound to LTC4 wherein substrate 

is accommodated in a bipartite cavity i.e., divided into two distinct regions. 

The positively charged P-pocket coordinates the glutathione moiety of LTC4 and 

the hydrophobic H-pocket accommodates the arachidonic acid-derived hydrophobic 

lipid tail. By comparing the apo and LTC4-bound structures, it is evident that the 

binding of LTC4 causes global conformational changes to the transporter; the NBDs 

are closer together in the LTC4-bound structure than in the apo-form, with several 

residues repositioning their side chains to contact the substrate. LTC4 therefore acts 
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as a bridge between the two halves of the transporter, stabilising a conformation in 

which the NBDs are closer together and aligning them for binding and then hydrolysis 

of nucleotide i.e., in agreement with the generalised model in figure 1-6.  

Moreover, residues of the P-pocket are found in both TMDs of the 

transporter meaning that substrates lacking a significantly hydrophobic region can 

still bridge the two halves of the transporter.  That residues of the bipartite cavity 

reposition their side chains upon substrate binding implies MRP1 plasticity that may 

be extrapolated to other promiscuous transporters, where substrate binding causes 

twisting and/or unwinding of the TMDs and a tuning of the surface topology of the 

substrate binding cavity to accommodate a range of amphipathic substrates. The 

bipartite nature of the MRP1 binding pocket has also been observed in the bacterial 

exporter MsbA (Lee et al, 2013; Mi et al, 2017) where the LPS 

substrate occupies a hydrophobic pocket and a hydrophilic cavity bifurcated by a ring 

of residues interacting with the LPS glucosamine moiety. Further discussion of this 

interaction can be found in a review by Wright et al. (2018).  

The plasticity of the binding cavity in MRP1 has also been invoked to explain the 

substrate promiscuity of P-gp. Two cryo-EM structures of P-gp in lipid nanodiscs 

have been recently solved; human P-gp bound to one molecule of Taxol and human-

mouse chimeric P-gp bound to two copies of the inhibitor zosuquidar (Alam et al, 

2019). Interestingly, both molecules occupy the same binding pocket, begging the 

question of how P-gp distinguishes between stimulatory Taxol and 

inhibitory zosuquidar. The binding of Taxol reduces the gap between the 

NBDs thereby priming them for nucleotide binding and hydrolysis. However, 

comparison between the two structures revealed that there are small but 

significant structural changes confined mainly to the second half of the 

transporter that result in an outward shift of coupling helix 1 in the zosuquidar-bound 

structure. That two molecules of zosuquidar are present contributes to an increase in 

the distance between the NBDs thereby reducing the ATPase activity of the 
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transporter explaining the inhibitory action of this compound compared to 

Taxol. This description of substrate-binding plasticity is line with early studies of P-

gp drug-binding (Loo et al, 2003; Martin et al, 2000b; Martin et al, 2001) that describe 

how substrate binding to the TMDs can induce long range conformational changes to 

the NBDs thereby affecting transporter activity.  

The nature of the substrate binding site(s) of promiscuous transporters can vary 

significantly e.g. ABCG2 has a flat substrate binding pocket (Taylor et al., 2017) 

whereas the binding pocket of P-gp exhibits plasticity in its size and shape.  Thus, 

different promiscuous transporters may adopt different modes of substrate 

specificity. It is important to note that like MRP1, residues from both halves of the P-

gp interact with Taxol (Alam et al., 2019). It has been suggested that 3D 

complementarity of the substrate to the binding site and the strength of the associated 

contacts is a more important determinant of substrate specificity than distinct 

substrate binding pockets. This may also be true of MRP1 (discussed above) in that 

substrates of different shape, charge, and hydrophobicity can adopt a variety of 

binding modes within the substrate-binding cavity due to local residue side-chain 

repositioning to bring the NBDs together for nucleotide binding. This model was 

initially dubbed the ‘induced fit mechanism’ (Loo et al., 2003) and was also supported 

by nine structures of P-gp in which the opening and closing of the transporter results 

in continuous changes to the surface topology of the drug-binding pocket between 

the TMDs (Esser et al., 2017) thereby creating a space capable of accepting a huge 

variety of substrates. This is an extension of early work that suggested P-gp contains 

multiple distinct binding pocket (Martin et al, 2000a; Martin et al., 2000b; McCormick 

et al., 2015; Scala et al, 1997). 

Multiple nanodisc-reconstituted structures of ABCG2 from the Locher Group 

have revealed how this transporter accommodates its substrates and 

inhibitors (Jackson et al, 2018; Manolaridis et al., 2018; Orlando & Liao, 2020; Taylor 

et al., 2017). The substrate binding pocket of ABCG2 forms a narrow slit-like 
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cavity lined by TM2 and TM5 from the two TMDs that is suitable for 

accommodating flat, polycyclic, hydrophobic compounds. The cavity is divided into 

two regions by a ‘leucine plug’ created from L554 and L554’ of opposing monomers, 

with the two regions bearing differences in relative 

hydrophobicity. This hydrophobicity difference drives substrate expulsion in a 

peristatic-like mechanism with NBD closure and ATP binding & hydrolysis resetting 

the cycle. 

 The polyspecificity of ABCG2 has been assessed by comparing structure and 

inhibitor bound structures of the transporter. In the substrate-bound structure, one 

copy of estone-3-sulphate occupies the binding cavity in one binding mode. 

Conversely, in the inhibitor-bound structure, two copies of the inhibitor MZ29 are 

found almost completely filling the space. By comparing the two structures, it is clear 

that the inhibitor makes many more contacts with the TMD residues than does the 

substrate. In another inhibitor-bound structure, a single copy of a different and much 

larger inhibitor, MB136, also fills the cavity entirely making similar contacts to 

MZ29. Similar to that reported above for P-gp, together these results indicate 

that substrate size and binding affinity are the deciding factors in which compounds 

are substrates and which are inhibitors i.e., inhibitors are typically large than 

substrates and have a greater affinity for the cavity than do substrates. This allows 

them to behave as a wedge, preventing the opening of the ‘leucine plug’ thereby 

eliminating any movement from cavity 1 to 2, locking the transporter in an inward-

facing conformation, and ultimately arresting the transporter. This may help to explain 

how, despite its substrate binding cavity appearing to accept flat polycyclic 

compounds, ABCG2 can transport many more structurally dissimilar substrates, 

including tyrosine kinase inhibitors and steroid conjugates (Mo & Zhang, 2012; Wu et 

al, 2019).  
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1.5.3 NBD Asymmetry 

In many heterodimeric ABC exporters, there is asymmetry between the two halves of 

the transporter (Dietrich et al., 2009; Hohl et al., 2014; Procko et al, 2006; Procko et 

al, 2009). This is most apparent at the NBDs where the sequence of the Walker B 

glutamate, the switch histidine, and signature motifs of one NBD deviates from the 

consensus sequence resulting in a degenerate NBS incapable of binding or 

hydrolysing nucleotide. Thus, consensus and degenerate NBSs are not functionally 

equivalent. Although ATP is almost exclusively hydrolysed at the consensus site 

(Procko et al., 2009), more recent findings have clearly demonstrated a functional 

role for NBS degeneracy (Stockner et al, 2020). For example, degeneracy in the 

signature motif of ABC transporters may weaken nucleotide binding thereby reducing 

ATPase activity; indeed, this has been speculated on with respect to the LSPGE 

signature motif of ABCD4 (Xu et al., 2019). Despite the nature of NBD degeneracy 

being unclear, its conservation among different families of ABC transporters clearly 

highlights its physiological importance.  

The apo and AMP-PNP-bound crystal structures of TM287/288 revealed that even in 

the absence of nucleotide, the NBDs remain in physical contact (Hohl et al., 2014) a 

finding that was confirmed by DEER spectroscopy measurements (Timachi et al., 

2017). Importantly, it was suggested that the D-loop of NBD2 allosterically couple the 

degenerate and consensus NBSs thereby allowing crosstalk between the 

NBDs, though the exact role for this coupling is has not been established. These 

studies also suggest that ATP is likely to remain unhydrolysed at the degenerate site 

which agrees with the constant-contact model (Jones & George, 2009) and the 

finding that in CFTR, ATP remains bound to the degenerate site for ~50x longer than 

the gating cycle of the transporter (Aleksandrov et al, 2002; Tsai et al, 2010) and that 

ATP binding to the degenerate site is essential for chloride conductance.  
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NBD non-equivalence has also been reported for the TAP transporter (Procko et al., 

2006) as well as its homolog from Thermus thermophilus, TmrAB (Zutz et al, 2011) 

but has also been shown for the homodimeric transporter, MsbA, contributing to the 

conflicting body of evidence for the role of asymmetry in this transporter (Mittal et al, 

2012). Whilst a wide body of research exists detailing the observation of NBD 

asymmetries, the structural basis of its functionality remains to be established before 

it can be worked convincingly into new mechanistic models.  

1.5.4 The Outward-only Model 

In a major deviation from the alternate access model, the outward-only model was 

proposed to describe mechanism of the homodimeric bacterial transporter, PglK, in 

flipping lipid-linked oligosaccharides (LLOs) across the membrane (Perez et al., 

2015; Perez et al., 2017; Perez et al., 2019). In these studies, five structures 

of PglK were solved: two apo-inward states, one ADP-bound outward-occluded 

state, one ADP-bound inward state with an inhibitory nanobody, and a semi-occluded 

ATP-γ-S-bound state. Initially, the outward-only model was proposed based on the 

first three of these structures.   

Given that the NBDs in the apo-inward facing states are extremely widely separated 

and the millimolar concentrations of ATP in the cell, it was proposed that these two 

states are irrelevant in the transport cycle. Rather, the LLO polyprenyl tail interacts 

with the surface of PglK as well as the external helix domain. ATP replaces ADP and 

the pyrophosphate moiety interacts with the arginine residues on the outward-facing 

cavity of the ATP-bound state. The remainder of the oligosaccharide then follows the 

pyrophosphate moiety. ATP hydrolysis drives closure of the TMDs, pushing the 

substrate into the extracellular space, with the transporter then adopting an the 

outward-occluded conformation bound to ADP. The energy gained from ATP 

hydrolysis is used to break the interaction between the pyrophosphate moiety and the 

arginine residues (Perez et al., 2015). Further developments in understanding Pglk 
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were made with the ADP-bound inward state bound by an inhibitory nanobody (Perez 

et al., 2017).  Here, nanobody binding to one NBS inhibited hydrolysis at the second 

NBS, showing how NBD coupling is important in the transport cycle of PglK. In later 

studies, the outward-only model was shown to be energetically feasible (Perez et al., 

2019), and the semi-occluded ATP-γ-S-bound state and MD simulations revealed 

how the transporter may employ a ‘substrate hunting’ mechanism to load LLO 

substrates into the  outward-facing cavity. It has been proposed that given the low 

concentration of LLO in the membrane compared to phospholipids, that 'substrate 

hunting’ may be used to increase the concentration of LLO around the transporters 

outward/membrane-facing cavity, and in turn, facilitate the movement of the sugar 

group into the transporter’s translocation pathway. Therefore, the processive 

‘outward-only’ mechanism of PglK may be the most energetically feasible method to 

transport such sparse, large, and complex substrates across the bilayer. This 

mechanism may be applicable to other flippases.  
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1.6 An Overview of Family D ABC Transporters 

1.6.1 Peroxisomes 

Peroxisomes are ubiquitous subcellular single membrane bound organelles present 

in almost all eukaryotic cells. Whilst originally named for their role in the production of 

hydrogen peroxide, peroxisomes also carry out several other biochemical processes 

some of which are organism specific and some of which are universal (Islinger et al, 

2018; Kao et al, 2018; Wanders, 2014). The latter is best exemplified by the highly 

conserved process of β-oxidation in which fatty acyl-CoA esters are broken down two 

carbons at a time to yield acetyl-CoA.  

In mammals, beta oxidation occurs in both the mitochondria and the peroxisome, 

whereas in plants and yeast, it occurs solely in the peroxisome. In mammalian beta 

oxidation, MCFAs and LCFAs enter the mitochondria via interaction with CAT1 and 

CAT2 on the mitochondrial membranes and following transport are broken down to 

acetyl-CoA that - among various other biological roles - primarily enters the citric acid 

cycle. Alternatively, VLCFAs (>22 carbon chain length) are broken down in the 

peroxisome. These are transported across the peroxisomal membranes by ABC 

transporters ABCD1-3 (Okamoto et al., 2018) in the form of acyl-CoA esters, which 

are cleaved during the transport process to into FFA and CoA. It is this thioesterase 

activity that inspired the work presented in this thesis and is discussed in more detail 

in section 1.7.2. The acetyl-CoA generate in mammalian peroxisomal beta oxidation 

is moved back into the mitochondria via the carnitine shuttle for further beta oxidation.  

Unlike mammals, beta oxidation in plants and yeast occurs solely in the peroxisomes 

(Fig. 1-7). For example, in A. thaliana, acyl-CoA substrates are transported into the 

peroxisome via the family D ABC transporter COMATOSE (CTS). CTS cleaves the 

acyl-CoA during the transport cycle as the molecule is moved across the peroxisomal 

membrane. The acyl-CoA synthetases LACS6 and LACS7 then re-esterify the FFA 

and CoA back to acyl-CoA where it is then subject to beta-oxidation. The acetyl-CoA 
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generated here is used in the glyoxylate cycle by conversion to malate via malate 

synthase, and further conversion into gluconeogenic precursors. In this way, the 

glyoxylate cycle allows plants and yeast to create sugars from fatty acid thereby 

allowing them to grow on two-carbon compounds such as acetate (Kunze et al., 

2006).  
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Figure 1-7. A schematic of beta-oxidation in mammals, plants, and yeast. In mammals (A) this process occurs in the mitochondria and 

peroxisomes. In plants and yeast (B) this process occurs exclusively in the peroxisome where acyl-CoAs are broken down two carbons at a time 

yielding hydrogen peroxide, NADH, and Acetyl-CoA which then enters the glyoxylate cycle. The transport of substrates into the peroxisome is 

mediated by Family D ABC transporters. Hydrogen peroxide is removed by the action of catalase (CAT, orange), acetyl-CoA is generated from 

3-ketoacyl-CoA by the action of 3-ketoayl-CoA thiolase (KAT, blue), and acetyl-CoA is converted to malate by malate synthase (MLS, purple) for 

entry into the glyoxylate cycle (black circle). Adapted from Baker et al (2006). 
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In addition to straight-chained saturated and unsaturated fatty acids, many different 

substrates can be processed through peroxisomal β-oxidation (Baker et al., 2006; 

Poirier et al, 2006) including jasmonic acid (JA) in plants (Theodoulou et al, 2005) 

and certain prostaglandins and leukotrienes in mammals (Wanders & Waterham, 

2006). For these substrates to get into the peroxisome, specific transporters are 

required. Insertion of these so-called peroxisomal membrane proteins (PMPs) into 

the peroxisomal membrane is mediated by the PEX proteins, PEX3, PEX16 (SEE1 in 

A. thaliana), and PEX19 (Cross et al, 2016). All three PEX proteins are essential in 

mammals and plants whereas PEX16 is absent in yeast (Mayerhofer, 2016). PEX19 

resides in the cytosol where it binds to a broad range of PMPs via their peroxisomal 

targeting signal (PTS) which can be N- or C-terminally located (Girzalsky et al, 2010). 

This PEX19-PMP complex then docks with PEX3 on the peroxisomal membrane 

(Fang et al, 2004), an interaction which requires farnesylation of PEX19 at its C-

terminal CKQQ motif (Emmanouilidis et al, 2017; Gotte et al, 1998). This trimeric 

complex of PEX19-PMP-PEX3 then allows for direct insertion of the PMP into the 

peroxisomal membrane in a thermodynamically favourable, ATP-independent 

manner (Cross et al., 2016). In plants and mammals PEX16 appears to function as a 

receptor that accepts the PEX19-PMP-PEX3 complex  (Hua et al, 2015; Kim & 

Mullen, 2013).  

This is the process by which the substrates involved in beta oxidation cross the 

peroxisomal membrane. As briefly mentioned, above a significant body of work has 

determined that it is the family D ABC transporters that are responsible for moving 

substrates across the peroxisomal membrane for beta oxidation (Baker et al., 2015; 

De Marcos Lousa et al., 2013; Le et al, 2021; Nyathi et al., 2010; Nyathi et al, 2012; 

van Roermund et al, 2012; van Roermund et al, 2021). Why such specialised 

transport systems exist in peroxisomal membranes but not plasma membranes is 

discussed in section 1.7.2. It is these family D transporters, with a specific focus on 
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the A. thaliana transporter COMATOSE (section 1.7), that will be the focus of the 

remainder of this thesis.  

1.6.2 ABCDs in Yeast 

In yeast there are two peroxisomal ‘half’ ABCD transporters (with TMD-NBD 

topology), Pxa1p and Pxa2p both of which function to transport fatty acyl-CoAs into 

the peroxisome. This was established by Hettema et al (1996) who noted that deletion 

of Pxa1p or Pxa2p in yeast did not affect growth on media containing glucose, 

acetate, or glycerol, or the fatty acids laurate or myristate, whereas growth on oleate 

(C18:1) or palmitate (C16:0) was reduced (a similar finding was noted for Pxa1 by 

(Shani et al, 1995)). Intriguingly, in yeast cells expressing Pxa1p/Pxa2p where the 

acyl-CoA synthetase, Faa2p – which is responsible for activating MCFA in the 

peroxisomal lumen – is knocked out, β-oxidation continues at a normal rate, implying 

that the fatty acyl-CoA esters necessary for β-oxidation can be imported though a 

different route. When both Pxa1p or Pxa2p and Faa2p are knocked out, growth on 

MCFA and LCFA was abolished, and β-oxidation was severely reduced, implying that 

there are two different import routes and that MCFA require peroxisomal activation.  

It has been shown that the active transporter is a heterodimer composed from one 

Pxa1p subunit and one Pxa2p subunit (Shani & Valle, 1996; van Roermund et al., 

2012). This interaction was later shown to be mediated through the C-terminal region 

of Pxa2p but not Pxa1p and was impaired through mutations in this region that 

correspond to equivalent mutations in human ABCD1 (Chuang et al, 2014). 

This finding is in line with earlier work highlighting that ABCD1 homodimerisation – 

and its heterodimerisation with ABCD2 and ABCD3 – is mediated by the last 87 C-

terminal residue of the former (Hillebrand et al, 2007; Liu et al, 1999).  

The active transporter prefers transporting long chain fatty acyl-CoA esters, e.g., 

C18:1 (Hettema et al., 1996; Shani & Valle, 1996; Verleur et al, 1997), with short and 

medium chain fatty acids entering the yeast peroxisome through a different route 



 35 

before their esterification to acyl-CoA by Faa2p (above). Moreover, 18O labelling of 

beta oxidation intermediates indicated that the Pxa1p/Pxa2p 

complex hydrolyses its acyl-CoA substrates prior to transport into peroxisomes, 

with subsequence re-esterification through at least functional interaction with acyl-

CoA synthetases Faa2p and/or Fat1p (van Roermund et al., 2012). This is in line with 

a mechanism that first was proposed (Fulda et al, 2004) and demonstrated 

experimental in plants (De Marcos Lousa et al., 2013) and subsequently 

demonstrated in the human transporters ABCD1-4 (Kawaguchi et al., 2021; Okamoto 

et al., 2018). Indeed, the A. thaliana peroxisomal ABC transporter COMATOSE has 

been shown to physically interact with the acyl-CoA synthetases LACS6/7. The 

consequence of this intriguing cleavage mechanism is discussed further in sections 

1.7.1 and 1.7.2.  

1.6.3 ABCDs in Humans  

Humans encode four family D ABC transporters: HsABCD1 (or 

adrenoleukodystrophy protein, ALDP), HsABCD2 (or adrenoleukodystrophy-related 

protein, ALDPR), and HsABCD3 (or PMP70) all of which are localised to peroxisomes 

(Kawaguchi & Morita, 2016) and ABCD4, a cobalamin transporter which is localised 

to lysosomes (Coelho et al, 2012). All three peroxisomal transporters are ‘half 

transporters’ with TMD-NBD topology, that after dimerisation function to transport a 

distinct but overlapping set of different acyl-CoA esters into the peroxisome 

(Kawaguchi & Morita, 2016). Studies in yeast show a partial rescue of β-oxidation in 

the yeast knock out pxa1p/pxa2pΔ when transformed with HsABCD1, HsABCD2, or 

HsABCD3, where D1 preferentially transports C24:0 and C26:0 CoA esters, D2 

preferentially transports C22:0, C22:6, and C24:6 CoA esters (all VLCFAs), and D3 

preferentially transports long-chain unsaturated-, long branched chain-, and long-

chain dicarboxylic CoA esters (Van Roermund et al, 2014; Van Roermund et al, 

2011).  
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Interestingly, unlike yeast ABCD transporters that appear only to function as 

heterodimers, results are conflicted regarding the nature of HsABCD1/D2/D3 

oligomerisation. Yeast two-hybrid experiments showed the formation of homo- and 

heterodimers between ABCD1, ABCD2, and ABCD3, (Liu et al., 1999) 

specifically through their C-terminal halves. Fluorescence resonance energy transfer 

(FRET) experiments partially corroborated these findings, indicating that ABCD1 and 

ABCD3 can indeed form heterodimers, but that ABCD1 homodimers predominate 

(Hillebrand et al., 2007). Moreover, active homo- and heterodimers of ABCD1 and 

ABCD2 have also been reported (Geillon et al, 2014). On the other hand, whilst 

Tanaka et al (2002) report that ABCD1 and ABCD3 stably interact on rat liver 

peroxisomal membranes, Guimarães et al (2004) report that in mouse livers, the 

same proteins adopt a predominantly homodimeric form.  Moreover, the formation of 

ABCD1/D2 tetramers has also been observed by Geillon et al (2017) begging the 

question of which form – dimer or tetramer – predominates in vivo. In this study, 

anionic calixarene-based detergent C4C8 was used to solubilise mixtures of ABCD1 

and ABCD2-eGFP into their constituent monomers and dimers, followed by Co-IP to 

assess interaction of the solubilised half-transporters. They found that a homo-

tetrameric interaction was favoured over hetero-tetrameric interaction but could 

not provide any explanation for the functional significance of this oligomerisation. 

Whether tetramerisation has a role in substrate specificity is still unclear.  

Intriguingly, in addition to the tetramers, native-PAGE results also reveal the 

presence of ABCD1/D2 assembles of ~720 kDa. Similar results were previously 

reported for the Arabidopsis thaliana peroxisomal ABCD transporter, CTS (De 

Marcos Lousa et al., 2013). After solubilisation of A. thaliana membranes with β-DDM 

followed by blue native-PAGE in the first dimension, then SDS-PAGE in the second 

dimension, CTS was found in a complex of ~700 kDa. Thus, a deeper understanding 

of oligomerisation of family D transporters may contribute to a better understanding 

of the transport cycle and/or substrate specific. If oligomerisation is a necessity, then 
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one may speculate that mutations that abrogate oligomerisation may contribute 

to the pathophysiology of X-ALD (discussed in section 1.8), paving the way for 

development of novel treatment strategies.  

To date, structural studies on peroxisomal family D ABC transporters are limited to 

that of ABCD1, with several structures reported in conventional publications (Chen et 

al, 2022; Le et al., 2021; Wang et al., 2021) and two in the BioRxiv (Jia et al, 2021; 

Xiong et al, 2021). Whilst these structure are certainly informative, with some being 

ATP-bound and some bound to substrate, no insights to transporter oligomerisation 

were reported, though several mechanistic models were presented. It is important to 

note that despite several reports of ABC transporter oligomerisation, may such 

studies investigate oligomer formation using protein that, because of solubilisation in 

detergent, is not in its native membrane environment. Thus, native interactions that 

lead to oligomerisation may be disrupted, and as a result, the nuances associated 

with oligomer formation may be overlooked. Given the importance of the lipid bilayer 

composition in the function of membrane proteins, ABC transporter oligomer 

formation would be best studied in vivo or by extracting the transporters from their 

native membranes and retaining native lipids, perhaps using reagents such as SMA 

co-polymer or Ultrasolute™ amphipols.  

ABCD4, unlike other HsABCD transporters, does not possess an N-terminal H0 

motif. This motif has been shown to interact with PEX19 (section 1.6.1), thereby 

facilitating ABC1-3 insertion into the peroxisomal membrane (Lee et al, 2014). The 

absence of the H0 motif in ABC4 means that this transporter is instead localised to 

the membrane of lysosomes. Recently, the structure of HsABCD4 was solved using 

cryo-EM (Xu et al., 2019). The 3.6 Å structure was obtained in the ATP-bound 

outward-facing state displaying a domain-swapped architecture typical of ABC 

exporters. However, unlike ABC exporters that behave in a cis-acting 

manner, i.e., that allow both substrate and ATP access to the transporter from the 
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cytosolic side, HsABCD4 appears to work a trans-acting manner, effluxing substrate 

from the lysosome lumen into the cytosol (Coelho et al., 2012).  

This is supported by work from Kitai et al (2021) who showed that ABCD4 is able to 

transport cobalamin from the inside to the outside of liposomes in an ATP-dependent 

manner; thus, ABCD4 is an unusual example of a eukaryotic transporter behaving as 

an importer. Further still, HsABCD4 possesses a signature motif distinct from the 

canonical LSGGQ, instead having LSPGE, though the necessity of this deviation is 

unclear. Like Pxa1/Pxa2 and first reported in the A. thaliana transporter CTS 

(discussed later in section 1.7), ABCD1-4 have been shown to cleave their substrates 

during the transport cycle, drawing more parallels between the family D transporters. 

However, Xu et al. (2019) do not make reference to this in their paper and provide no 

explanation for the origin of this activity in a structural framework.  Further discussion 

of this activity is made in section 1.7.2. 

1.6.4 ABCDs in Trypanosomes  

ABCDs are also found in many Protists, such as in the hydrogenosome of 

Trichomonas Vaginalis (Kay et al, 2012), in Leishmania (Sauvage et al, 2009), 

and in Trypanosomes. As the latter’s ABCDs are best characterised from 

Protists, the rest of this section will focus on Trypanosomes. 

Trypanosomes – unicellular protozoan parasites transmitted to humans by the 

Tsetse fly – contain unique organelles known as glycosomes, that have been shown 

to belong to the same organelle family as peroxisomes (Moyersoen et al, 2004), 

containing the enzymes necessary for β-oxidation, and other peroxisome-associated 

metabolic process. However, they also characteristically contain the enzymes of 

the glycolytic and gluconeogenic pathways (Acosta et al, 2019). In Trypanosoma 

brucei three ABCD family transporters have been identified, GAT1, GAT2, and GAT3 

(Yernaux et al, 2006) all of which are ‘half-transporters’. Studies on these transporters 

are rare, however work by Igoillo-Esteve et al (2011) has been paramount in their 
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initial characterisation. Knockdown of GAT1 expression but not GAT3 in procyclic T. 

brucei – i.e., the form that resides in the host fly’s midgut containing high 

concentrations of lipids – is lethal to parasites growing on glucose-free medium 

thereby indicating a role for GAT1 in lipid metabolism (Igoillo-Esteve et al., 2011).  

The same study showed that glycosomes purified from procyclic T. brucei cells 

incorporated radiolabelled oleoyl-CoA in a concentration- and ATP-dependent 

manner, compared to GAT1 knockdowns in which oleoyl-CoA incorporation was 

significantly reduced. Together these findings indicated that oleoyl-CoA, and perhaps 

other fatty acyl-CoAs are substrates of GAT1. To date, the function of GAT2 and 

GAT3 is unknown. Given the essential nature of least GAT1 to 

trypanosomes, a deeper understanding of how these transporters works is of high 

importance due to their apparent similarity to other family D transporters.  

1.6.5 ABCDs in Plants 

Arabidopsis thaliana encodes just one peroxisomal ABCD transporter, known as 

AtABCD1 or COMATOSE (CTS), which will be the focus of the rest of this thesis. This 

transporter possesses many of the ABC transporter nuances discussed earlier, 

including a unique fused-heterodimer topology, strong substrate promiscuity, non-

equivalent NBDs/asymmetry, and the ability to cleave its acyl-CoA substrate during 

the transport cycle (De Marcos Lousa et al., 2013; Dietrich et al., 2009; Footitt et al, 

2007).   



 40 

1.7 COMATOSE 

1.7.1 The Biochemical Background of COMATOSE 

CTS (AtABCD1) is the only plant peroxisomal ABC transporter and shares 34% 

sequence identity with its human homolog, HsABCD1 (ALDP). It was initially 

discovered independently by four different groups (Footitt et al., 2002; Hayashi et al, 

2002; Hooks et al, 2007; Zolman et al, 2001) hence its multiple names (CTS, PED3, 

ACN2, and PXA1). CTS is encoded as a ‘full transporter’ that folds from a single 

polypeptide chain – with the arrangement TMD-NBD-TMD-NBD – into a fused 

heterodimer, where genetic evidence suggests it functions to transport a range of 

different substrates into the peroxisome for β-oxidation (Footitt et al., 2002). In plants, 

CTS is involved in several physiological processes including germination, seedling 

establishment, root growth, and fertility (Footitt et al., 2007; Footitt et al., 2002; Linka 

et al, 2008; Pinfield-Wells et al, 2005).  

Initially, the cts locus in A. thaliana was identified as a positive regulator of 

germination; mutations of this locus  prevented the transition from embryo 

development to germination, and epistatic genetic interactions were 

observed between cts and loci known to regulate embryo maturation (Russell et al, 

2000). The inability of cts mutant seedlings to establish unless provided with an 

exogenous energy source indicated their inability to metabolise stored lipids (Zolman 

et al., 2001). This was supported by further work in which cts mutants were found to 

accumulate acyl-CoAs, specifically those of chain length C20:1 and C22:1 (Footitt et 

al., 2002). This, and confirmation that β-oxidation in cts mutants is not impaired 

indicated that failure to metabolise lipids was due to defects in the transport of 

substrates into the peroxisome (Footitt et al., 2002). Further to this, resistance 

of these mutants – as well as pxa1 and ped3 mutants – to the root-stunting 

auxins (2,4-dichlorophenoxyacetic acid (2,4-D) and Indole-3-butyric acid (IBA), both 

of which are converted to their bioactive forms (4-(2,4-dichlorophenoxy)butyric acid 



 41 

(2,4-DB) and Indole-3-acetic acid (IAA) respectively) via β-oxidation inside the 

peroxisome, supports the notion that CTS transports substrates into the 

peroxisome for beta-oxidiation (Footitt et al., 2002; Hayashi et al., 2002; Zolman et 

al., 2001). Later work demonstrated that in cts mutants the levels 

of jasmonic acid (JA) are significantly reduced (Theodoulou et al., 2005). 

Jasmonic acid is part of a class of compound known as jasmonates play a key role in 

plant defence, metabolism, and development. The synthesis of JA begins in the 

chloroplast where linolenic acid is converted into an intermediate OPDA. Exported 

ODPA is then converted into JA inside the peroxisome.  

Evidence suggests that CTS contributes to the biosynthesis of JA by non-

exclusively mediating the uptake of cis-(+)-12-oxo-phytodienoic acid (OPDA), or 

OPDA acyl-CoA, into the peroxisome (Theodoulou et al., 2005). Interestingly, while 

previous reports suggested that the ‘forever dormant’ phenotype of cts mutants was 

the result of defective lipid mobilisation (Russell et al., 2000), more recent 

work supported the idea that this phenotype results from increased levels of OPDA – 

i.e., accumulated OPDA that is not transported by CTS and synergises with abscisic 

acid which is a negative regulator of germination (Dave et al, 2011). Together these 

data strongly suggest a role for CTS in transporting a wide-range of structurally 

dissimilar substrates into the peroxisome for β-oxidation (Fig. 1-8).  
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Figure 1-8. The chemical structure of CTS substrates shown as free acids. The true 

form of these substrates is likely as CoA esters.  

From a series of CTS mutants multiple transporter insights been delineated. For 

example, the NBDs of CTS are functionally distinct. Mutations in the Walker A 

(K487A) and Walker B (D606N) motifs of NBD1 prevent A. thaliana seeds from 

germinating, whereas the equivalent mutations in NBD2 (Walker A K1136A, and 

Walker B D1276N) do not (Dietrich et al., 2009). Moreover, mutations in the EAA motif 

(also known as the coupling helix linking the TMDs to the NBDs) of TMD1 (E300D; 

contacting NBD2) resulted in a phenotype similar to wild type, whereas mutations in 

the EAA motif of TMD2 (E954D; contacting NBD1) result in an auxin precursor 

resistant phenotype (Dietrich et al., 2009). This is in line with reports that ABC 

transporters sometimes possess two non-equivalent NBDs, the dimerisation of which 
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results in one consensus NBS and one degenerate NBS (section 1.5.3) where the 

latter is capable of binding but not hydrolysing nucleotide. For example, the NBS in 

NBD2 of CTS has been shown not to be crucial in planta, and thus does not appear 

to have any positive function (Dietrich et al., 2009).  However, it may be speculated 

that the reason CTS possesses this non-functional NBS is due to its interaction with 

acyl-CoA synthetases; by having only one functional NBS, the rate of nucleotide 

hydrolysis may be reduced, thereby slowing down the transporter so that the correct 

acyl-CoA synthease can be recruited to accept the newly cleaved acyl-CoA. 

Alternatively, given the complexity of some molecules accepted by CTS, it may be 

that multiple transport cycles are required to move a single molecule of substrate. 

Perhaps, the non-functional NBS still binds nucleotide but does not hydrolyse it and 

effectively prevents two NBDs from ever fully separating. When substrate binds, 

multiple hydrolysis reactions occur at the functional NBS, driving conformational 

change through the TMDs to processively or peristaltically push substrate through the 

translocation pathway. By preventing the transporter from opening, the non-functional 

NBS ensures that the transporter does not adopt an inward facing conformation 

before substrate has been completely transported.  

Whilst capable of germination, A. thaliana seedlings bearing the CTS mutation 

S810N – which is located in helix 2 of TMD2 – cannot establish (Hayashi et al., 2002). 

The same mutation in CTS expressed in yeast (CTSS810N) results in a marked 

reduction of oleate breakdown and cannot rescue β-oxidation of oleate 

in a pxa1p/pxa2pΔ mutant (De Marcos Lousa et al., 2013). Interestingly, when 

expressed in Sf9 insect cell membrane, CTSS810N retains ATPase activity but shows a 

significant reduction in intrinsic thioesterase activity (Carrier et al, 2019; De Marcos 

Lousa et al., 2013). This activity, which is introduced below and discussed in section 

1.7.2, has been shown to be necessary for β-oxidation (Carrier et al., 2019), and thus 

clearly plays and important yet poorly understood role in the function of CTS during 

seedling establishment.  
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Whilst the A. thaliana pxa1/ped3/cts mutant series has inferred that the transporter 

can accept structurally dissimilar substrates, strong biochemical evidence has now 

established that the CTS primarily accepts its substrates in the form of acyl-CoAs 

(Carrier et al., 2019; Nyathi et al., 2010). Despite this now appearing conclusive, it 

was not always the case. Conflicting data regarding the nature of the lipids 

transported by CTS was published, with some reports suggesting that the true 

substrates were FFAs (Fulda et al., 2004; Linka et al., 2008) and other reporting acyl-

CoAs (Footitt et al., 2002; Nyathi et al., 2010; Verleur et al., 1997). Initial studies 

showed cts mutants being defective in lipid mobilisation (Footitt et al., 2002) as 

demonstrated by their accumulation of acyl-CoAs, specifically those of chain length 

C20:1, C20:0, and C22:1.  

Moreover, it was shown that CTS can complement a pxa1/pxa2 mutant in yeast, 

restoring the ability of the mutant to grow on oleate and to metabolise a range of fatty 

acids (Nyathi et al., 2010). Crucially, the ATPase activity of CTS could only be 

stimulated by acyl-CoA substrate, and not by FFAs (Nyathi et al., 2010) indicating 

that the former are the true substrates. This together with the fact that yeast 

pxa1/pxa2 has been shown to transport acyl-CoAs and not FFAs (Verleur et al., 1997) 

and the trypanosome transporter GAT1 has been shown to transport acyl-CoAs 

(Igoillo-Esteve et al., 2011) implies a similar function for CTS, supporting acyl-

CoAs as the true substrates.   

However, for β-oxidation to occur in A. thaliana, long-chain the acyl-CoA synthetases 

LACS6 and LACS7 must be present. These enzymes are responsible for esterifying 

transported FFAs to CoA inside the peroxisome, resulting in the prerequisite acyl-

CoAs that enter β-oxidation. Fulda et al. (2004) showed that in A. 

thaliana lacs6/7 mutants present with a similar phenotype to cts mutants in that they 

are defective in lipid mobilisation, seedling establishment, and root growth. These 

mutants cannot break down fatty acids because the enzyme required for FFA 

activation to acyl-CoA is not present. Additionally, A. thaliana expresses two 
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peroxisomal adenine nucleotide carrier, PNC1 and PNC2, which are solely 

responsible for supplying peroxisomes with ATP (in exchange for ADP or AMP). 

When knocking down the expression PNC1/2 in A. thaliana, there is a concomitant 

increase in the accumulation of fatty acids, likely due to the inability of ATP-dependent 

LACS6/7 acyl-CoA synthetases to esterify the FFA to acyl-CoA so that they can enter 

β-oxidation (Linka et al., 2008). Together these finding support FFAs being the true 

substrates of CTS. To reconcile these apparently contradictory findings, a hypothesis 

was put forward (De Marcos Lousa et al., 2013) which has more recently been 

corroborated by two studies on the human homologs of CTS (Kawaguchi et al., 2021; 

Okamoto et al., 2018). 

1.7.2 The Thioesterase Activity of COMATOSE 

To reconcile the apparently contradictory evidence regarding transporter of FFA vs. 

acyl-CoAs a hypothesis was put forward that states the following: acyl-CoAs are the 

substrates of CTS, and these substrates are cleaved to FFA and CoA during the 

transport cycle. In this model, FFAs are esterified to acyl-CoA outside of peroxisome 

and are subsequently transported into the peroxisome by CTS (Fig. 1-9). Substrate 

enters the transporter between the TMDs, followed by nucleotide binding and 

dimerization of the NBDs. ATP hydrolysis likely provides the power stroke for 

transport of substrate across the membrane with concomitant substrate cleavage. 

FFA is released into the peroxisomal lumen where is re-esterified back to acyl-CoA 

by acyl-CoA synthetases LAC6/7 for activation and entry into β-oxidation.  

While this thioesterase hypothesis was originally formulated by Fulda et al. (2004), 

indirect evidence supporting the hypothesis was reported in yeast where VLCFA-

CoAs were apparently hydrolysed by the Pxa1/Pxa2 complex prior to transporter of 

the FFA moiety into the peroxisome, and that Pxa1/Pxa2 functionally interacts with 

the acyl-CoA synthetases Fat1p and Faa2p on the inner surface of the peroxisome, 

presumably to accept the FFA product of cleavage for re-esterification (van 
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Roermund et al., 2012). Direct evidence was provided by De Marcos Lousa et al. 

(2013) who showed that CTS makes a physical interaction with LACS6/7 in A. 

thaliana, but when expressed in Sf9 insect cell membranes in the absence of 

LACS6/7, possesses ATP stimulated thioesterase activity. More 

recently, thioesterase activity has also been reported for HsABCD1 as well as 

HsABCD2, D3, and D4 showing that this activity is present in both symmetrical and 

asymmetrical ABCD transporters (Kawaguchi et al., 2021; Okamoto et al., 2018). This 

acyl-CoA cleavage process has been designated ‘intrinsic thioesterase activity’ (acyl-

coA thioesterase activity (ACOT activity)). A schematic showing the proposed mode 

of acyl-CoA transport by CTS in A. thaliana is shown in figure 1-9.  
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Figure 1-9. A diagram of the proposed model for the transport of acyl-CoAs into 

peroxisomes via CTS. CTS accepts fatty acyl-CoAs on the cytosolic side of the 

peroxisomal membrane and cleaves the substrate during the transporter cycle via an 

unknown mechanism and free fatty acids are released into the peroxisome. Free fatty 

acids are re-esterified back to acyl-CoA by LACS6 and LACS7 before undergoing 

beta-oxidation. After substrate cleavage, studies by van Roermund et al. (2021) in 

yeast have shown that the CoA moiety enters the peroxisomal lumen along with FFA. 

Adapted from De Marcos Lousa et al. (2013). 

Whilst intriguing, the nature of this activity in CTS remains unclear because CTS has 

no homology to any known thioesterase and does not possess any accessory 

domains. There exists two types of acyl-CoA thioesterase, type I and type II. Type I 

belong to the α/β-hydrolase family, whereas the latter belong to the ‘hot-dog’ fold 

family.  Type I thioesterase are not found in plants, yeast, or insect cells, whereas 

type II are ubiquitous, begging the question of whether CTS could have evolved a 
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similar thioesterase catalytic triad as in type II acyl-CoA thioesterases albeit within a 

different fold (Carrier et al., 2019). Using a CTS homology model (Dietrich et al., 2009) 

and searching for similar residues to those making up the catalytic triad of type II 

thioesterases, Carrier et al. (2019) identified three residues that are potentially 

involved in CTS substrate cleavage; D863, Q864, and T867 all of which are located 

on helix 9 (Fig. 1-10). By mutating these residues to alanine and assessing ATPase 

and thioesterase activity, it was demonstrated that thioesterase activity was reduced 

by all mutations and that thioesterase activity is dependent on ATPase activity but not 

vice versa. Crucially, when these CTS mutants were expressed in Pxa1/Pxa2∆ yeast 

cells, the loss of thioesterase activity also resulted in a loss of β-oxidation, indicating 

that substrate cleavage is essential for transport of substrates. However, it should be 

noted that while these residues could play a catalytic role, they may instead be 

involved in the conformational dynamics of the transporter.  

Other residues involved in the transport cycle are those that bind but do not hydroylse 

substrate. Given the complexity and breadth of substrates transported by CTS and 

given that these acyl-CoA substrates are cleaved during transport, it would appear 

likely that there are many different substrate binding sites within the TMDs of CTS. 

Alternatively, TMD rearrangement during the transport cycle may provide plasticity 

that allows the transporter to accommodate a range of substrates (like that discussed 

for MRP1 and P-gp in section 1.5.2), by tuning the topology of the internal cavity. 

Indeed, the internal cavity would have to accommodate not only the fatty acid moiety 

of the substrate, but also the CoA moiety; the amphipathic nature of such compounds 

and therefore their potentially wide range of binding modes, will render the substrate 

recognition process incredibly complex. Finally, the ratio between CTS ATPase and 

thioesterase activity has been reported at around 6:1 (Carrier et al., 2019; De Marcos 

Lousa et al., 2013), similar to that reported for human ABCDs. This may reflect the 

complexity of transporting complex amphipathic substrates, if the transporter behaves 

in a processive manner as speculated on earlier (section 1.7.1).  
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Figure 1-10. The predicted model of CTS generated by AlphaFold2. Residue S810 

(TM8; section 1.7.1), and the putative triad residues D863, Q864, and T867 (TM9) 

highlighted as spheres. The dashed box is an expanded view of TM8-9. Adapted from 

Carrier et al. (2019).  

1.8 X-Linked Adrenoleukodystrophy (X-ALD) 

Defects in peroxisomal function are perhaps best exemplified by X-linked 

adrenoleukodystrophy (X-ALD). This is the most common inherited peroxisomal 

disorder (~1:21,000 males) caused by mutations in HsABCD1 resulting in defective 

β-oxidation and accumulation of VLCFAs (particularly C26:0) throughout the body 

(Wiesinger et al, 2013) most notably in the central nervous system, adrenal cortex, 

and testicular Leydig cells. Interestingly, expression of the disease varies widely, with 

multiple phenotypes being described and no reliable way to predict which form of the 

disease an individual will develop. Two phenotypes predominate: the milder 

adrenomyleoneuropathy (AMN; observed in both males and females) and the more 

severe cerebral ALD (CALD; typically observed in males). Crucially, there appears to 

be no correlation between mutations in the ABCD1 gene and disease severity. This 
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is best exemplified by the identification of 5 different phenotypes in 6 different males 

of the same family having the same destabilising missense mutation, P484R (Berger 

et al, 1994) and that monozygotic twins suffering from X-ALD have been described 

bearing entirely different clinical symptoms (Korenke et al, 1996). In addition, even 

complete loss of ABCD1 due to large deletions or frameshift mutations can result in 

the milder, AMN, form of the disease. 

Despite at least 643 ABCD1 mutations having been identified (Kemp et al, 2001), the 

aetiology of X-ALD, specifically the demyelination of nerve cells, is still unclear. The 

accumulation of VLCFA results in a range of pathologies, the results of which have 

been outlined extensively in other work (Berger et al, 2014; Engelen et al., 2012; 

Kemp et al, 2012). Whilst this list is non-exhaustive, with novel biochemical defects 

still being discovered (Petroni et al, 2019), the obvious categories into which these 

defects can be placed demonstrates how catastrophic the accumulation of VLCFAs 

can be, and helps in understanding the lack of a genotype-phenotype relationship.  

 

Whilst many X-ALD mutations lead to a loss or reduction in the level of ABCD1 that 

is expressed, the pathophysiology of some phenotypes may be explained by the 

thioesterase activity of family D ABC transporters. Whilst HsABCD1 is a homodimer 

and the plant homolog CTS is a fused heterodimer, sequence identity between the 

two proteins is ~36% and both transporters have been shown to possess ATPase-

dependent thioesterase activity (De Marcos Lousa et al., 2013; Okamoto et al., 2018). 

That a loss of thioestase activity from CTS blocks β-oxidation implies that it is an 

essential step in the transport cycle, and therefore, mutations in HsABCD1 that 

abrogate or reduce its thioesterase activity may contribute to the array of biochemical 

defect observed in X-ALD. If true, one could argue that, as hypothesised for CTS (De 

Marcos Lousa et al., 2013), a defect in the thioesterase activity may lead to a failure 

of the peroxisome to recruit the correct acyl-CoA synthetases. This limits the 

peroxisome’s ability to organise its metabolic needs and in turn, this spatial and 
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temporal disorganisation of metabolism may lead to a devastation of overall 

homeostatic cell signalling resulting in the biochemical defects expressed in table 1.5. 

Interestingly, residues in CTS that appear to contribute to the proteins ATPase-

dependent thioesterase activity (D863, Q864, and T867) have been identified at the 

equivalent positions in HsABCD1 in patients suffering from X-ADL (Carrier et al., 

2019) potentially reinforcing the importance of this activity in normal physiological 

function.  
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Table 1.3. Biochemical defects associated with X-ALD divided by pathology type.

Pathology   Observation  Reference  

Oxidative 

Stress  

Excess VLCFAs and/or siRNA knockdown of ABCD1 in murine oligodendrocytes induces oxidative 

stress.  

(Baarine et al, 2012) 

  ABCD1-knckout mice possess proteins modified by oxidative stress because of damage by 

accumulated malonaldehyde in the spinal cord.  

(Fourcade et al, 2008) 

  

  

Membrane 

defects  

Turnover of C26:0 from model phospholipid vesicles is orders of magnitude slower than for shorter 

chain fatty acids and calorimetric studies showed that inclusion of C26:0 in a model membrane 

disrupts the overall membrane stability.  

(Ho et al, 1995) 

 

 
 

  Increased micro-viscosity observed in the membrane of adrenocortical cells exposed to VLCFA 

(C24:0 and C26:0) and in erythrocytes of X-ALD patients.  

(Knazek et al, 1983; 

Whitcomb et al, 1988) 

Energy-

generation 

defects  

Exposure of murine astrocytes to C22:0, C24:0, and C26:0 causes mitochondrial depolarisation and 

impairs the electron transport chain.  

(Kruska et al, 2015) 

  Oxidative damage to glycolysis and TCA cycle enzymes in the spinal cords of ABCD1 knock out 

mice and pyruvate kinase in X-ALD fibroblasts, with concomitant reduction in ATP and NAHD 

concentrations.  

(Galino et al, 2011) 

Cell death 

and stress  

Excess VLCFAs causes death of astrocytes and myelin-producing oligodendrocytes.  (Hein et al, 2008) 
 

  C24:0-lysoPC but not C16:0-lysoPC causes activation of microglial cell and apoptosis in the cortex 

of wild-type mice indicating cytotoxicity is chain-length dependent.  

(Eichler et al, 2008) 
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1.9 Aims and Objectives 

Whilst the ACOT activity of CTS has been confirmed through several biochemical 

studies and corroborated by studies on its human and yeast homologs, there is no 

definitive explanation of exactly how the transporter is capable of substrate cleavage. 

This is primarily because of a lack of structural information pertaining to family D ABC 

transporters, and because previous studies have relied upon heterologous 

expression of CTS for biochemical investigation. Therefore, to address this research 

gap, the overarching aim of this study was to determine the 3D structure of substrate-

bound CTS and/or CTS mutants using cryo-EM, to elucidate the nature of CTS ACOT 

at a molecular level, and to reconstitute active CTS into proteoliposomes to be used 

as a tool for future biochemical studies. In determining the structure of CTS, it would 

be possible to identify the residues involved in substrate binding and/or those that 

have a role in thioesterase activity and gain novel insights into the CTS transport 

cycle. This information could then be used to place previous biochemical findings into 

a structural framework. Similarly, the structural data would be useful in directing new 

biochemical studies that become possible through CTS reconstitution, thereby 

providing a total isolated system to investigate specific questions. The following 

objectives were considered in order to achieve the overall aim and gaining a 

mechanistic understanding of CTS ACOT activity:  

1. To optimise the expression, solubilisation, and purification of CTS and/or CTS 

mutants in pursuit of a sample of sufficient quality and quantity for cryo-EM 

studies. This includes optimisation of large-scale CTS expression, 

determination of optimal solubilisation conditions using detergent and non-

detergent alternatives, and optimisation of buffer composition for affinity and 

SEC purification.  

2. To collect a sufficiently large cryo-EM data set on purified CTS and/or CTS 

mutants that could be used to generate a 3D reconstruction of the transporter. 
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3. To reconstitute CTS and/or CTS mutants into proteoliposomes and measure 

the proteins transport activity. This work will form the basis of future 

biochemical studies on CTS such as transport assays. 

These objectives outline the hypothesis of this study, which is that upon obtaining a 

high-resolution model of substrate-bound CTS it will be possible to precisely identify 

residues involved in substrate binding and cleavage, and that such data will 

complement future biochemical studies such as transport assays to build up a picture 

of the catalytic cycle of the transporter.   
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2 Materials and Method 

2.1 Materials 

2.1.1 Bacterial strains, plasmids, Sf9 cells, growth media 

Three bacterial strains were used in this study: OmniMAX™, BL21 Gold (DE3), and 

DH10Bac™ competent cells. OmniMAX™ and BL21 Gold (DE3) cells were routinely 

cultured in LB media or on LB agar plates supplemented with appropriate antibiotics, 

and DH10Bac™ cells were cultured in LB media containing kanamycin (50 µg/ml), 

tetracycline (10 µg/ml), and gentamycin (7 µg/ml; from here known as DH10 media) 

or LB agar plates supplemented with kanamycin (50 µg/ml), tetracycline (10 µg/ml), 

and gentamycin (7 µg/ml), IPTG (0.16 mM), and X-Gal (100 µg/ml; from here known 

as DH10 agar plates). LB media was prepared by dissolving 10 g tryptone, 10 g NaCl, 

and 5 g yeast extract in a total volume of 1L of MilliQ water and autoclaving. For LB 

agar, 15 g of agar was added per litre of LB media. For large scale expression in 

BL21 Gold (DE3), Terrific Broth (TB) was used. TB was prepared by dissolving 20 g 

tryptone, 24 g yeast extract, 4 ml glycerol, and 100 ml filtered sterilised phosphate 

buffer (170 mM KH2PO4, 720 mM K2HPO4 in a total volume of 1L of MilliQ water and 

autoclaving. The plasmids used in this study are listed in table 2.1. Sf9 insect cells 

were purchased from ThermoFisher Scientific and routinely cultured to no greater 

than 50 passages in either Gibco™ Sf-900 serum-free media (Thermofisher 

Scientific) or Insect-XPRESS™ protein-free insect cell media with L-glutamine 

(Lonza). There was no noticeable reduction in protein quality or yield when using high 

passage cells.  
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Table 2.1. Plasmids used in this study.  

2.2 Chemicals, reagents, and antibiotics 

Most chemicals used in this study were purchased either from Sigma-Aldrich or 

Melford, with the exception of detergents, most of which were purchased from 

Anatrace and lipids which were purchased from Avanti® Polar Lipids. 

2.2.1 Buffers 

Buffers used routinely throughout this study are listed in table 2.2. All buffers were 

filtered sterilised prior to use (0.45 µm or 0.22 µm filters, Merck Millipore).   

Plasmid Resistance Information Source 

pFastBac-

CTS-eGFP-

StrepII 

Carbenicillin 

Wild-type CTS with a C-

terminal eGFP and double 

streptag. 

Dr David 

Carrier 

pFastBac-

CTS_K487A-

eGFP-StrepII 

Carbenicillin 

Lysine to alanine mutation in 

the Walker A motif. This 

mutation reduces the affinity 

of the NBDs for ATP. 

Dr David 

Carrier 

pFastBac-

CTS_DNEQ-

eGFP-StrepII 

Carbenicillin 

Aspartic acid to asparagine 

and glutamic acid to 

glutamine in the Walker B 

motif at positions 606 and 

607, respectively. 

Dr David 

Carrier 

pMSP1D1 Kanamycin 
Membrane scaffold protein 

1D1. 

Sligar Lab 

(USA) 

pMSP1E3D1 Kanamycin 
Membrane scaffold protein 

1E3D1. 

Sligar Lab 

(USA) 
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Buffer Components 

Homogenisation 

buffer 

20 mM Tris, pH 7.4 or 20 mM HEPES, pH 7.5, 0.5 mM MgCl2, 

5 mM EGTA, 1X Proteoloc™ protease inhibitors (Expedeon), 

1 mM AESBF, 1 mM DTT 

Buffer A 
20 mM Tris-HCl, pH 7.4, 200 mM NaCl, 20% Glycerol (v/v), 

1.5 mM MgCl2 

Solubilisation 

Buffer A 

20 mM Tris-HCl, pH 7.4, 200 mM NaCl, 20% Glycerol (v/v), 

1.5 mM NaCl, 1% DDM/0.2% CHS/0.2% asolectin (w/v), 1 mM 

PMSF, 1X Proteoloc™ protease inhibitors (Expedeon) 

Wash Buffer A 

20 mM Tris-HCl, pH 7.4, 200 mM NaCl, 5% Glycerol (v/v), 1.5 

mM NaCl, 0.1% DDM/0.2% CHS/0.2% asolectin - 0.05% 

DDM/0.002% CHS/0.002% asolectin (w/v) 

Buffer B 
20 mM HEPES, pH 7.5, 200 mM NaCl, 20% Glycerol (v/v), 2 

mM MgCl2 

Solubilisation 

Buffer B 

20 mM HEPES pH 7.5, 200 mM NaCl, 20% Glycerol (v/v), 2 

mM MgCl2, 1 mM DTT, 4 mM ATP, 1% LMNG/0.1% CHS 

(w/v), 1X Proteoloc™ protease inhibitors (Expedeon), 1 mM 

AEBSF 

Wash Buffer B 
20 mM HEPES pH 7.5, 150 mM NaCl, 5% glycerol (v/v), 2 mM 

MgCl2, 0.1% - 0.06% digitonin (w/v) 

Proteoliposome 

Buffer 
50 mM Tris-HCl pH 7.5, 10 mM MgCl2 

PBS 
100 mM NaCl, 2.7 mM KCl,10 mM Na2HPO4, 1.8 mM KH2PO4, 

pH 7.4 

PBST PBS + 0.1% Tween 20 

TBST 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20 (v/v) 

Table 2.2. Buffer solutions used routinely in this study. Tris buffer was used if the 

protein was to be purified using DDM. HEPES buffer was used if the protein was to 

be purified using LMNG/digitonin.    
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2.3 Molecular Biology Techniques 

2.3.1 Sequencing of Plasmids 

15 µl of each plasmid (50 ng/µl) was mixed with 2 µl of the appropriate primer (10 µM) 

in Mix2Seq tubes (Eurofins Scientific) and sent to Eurofins Scientific for Sanger 

sequencing. 

2.3.2 Transformation of Plasmid DNA into OmniMAX™ 

Competent Cells 

50 µl of OmniMAX™ competent cells were thawed on ice and combined with 1 µl of 

vector (100-1000 ng/µl) in a pre-chilled 1.5 ml tube. The mixture was incubated on 

ice for 20-30 minutes, then heat-shocked at 42°C for 45-60 seconds. The mixture was 

returned to ice for 2-3 minutes, and the cells recovered by addition of 500-1000 µl LB 

media and incubation at 37°C (1h, 220 revolutions per minute (RPM)). Cells were 

spread on LB agar plates supplemented with the appropriate antibiotic.  

2.3.3 Purification of Plasmid DNA 

Overnight cultures of OmniMAX™ cells were prepared by inoculation of 10 ml of LB 

media (supplemented with appropriate antibiotics) with a single colony from a LB agar 

plate onto which transformed cells has previously been spread. The culture was then 

incubated at 37°C overnight (~16 h, 220 RPM). From here, plasmid purification was 

carried out using a NucleoSpin™ plasmid purification kit (Macherey-Nagel™) 

according to the manufacturer’s instructions.  

2.3.4 DNA Concentration Determination 

Plasmid DNA concentration was measured using DS-11 spectrophotometer 

(Denovix®). The instrument was blanked by applying 1 µl of DNA sample buffer and 

measuring the absorbance at 260 nm. After the blank measurement, the sample 

concentration was measured in the same way and the concentration reported in ng/µl. 
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2.3.5 Generation of Bacmids 

2.3.5.1 DH10Bac Transformation and Blue/White Screening 

50 µl of DH10Bac™ cells  or DH10Bac™ carrying a YFP reporter sequence (provided 

by the Goldman Group from the University of Helsinki; here on referred to as 

‘DH10Bac-Y’) were thawed on ice and combined with 2 µl of pFastBac vector in a 

pre-chilled 1.5 ml tube. The mixture was incubated on ice for 20 minutes, then heat-

shocked at 42°C for 45 seconds. The mixture was returned to ice for 2-3 minutes, and 

the cells recovered by addition of 400 µl LB media and incubation at 37°C (overnight, 

220 RPM). The following day, cells were diluted 1:10, 1:100, and 1:1000 and spread 

onto DH10 agar plates. The plates were incubated at 37°C for 24h. Blue and white 

colonies were picked and streaked onto DH10 agar plates using a P200 pipette tip, 

which was then used to pipette up and down into 2 ml of DH10 media. These cultures 

and plates were incubated at 37°C (overnight, 220 RPM) – any cultures whose 

colonies on the corresponding area of the DH10 agar plates were blue were 

discarded. Any cultures whose colonies on the corresponding area of the DH10 agar 

plates were white were used for bacmid purification (known as positive cultures). 

2.3.6 Bacmid Purification 

Positive cultures from blue/white screening were spun down (2,900 g, 5 minutes, 

10°C), and the pellet resuspended in 300 µl of resuspension buffer (Macherey Nagel 

NucleoSpin kit). The cells were lysed by addition of 300 µl lysis buffer (from the same 

kit), and following a 5-minute incubation, the precipitate was pelleted (13,000 RPM, 

15 minutes, 4C). The supernatant was transferred to a new 1.5 ml tube and spun 

down (13,000 RPM, 5 minutes, ambient temperature). The supernatant was again 

transferred to a clean 1.5 ml tube. 700 µl of 100% isopropanol was added and gently 

mixed with the supernatant by creating waves (not full inversion). After another 

centrifugation step (13,000 RPM, 10 minutes, ambient temperature), the supernatant 

was carefully decanted being careful not to touch the transparent pellet. 200 µl of 70% 
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ethanol was added dropwise onto the tube wall opposite the pellet. The tube was 

spun again (13,000 RPM, 5 minutes, ambient temperature), the ethanol removed, 

and 50 µl of fresh 70% ethanol added.  

2.3.7 Transfection of Bacmids into Sf9 Cells 

From each round of blue/white screening, two positive clones were carried forward 

for transfection. In a total volume of 3 ml, 1x106 Sf9 cells growing in the log phase 

were seeded into the wells of a six-well tissue culture plate in the format below. 

 

 

 

The cells were allowed to adhere for at least 1h prior to addition of bacmid DNA. 30 

µl of sterile MilliQ water was added to each purified bacmid and the tube gentle tapped 

20 times on the hood surface. For each transfection 10 µl of transfection reagent (X-

TremeGene HP DNA, Roche) was added to 100 µl of Sf9 media (the transfection 

solution). 20 µl of resuspended bacmid was diluted into 200 µl of Sf9 media (the 

bacmid mix). Then 100 µl of the transfection solution was added to the bacmid mix 

and incubated for 30 minutes at RT (transfection solution). 150 µl of the transfection 

solution was then added to each of two wells per clone (i.e., wells Clone 1’ and 

Clone’’). The plate was then incubated at 27°C for 3 days at which point the media 

was collected (containing the low titre virus, V0) and stored in black Falcon tubes. 

Fresh media was added to the cells and the plate incubated for a further 3 days. 

2.3.8 Maintenance of Sf9 Cells 

Sf9 cells were cultured in glass flasks and maintained at a density between 0.5-8x106 

cells/ml. Cells were counted every, or every other day and diluted in Sf9 media 

according to their density confirmed after counting.  

Clone 1’ Clone 2’ Cell Control 

Clone 1’’ Clone 2’’ Media Only 
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2.3.9 Amplification of Baculovirus 

To amplify low titre V0 viruses to higher titre V1 viruses, 25 ml of Sf9 cells at 1x106
 

cells/ml were infected with 3 ml of V0 and incubated for 24 h (27°C, 120 RPM). If the 

cell density >1.6x106 cells/ml, cells were diluted back to 1x106
 cells/ml. If the cell 

density <1.6x106 cells/ml, no dilution was made. In both cases, cells were incubated 

for a further 24 h. Cells were counted again; at this point the cells should have stopped 

dividing due to infection with virus. If so, the cells were incubated for a further 24 h, 

then spun down and the virus containing supernatant collected and filtered into black 

falcon tubes using a 0.22 µm syringe filter (V1). If the cells had continued to double, 

the culture was discarded since infection had not been established and thus, the 

culture would not yield sufficient virus for downstream applications.  

2.4 Expression of CTS and CTS Mutants 

2.4.1 Expression Optimisation in Sf9 Cells 

2 ml of Sf9 cells at 1x106 cells/ml were added to each of the wells of a 24-deep-well 

block. Increasing amounts of V1 virus were add to each of the wells and the block was 

incubated for 4 days (27°C, 120 RPM). Each day, 200 µl of culture was collected from 

each well and the cells pelleted (2,900 g, 5 minutes, ambient temperature). Cells were 

resuspended in 100 µl of homogenisation buffer, sonicated (2 seconds, 50% 

intensity), and 30 µl was collected and made up to 60 µl with 15 µl 4X Bolt™ LDS 

sample buffer (Invitrogen™), 6 µl 10X Bolt™ reducing agent (Invitrogen™), and 9 µl 

MilliQ. Samples were incubated at ambient temperature for ~30 minutes prior to SDS-

PAGE. 

2.4.2 SDS-PAGE 

SDS-PAGE was carried out using 4-20% Mini-PROTEAN® or Criterion™ TGX™ pre-

cast gels (Bio-Rad) with running buffer containing Tris (25 mM), glycine (192 mM) 

and SDS (0.1% (w/v)). All gel samples were prepared using 4X Bolt™ LDS sample 

buffer (Invitrogen™) and 10X Bolt™ reducing agent (Invitrogen™) and were 
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incubated for ~30 minutes at ambient temperature prior to gel running. Gels were pre-

run at 100V for 10 minutes prior to loading (this was necessary because these gels 

do not contain SDS prior to running). After loading, gels were run at 100V for ~90 

minutes until the dye front reached the bottom of the gel. Proteins were visualised 

either by imaging in-gel eGFP fluorescence using a gel doc fitted with appropriate 

excitation and emission filters (Ex. 488 nm, Em. 509 nm), by staining with Quick 

Coomassie Stain (Generon), or by western blotting (section 2.4.3). 

2.4.3 Western Blotting 

Proteins were blotted to PVDF membranes (Bio-Rad) using a Trans-blot Turbo 

Transfer system (Bio-Rad), then blocked in 3% (w/v) BSA in 1X TBST for either 1h at 

RT, or overnight at 4°C. Primary antibody (Strep-tactin HRP conjugate (IBA; 2-1502-

001), 1:5000 in 3% (w/v) BSA in 1X PBST, or anti-GFP (Abcam; Ab290, 1:2000 in 3% 

(w/v) milk in 1X TBST) was added and incubated for 1h at ambient temperature, then 

the membrane was washed with 3 x 15 ml of 1X PBST or TBST (depending on the 

antibody). For anti-GFP, the membrane was probed with secondary antibody 

(Jackson ImmunoResearch, goat α-rabbit-HRP; 111-035-003) 1:10,000 in 3% milk 

(w/v) in 1X TBST) for 1h at RT or overnight at 4°C, then washed with 3 x 15 ml of 1X 

TBST. For both antibodies, proteins were visualised using Clarity Western ECL 

substrate according to the manufacturer’s instructions (Bio-Rad).  

2.4.4 Large-scale expression of CTS and CTS mutants 

V1 virus stocks were used to infect Sf9 cells for expression of CTS and CTS mutants. 

The amount of V1 required for large scale expression was calculated by extrapolation 

from the results of small-scale expression tests (section 2.4.1). 300-400 ml volumes 

of Sf9 cells in 1L glass flasks were infected with 80-100 µl of V1 virus, supplemented 

with antibiotic-antimycotic (Gibco®), and incubated for 3 days (27°C, 120 RPM).  
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2.5 Harvesting of Sf9 Cells Expressing CTS or CTS Mutants 

Sf9 cells expressing CTS and CTS mutants were pooled into 600-800 ml volumes 

and harvested by centrifugation (600 g, 20 minutes, 4°C). Pellets were resuspended 

in homogenisation buffer (containing TRIS or HEPES if purifying in DDM or 

LMNG/digitonin, respectively) supplemented with Proteoloc™ EDTA-free protease 

inhibitors (Expedeon) and AEBSF (30 ml homogenisation buffer/800 ml cells), frozen 

in LN2 and stored at -80°C.  

2.6 Membrane Preparation for CTS and CTS mutants 

Harvested cells (section 2.5) were thawed at RT then supplemented with DTT (3 mM). 

30 ml of cells were lysed by 40 passes in a tight-fitting glass homogeniser. Unbroken 

cells and debris were removed by centrifugation (2000 g, 20 minutes, 4°C), and the 

supernatant collected and stored on ice. The pellet was resuspended in 30 ml of 

homogenisation buffer, homogenised again, and spun down (2000 g, 20 minutes, 

4°C). All supernatants were combined and subject to a high-speed centrifugation step 

(100,000 g, 1h, 4°C), and the pelleted membranes resuspended in a minimal volume 

of Buffer A containing AEBSF (1 mM; typically, 2 ml buffer/membrane pellet) using a 

positive-displacement pipette. Protein concentration in the membranes was 

determined using a Pierce™ BCA assay kit (Thermofisher Scientific) according to the 

manufacturer’s instructions. Resuspended membranes were snap-frozen by dropping 

into LN2. Frozen membrane pellets were stored at -80°C.  

2.7 Detergent Screening 

500 µl of CTS membranes (~15 mg) were incubated either in either n-dodecyl-β-D-

maltopyranoside (DDM), octyl glucose neopentyl glycol (OGNG)l, lauryl maltose 

neopentyl glycol (LMNG), decyl glucose neopentyl glycol (DGNG), or 4-cyclohexyl-1-

butyl-β-D-maltoside (CYMAL-4) (2%, w/v) supplemented with CHS (0.4%, w/v), and 

asolectin (0.4%, w/v) for 2 hrs at 4°C. These detergent and lipid concentrations were 

used because they have been shown to efficiently extract membrane proteins from 
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the membrane (Stetsenko & Guskov, 2017). Asolectin, a soy-bean phospholipid 

mixture, was included to generate detergent-lipid micelles that may improve the 

stability of CTS and/or allow for a milder solubilisation than with detergent alone.  50 

µl was then collected (total protein sample) and the remainder spun down (100,000 

g, 30 minutes, 4°C). 50 µl of the soluble fraction was collected, and the insoluble pellet 

was resuspended in 50 µl of Buffer A. All samples were prepared for SDS-PAGE by 

mixing with 2X loading dye (prepared from 4% (w/v) SDS, 0.2% (w/v) bromophenol 

blue, and 20% (v/v) glycerol) supplemented with 10 mM DTT then heated at 60°C for 

10 minutes. Samples were run on an SDS-PAGE gel then subject to western blot 

using an anti-strep antibody (section 2.4.3). 

2.8 Tm determination  

CTS membranes were diluted to 2 mg/ml in Buffer A and solubilised in 2% DDM for 

2h at 4°C in a total volume of 3.5 ml. Insoluble material was removed by centrifugation 

(100,000 g, 1h, 4°C) and the soluble material was carried forward either undiluted (in 

20% glycerol) or diluted in Buffer A such that the glycerol concentration was reduced 

to 10% or 5%. Samples were divided into 30 x 100 µl aliquots and heated at 4, 20, 

30, 40, 50, 60, 70, 80, 90, and 100°C for 10 minutes in triplicate. Samples were placed 

back on ice for 30 minutes then spun down (20,000 g, 30 minutes, 4°C. 40 µl of each 

supernatant was prepared for SDS-PAGE (section 2.4.2), and then run on two 26-

well Criterion™ gels. Surviving GFP signal was detected by in-gel GFP fluorescence. 

The bands intensities were determined using densitometry, then averaged per set of 

triplicates. The average signal from the 4°C triplicate was designated as 100% GFP 

survival, and the average triplicate intensities for the other temperature conditions 

compared against this. By plotting the percentage survival vs. temperature using a 

non-linear regression and a four-parameter dose-response curve for inhibitors, the 

Tm was determined. Tm plots were created in GraphPad Prism.  
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2.9 Optimisation of Solubilisation Concentration 

To determine the optimal concentration of membrane at which to solubilise CTS, 200 

µl of CTS membranes were solubilised at either 2, 4, 8, or 10 mg/ml using 1% or 2% 

(w/v) DDM for 2h (4°C, end-over-end rotation). FC-14 was used as a positive control 

(solubilising at 2 mg/ml). 50 µl of total protein from each condition was spun for soluble 

and insoluble fraction (100,000 g, 30 minutes, 4°C). Both the soluble and insoluble 

fractions from each condition were prepared for SDS-PAGE in a total volume of 70 

µl. Equal amounts of membrane were loaded onto an SDS-PAGE gel and protein 

visualised by in-gel GFP and western blot (section 2.4.2 and 2.4.3). 

2.10 Purification of CTS and CTS Mutants in Detergent 

2.10.1 Solubilisation in DDM/CHS or LMNG/CHS 

Frozen membranes were thawed at RT and diluted into either Solubilisation Buffer A 

(20 mM Tris-HCl pH 7.4, 200 mM NaCl, 20% glycerol, 1.5 mM MgCl2, 1% DDM/0.2% 

CHS/0.2% asolectin (w/v), 1 mM PMSF, 1X Protloc™ protease inhibitors (Expedeon) 

or Solubilisation Buffer B (20 mM HEPES pH 7.5, 200 mM NaCl, 20% glycerol, 2 mM 

MgCl2, 1 mM DDT, 1% LMNG/0.1% CHS (w/v), 4 mM ATP, 1 mM AEBSF, 1X 

Protloc™ protease inhibitors (Expedeon), and incubated for 2h (4°C, rolling agitation). 

Insoluble material was removed by centrifugation (100,000 g, 1h, 4°C), and the 

supernatant stored on ice for immediate purification.  

2.10.2 Streptactin Affinity Purification – DDM/CHS/asolectin 

Solubilised material (section 2.10.1) was diluted 4X in 20 mM Tris-HCl pH 7.4, 200 

mM NaCl, 1.5 mM MgCl2 to dilute glycerol and detergent concentrations to 5% and 

0.25%, respectively. Streptactin resin (IBA, Fast Flow High Capacity; 1 ml) was 

washed with MilliQ water (10 column volumes (CV)), then equilibrated with 10CV of 

20 mM Tris-HCl pH 7.4, 200 mM NaCl, 1.5 mM MgCl2, 5% glycerol, 0.25% 

DDM/0.05% CHS/0.05% asolectin (w/v). Soluble material was incubated with 

equilibrated Streptactin resin overnight (4°C, stirring). Material was applied to an 
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affinity column and unbound material allowed to flow-through. Resin was washed with 

2CV Wash Buffer A + 0.5% DDM/0.1% CHS/0.1% asolectin (w/v), 2CV Wash Buffer 

A + 0.1% DDM/0.02% CHS/0.02% asolectin (w/v), and 2CV Wash Buffer A + 0.05% 

DDM/0.01% CHS/0.01% asolectin (w/v). CTS was eluted in 8CV of Wash Buffer A + 

0.05% DDM/0.01% CHS/0.01% asolectin (w/v), 5 mM desthiobiotin. All samples 

prepared as described were used immediately for any and all further experiments 

without freezing or long-term storage.   

2.10.3 Streptactin Affinity Purification – LMNG/CHS 

Solubilised material (section 2.10.1) was diluted 2X in 20 mM HEPES, 200 mM NaCl, 

2 mM MgCl2 to dilute glycerol and detergent concentrations to 10% and 0.5%, 

respectively (w/v). Streptactin resin (IBA, Fast Flow High Capacity; 1 ml) was washed 

with MilliQ water (10CV), then equilibrated with 10CV of 20 mM HEPES pH 7.5, 200 

mM NaCl, 2 mM MgCl2, 5% glycerol, 0.5% LMNG/0.05% CHS (w/v). Soluble material 

was incubated with equilibrated Streptactin resin overnight (4°C, stirring). Material 

was applied to an affinity column and unbound material allowed to flow-through. The 

resin was washed either with 10CV Wash Buffer B containing 0.1% digitonin (w/v) 

then 10CV Wash Buffer B containing 0.06% digitonin (w/v) or 5 x 5 ml Wash Buffer B 

containing 0.06% digitonin (w/v). CTS was eluted in 8 CV Wash Buffer B + 0.06% 

digitonin (w/v) + 5 mM desthiobiotin. All samples prepared as described were used 

immediately for any and all further experiments without freezing or long term storage.   

2.10.4 Size-exclusion Chromatography (SEC) 

All SEC was carried out using an ÄKTA Pure system (GE Healthcare) with either 

Superdex 200 5/150 or 10/300 Increase columns, or Superose 6 5/150 or 10/300 

Increase columns at 4°C. 10/300 columns were ran at a flow rate of 0.75 ml/min and 

5/150 columns were ran at a flow rate of 0.2 ml/min. These chromatography columns 

are used to separate biomolecules, most often proteins, by their size to improve the 

purity of the sample prior to downstream application. In structural biology for example, 
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the purity of a protein sample for crystallisation may need to be >95%. This is often 

lower for electron microscopy studies; however, it is still desirable. Prior to SEC, 

columns were washed with 1.2 CV water, and equilibrated with 1.2CV of an 

appropriate buffer.  

2.11 Proteoliposome Reconstitution 

Liposomes were prepared from asolectin and CHS. 31.5 mg of asolectin and 8.5 mg 

of CHS were weighed into a glass tube and dissolved in a minimal volume of 100% 

chloroform by bath-sonication and vortexing. Lipid films were created around the tube 

walls by drying under a gentle stream of nitrogen then dried under vacuum overnight. 

Lipid films were resuspended to a concentration of 20 mg/ml in 2 ml of 20 mM HEPES 

pH 7.5, 200 mM NaCl, 5% glycerol, 2 mM MgCl2, 1 mM DTT by vortexing followed by 

bath-sonication for 1h at 4°C. Liposomes were extruded through a 0.22 µm filter pre-

equilibrated in 20 mM HEPES pH 7.5, 200 mM NaCl, 5% glycerol, 2 mM MgCl2 for 11 

passes, and destabilised by the addition of Triton X-100 at a concentration of 0.8% 

(v/v, i.e., 16 µl per 2 ml lipid resuspension). Liposome destabilisation is the weakening 

of the interactions between lipid monomers of the liposome by detergent. This step is 

critical as without it, the membrane protein cannot be inserted into the liposome. This 

concentration of Triton X-100 was chosen due to its reported success in the formation 

of proteoliposomes (Simeonov et al, 2013; Stefan et al, 2020). Detergent purified CTS 

(i.e., in digitonin) was combined with destablised liposome at a 1:100 ratio (w/w) at a 

final CTS concentration of 100 µg/ml and a final liposome concentration of 10 mg/ml, 

then incubated for 1h at 4°C with rolling. A negative control was also prepared by 

omitting CTS. 200 mg of Biobeads SM-2 (Biorad), pre-equilibrated in 20 mM HEPES 

pH 7.5, 200 mM NaCl, 5% glycerol, 2 mM MgCl2, were then added and the mixture 

incubated for 3 hrs at 4°C with rolling. A further 200 mg of biobeads SM-2 were added 

and samples incubated overnight at 4°C. Samples were transferred into fresh tubes 

and 400 mg of biobeads SM-2 were added and incubated for 3 hrs at 4°C. 
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Proteoliposomes were collected by ultracentrifugation (262,000 g/20 minutes/4°C) 

and resuspended in 50 mM Tris-HCL pH 7.5, 10 mM MgCl2 to a concentration of 1 

µg/µl, and used immediately for ATPase assays.  

2.12 ATPase Assay on CTS Proteoliposomes 

The ATPase activity of CTS was determined in proteoliposomes using a 

spectrophotormetric assay based on that reported by Chifflet et al (1988). 2.5 µg of 

CTS-proteoliposomes were diluted in buffer containing 50 mM Tris-HCl pH 7.5, 10 

mM MgCl2 and supplemented by the addition of 20 µM or 40 µM C18:0-CoA 

(dissolved in 5% hydroxypropylated β-cyclodextrin) or 20 mM AlF3 and incubated for 

at 37°C for 5 minutes. The reaction was initiated by the addition of 4 mM ATP 

(Na2ATP dissolved in 7 mM MgSO4 pH 7.4) in a total volume of 40 µl and allowed to 

continue for at 37°C for 30 minutes. The reaction was stopped by the addition of 40 

µl 12% SDS. Colour development was initiated by the addition of 80 µl of a 1:1 mix of 

6% (w/v) ascorbic acid (dissolved in 1M HCL) and 1% (w/v) ammonium molybdate 

and incubation for at RT for 5 minutes. Then 120 µl of a solution of 2% (w/v) sodium 

citrate, 2% (w/v) sodium metaarsenite, 2% (w/v) acetic acid was added and incubated 

at 37°C for 15 minutes. Colour development was measured at 800 nm and the release 

of inorganic phosphate calculated by comparison to a standard curve of inorganic 

phosphate and reported in nmol Pi/mg/min.  

2.13 Purification of CTS in Styrene Maleic Acid Copolymer (SMA) 

CTS membranes were solubilised 2 mg/ml in 50 mM Tris-HCl pH 7.4, 500 mM NaCl, 

5% glycerol, and 2.5% (w/v) SMA for 2 hrs at RT in a total volume of 2 ml. Soluble 

material was collected by centrifugation (100,000 g, 30 minutes, 4°C). 600 µl of 

soluble material was bound to 50 µl of streptactin resin or 20 µl of GFP-trap resin 

(Chromotek) pre-equilibrated with 50 mM Tris-HCl pH 7.4, 500 mM NaCl, 5% glycerol 

(v/v). Binding continued overnight (4°C with end-over-end agitation). Both the 

streptactin resin and GFP-trap were washed with 4CV 50 mM Tris-HCl pH 7.4, 500 
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mM NaCl, 5% glycerol (v/v). Elution from the streptactin resin was carried out using 

4CV 50 mM Tris-HCl pH 7.4, 500 mM NaCl, 5% glycerol (v/v) + 10 mM desthiobiotin. 

Elution from the GFP-trap resin was attempted using 1 µg HRV3C protease/20 µl 

GFP-Trap resin. Samples were prepared for SDS-PAGE (section 2.4.2) then proteins 

visualised by in-gel GFP and anti-streptag western blot (2.4.3).  

2.14 Nanodisc Experiments 

2.14.1 Expression of MSP1D1 & MSP1E3D1 

pMSP1D1 and pMSP1E3D1 were transformed into OmniMAX™ competent cells as 

in section 2.1.2 and plasmids purified according to section 2.1.3. For expression, 

newly purified plasmids were transformed into BL21 Gold (DE3) competent cells 

(Agilent) and single colonies used to inoculate 1L of TB media. Cells were incubated 

until OD600 reached 0.6 (30°C, 220 RPM) then induced with IPTG (1 mM) and 

incubated for a further 3 hrs. Cells were collected by centrifugation (5000 g, 15 

minutes, 4°C), the media discarded, and pellets frozen at –20°C.  

2.14.2 Purification of MSP1D1 & MSP1E3D1 

Cell pellets (equivalent to 500 ml of cells) were resuspended to a final volume of 16 

ml in PBS containing PMSF (1 mM), DNase (2.5 mg), and Triton X-100 (1%, v/v). The 

resuspension was incubated on ice for 30 minutes, sonicated (30 seconds on, 30 

seconds off, 12X, 50% intensity) then centrifuged (30,000 g, 30 minutes, 4°C). The 

supernatant was then incubated for 1h with 2 ml of Ni-NTA resin pre- equilibrated with 

5CV of PBS. The resin was applied to a flow-column and the flow-through collected. 

The resin was washed with 5CV of 40 mM Tris pH 8.0, 300 mM NaCl, 1% Triton X-

100, 5CV of 40 mM Tris pH 8.0, 300 mM NaCl, 50 mM Sodium Cholate, 20 mM 

imidazole, 5CV of 40 mM Tris pH 8.0, 300 mM NaCl, 50 mM imidazole, and then 

protein eluted with 12 x 1ml fractions of 40 mM Tris pH 8.0, 300 mM NaCl, 400 mM 

imidazole. The purified proteins were then dialysed overnight against 1L of 20 mM 

Tris pH 7.4, 100 mM NaCl, 0.5 mM EDTA using a SnakeSkin dialysis membrane (10 
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kDa molecular weight cut-off (MWCO); Thermofisher Scientific) with two exchanges. 

Both proteins were concentrated to ~9.5 mg/ml using a 5 kDa MWCO centrifugal 

concentrator (Santorius), snap-frozen as 50 µl aliquots, then stored at -80°C.  

2.14.3 Preparation of POPC Lipid Scks 

5 mg aliquots of POPC lipids (Avanti Polar Lipids; synthetic source) dissolved in 

chloroform were dried under a nitrogen stream in glass bijou bottles then stored under 

nitrogen in sealed glass bulbs at -20°C. Immediately prior to use, POPC lipids were 

dissolved to a concentration of 657 µM in buffer containing 20 mM Tris-HCl pH 7.5, 

200 mM NaCl, 0.5% (w/v) DDM.  

2.14.4 Reconstitution of CTS into POPC Nanodiscs 

CTS was purified as in section 2.8.2 with the following alterations: Streptactin XT 

Superflow® high capacity resin instead of Strep-tactin® Superflow® high capacity 

resin, and elution using biotin instead of desthiobiotin. Purified CTS was combined 

with MSP1D1 or MSP1E3D1 and POPC lipids at varying ratios in 20 mM Tris-HCl pH 

7.5, 200 mM NaCl, 2% (v/v) glycerol in a total volume of 2.5 ml then incubated on ice 

for 1h. ~500 mg biobeads (Biorad) were added to each sample and incubated for 1h 

(4°C, end-over-end mixing). The biobeads were then replaced with fresh biobeads, 

and the samples were incubated overnight (4°C, end-over-end mixing). The sample 

was separated from the biobeads using a thin-tipped pipette tip and centrifuged to 

obtain soluble and insoluble (37,000 g, 30 minutes, 4°C) for assessment by SDS-

PAGE and negative stain EM.  

2.15 Electron Microscopy 

2.15.1 Negative-stain Electron Microscopy Grid Preparation 

Negative stain electron microscopy was used to assess whether the purified protein 

samples were suitable for cryo-EM by looking for expected particles (of correct size 

and shape), the state of aggregation, and the degree of homogeneity/heterogeneity. 

Carbon-coated copper EM grids (400 mesh; Agar Scientific Ltd) were glow-
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discharged using an easiGlow™ instrument (Pelco©) for 60 seconds. Sample was 

applied (3 μl), allowed to sit for 30 seconds, and then blotted away by touching the 

side of the grid to a disc of Whatman paper. Uranyl acetate (3 µl, 1% (w/v)) was 

applied and immediately blotted away by touching the side of the grid to Whatman 

paper. Uranyl acetate was applied again and allowed to sit for 10 seconds then blotted 

away as before. The grid was air dried under a lamp for ~30 seconds. Grids were 

imaged on a FEI F20 microscope operating at 120kV with data collected on a CMOS 

camera. 

2.15.2 Cryo-electron Microscopy Grid Preparation and Data 

Collection 

In this study, the following grids were used: carbon-coated copper Quantifoil R1.2/1.3 

200 or 300 mesh grids (Agar Scientific Ltd), carbon-coated gold Quantifoil R1.2/1.3, 

300 mesh grids (Agar Scientific Ltd), or Ultrafoil® grids. All grids were glow-

discharged (40 mA, 60 seconds) using a GlowQ Plus system (Quorum Technologies 

Ltd). Samples–(0.5 - 0.9 mg/ml) were prepared using a Vitrobot plunge freezing 

device according to the manufacturer’s instructions. 3 µl of sample was applied to the 

grid, blotted for 3 seconds at 100% humidity/4°C, before plunging into liquid ethane. 

Grids were loaded into a Titan Krios transmission electron microscopy (FEI) operating 

at 300 kV for screening and data collection (University of Leeds, Astbury Biostructure 

Laboratory) using either a K2® (GATAN) or Falcon 4 camera (Thermo Scientific) and 

data was collected use the EPU automated acquisition software.   

2.15.3 Cryo-EM Data Processing 

To process cryo-EM data, it is first necessary to correct the micrographs for motion 

drift because of stage movement and beam induced motion, and to restore missing 

information by estimating the contrast in the micrographs by carrying out CFT 

estimation. To do this, the micrographs were subject to motion-correction and CTF 

estimation using RELION’s implementation of MotionCor2 (Zheng et al, 2017) and 
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either CTFFind 4.1 (Rohou & Grigorieff, 2015) or gCTF (Zhang, 2016). These pre-

processed micrographs were then used for particle picking in crYOLO1.6.1 (Wagner 

et al, 2019). Particle picking is necessary to separate expected particle from 

aggregates and debris so that downstream processing steps can be carried out on a 

clean set of particles (i.e., a group or groups of particles representing the protein of 

interest, possible in different conformations.  

To do this, crYOLO’s general model, gmodel_phosnet_202005_N63_c17.h5 was 

used. Particle picking can be made more stringent or less stringent by adjusting the 

picking threshold. For all data sets, the picking threshold was set to 0.1. For the 

largest data set (purified as in section 2.8.3, table 5.2), a picking threshold of 0.3 was 

also used (crYOLO default). Once particles have been picked, they must be extracted 

from the micrographs in silico such that they can be classified independently from the 

entire micrograph. Extraction of each particle is carried out in a ‘box’ of defined size 

that surrounds the particle entirely without including too much of the background grid 

surface. Picked particles were extracted in a box size of either 180 or 256 pixels and 

subjected to reference-free 2D classification using a mask diameter of 220 Å. Here 

the mask diameter defines the size of the space used for the 2D classification, and 

the 2D classification defines an iterative process of particle alignment to generate 

more detailed classes from stacks of extracted particles. For the largest data set, a 

subset of the best 2D class averages were used for 3D classification using the model 

of ABCD4 as a template. This template was generated in ChimeraX using the molmap 

command to create a 15 Å density map from the ABCD4 model. 3D classification was 

carried out using C1 and C2 symmetry with a mask diameter of 220 Å.   
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3 Expression and Solubilisation Optimisation of COMATOSE for 

Structural Studies by Cryo-EM 

3.1 Introduction 

The initial observation that COMATOSE possesses intrinsic acyl-CoA thioesterase 

(ACOT) activity (De Marcos Lousa et al., 2013) is now supported by several further 

studies including those on CTS expressed in yeast (Carrier et al., 2019), the yeast 

transporter pxa1/pxa2 (van Roermund et al., 2021), and the ABCDs in humans 

(Kawaguchi et al., 2021; Okamoto et al., 2018). Moreover, homology modelling and 

further biochemical studies have identified residues in CTS that may contribute to this 

activity (Carrier et al., 2019) and it has also been shown that HsABCD1 ACOT activity 

is an essential for acyl-CoA transport (Kawaguchi et al., 2021). Moreover, in yeast, 

peroxisomal acyl-CoA synthetase activity is required for ABCD-dependent transport 

of acyl-CoAs (van Roermund et al., 2012). Despite these reports, there is still no 

definitive explanation of exactly how the transporter is capable of substrate cleavage 

on a molecular level, primarily because at the beginning of the project, there was no 

structural data available for CTS, or for any other family D ABC transporter. Therefore, 

the overarching aim of this project was to determine 3D structure of substrate-bound 

CTS (and/or relevant mutants) using cryo-EM and to evaluate this structure in the 

context of the biochemical studies to reveal the nature of CTS ACOT activity.  

The structural work is paramount, primarily because it will allow the identification 

residues and/or regions of the transporter involved in substrate binding and cleavage. 

Once such residues are identified, other structural experiments will build up a picture 

of the catalytic cycle, for example by trapping the transporter in specific conformations 

and observing changes in substrate binding, by observing structural changes 

between pre- and post-substrate cleavage states, or by capturing intermediates that 

potentially allude to novel transport mechanisms that are not currently under 

consideration when exploring the transport of large amphipathic molecules. Of 
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course, such studies will also allow for the development of new biochemical 

experiments to validate the observations made and guide further studies.  

Prior to this project, an expression and purification protocol for CTSWT had been 

devised by previous post-doctoral researchers (Dr David Carrier and Dr Carine De 

Marcos Lousa), for use in biochemical studies. However, this protocol was not 

suitable for cryo-EM studies primarily because the yield of protein required for cryo-

EM was much greater than previously required and because the buffer conditions 

were not suitable; therefore it needed to be optimised for such work. To carry out 

structural studies of membrane proteins by cryo-EM, two basic, but major criteria, 

must be met. Firstly, the protein must be expressed in a suitable expression system 

and be produced at a high enough yield (i.e., ≥ 0.5 mg/L culture). The identification of 

a suitable expression system is the first critical step toward structural studies because 

several factors must be considered, including the type of post-translational 

modifications (PTMs) and if disulphide bonds are required (CTS contains 10 cysteine 

residues), the ease of handling the expression system, and the mass of protein 

required for downstream experiments (Pandey et al, 2016). Regarding the latter, 

membrane proteins are generally expressed, even in the ideal system, at orders of 

magnitude lower levels than soluble proteins.  

Secondly, the protein must be solubilised efficiently, and in such a way that does not 

overly complicate downstream cryo-EM grid preparation and screening/data 

collection experiments (Kampjut et al, 2021). Optimisation of this step is critical 

because significant losses can be incurred if a non-optimal detergent/detergent-free 

alternative is used, which compounds with the poor expression of membrane proteins 

stated above (Lenoir et al, 2018). Typically, an efficiency of >50% (i.e., a 50:50 split 

between soluble and insoluble) is desirable given that structural studies often require 

large amounts of material. Moreover, the physical and chemical properties of different 

detergents used for solubilisation must be considered because the detergent that best 

solubilises the transporter may not be the best detergent with which to carry out 
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downstream studies. For example, detergents can be classified as ionic, zwitterionic, 

or non-ionic. Ionic detergents such as SDS, whilst extremely efficient at solubilisation, 

are often denaturing and consequently are not useful in purifying the protein of 

interest in an active and folded form. Conversely, non-ionic detergents are more ‘mild’ 

than ionic detergents, and whilst they do not provide such a strong solubilisation 

efficiency, they typically solubilise the protein of interest in its folded form, preserving 

its structure. Zwitterionic detergents are an intermediate form of detergent, being 

more denaturing than non-ionic detergents but less than ionic ones. It is necessary to 

decide on the solubilisation method most applicable for downstream experiments. 

Moreover, the unique critical micelle concentration (CMC) of the detergent should be 

carefully considered, because, below this concentration the detergent will be 

incapable of solubilising the transporter, and similarly, detergents with high CMC 

values are generally not suitable for structural studies due to the excess of empty 

micelles in solution (Ratkeviciute et al, 2021). One should also consider the extent to 

which the chosen detergent may delipidate the protein of interest; it is well known that 

endogenous lipids are often necessary for membrane protein activity (Kalipatnapu & 

Chattopadhyay, 2005; Neumann et al, 2017) and thus, despite as chosen detergent 

solubilising the protein well, it may not be a suitable detergent for the proteins activity 

due to it stripping away requisite lipids.  

Additionally, it is often useful to study mutants of the protein to investigate its 

structure, where some mutants may be utilised because they adopt a specific 

conformation (e.g., being locked open or closed, or in some transition state) 

(Manolaridis et al., 2018; Song et al, 2021), or because they possess residues that 

alter substrate binding/transport (Bin Kanner et al, 2021; Khunweeraphong et al, 

2017; Meier et al, 2021; Srikant et al, 2020). These approaches allow for a more 

controlled investigation of the protein by letting researchers analyse certain aspect of 

its catalytic cycle. In doing so, it is possible to build up a detailed model of the protein’s 
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mechanism of action and inform not only on the physiological processes involved, but 

also those states or mutations can lead to pathology.  

Considering these factors, this chapter details the experiments used to optimise the 

expression and solubilisation of CTSWT and two mutants – CTSK487A and CTSD606N/E607Q 

– with the aim of using such constructs for structural studies by cryo-EM. This work 

represents the beginning of structural studies on CTS.  

3.2 Results 

3.2.1 Expression of CTSWT, CTSK487A, and CTSD606N/E607Q  

In this study, three different constructs were studied: CTSWT, CTSD606N/E607Q and 

CTSK487A. CTSWT represents the wild-type version of CTS. CTSD606N/E607Q carries 

mutations in the Walker-B motif of NBD, where the replacement of the Mg2+ 

coordinating aspartate residue and catalytic glutamate residue renders the mutant 

hydrolysis-deficient. This mutant was chosen for structural characterisation because 

whilst it should be capable of binding nucleotide, the nature of its mutations mean that 

bound nucleotide will not be hydrolysed and therefore the protein would most likely 

be locked in an outward-facing conformational state. Mutants like this have been used 

frequently in the study of ABC transporters (Manolaridis et al., 2018; Song et al., 

2021) to force a conformational state and/or to stabilise the transporter. On the other 

hand, CTSK487A carries a lysine-to-alanine substitution mutation in the Walker-A motif 

of NBD1. This mutant was chosen for structural studies because intriguingly, it has 

reduced, but not completely abolished ATPase activity compared to CTSWT (De 

Marcos Lousa et al., 2013; Nyathi et al., 2010).  

How this occurs is unclear, but an explanation may be provided by a 3D model. All 

three constructs used in this study were kindly provided by Dr David Carrier at the 

beginning of the project and all were expressed using the Baculovirus expression 

system. Despite being time-consuming and relatively expensive, this system can 

express high yields of eukaryotic proteins was therefore suitable for expression of 
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CTSWT. The full-length constructs consisted of CTSWT (or either mutant) linked by a 

HRV3C cleavable linker to an eGFP tag followed by a 2xStrepII tag. By taking 

advantage of the construct’s C-terminal eGFP tag (Fig. 3-1) protein expression was 

monitored at both the expression and purification stages, and through the 2xStrepII 

tag, the protein was purified using Streptactin affinity resins. When expressed, the 

full-length constructs yielded a ~182 kDa product (including the eGFP and StrepII 

tag). 

 

Figure 3-1. CTS construct information. A) Plasmid map for 

pFastBac_CTS_HRV3C_2xStrepII showing the HRV3C-cleavable C-terminal eGFP 

tag and 2xStrepII tags B) Sequence alignment of CTSWT CTSK487A, and CTSD606N/E607Q 

showing the residues where they differ (red, CTSK487A; blue, CTSD606N/E607Q).   
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After transfection of the freshly prepared bacmids into adherent Sf9 cells and 

incubation for 60 hrs, expression of the corresponding proteins was assessed using 

fluorescence microscopy and western blotting. Observation of the Sf9 cells on their 

culture plate by eGFP-specific fluorescence microscopy indicated successful 

expression of all three constructs (Fig. 3-2a) evident by green fluorescence. The 

greater signal observed from CTSWT and CTSK487A compared to CTSD606N/E607Q was due 

to CTSWT and CTSK487A bacmids being generated from DH10 competent cells carrying 

a YFP reporter sequence (DH10Bac-Y), whereas CTSD606N/E607Q was expressed in the 

absence of this reporter. Because the band pass filters used in conventional 

fluorescence microscopy cannot differentiate between eGFP and YFP due to the 

protein’s overlapping emission spectra, signal is generated from both proteins and 

observed as increased fluorescence. To the confirm specific expression of each 

construct, anti-GFP western blotting of cell lysates was used (Fig. 3-2b). This 

corroborated the fluorescent microscopy results and confirmed expression by the 

presence of CTS/mutant specific bands at ~190 kDa.  
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Figure 3-2. Transfection and small-scale expression testing for CTSWT, CTSK487A, and 

CTSD606N/E607Q representative of multiple experiments. A) Fluorescence microscopy 

on adherent Sf9 cells after transfection with bacmids encoding either CTSWT, 

CTSK487A, or CTSD606N/E607Q showing expression of all three constructs. B) Anti-GFP 

western blot of cell lysates from Sf9 cells shown in panel A, confirming expression of 

all constructs. Top panel,CTSWT & CTSK487A; bottom panel, CTSD606N/E607Q. C) Anti-

GFP western blots showing viral titre testing of all three constructs. Cells were grown 

for up to 96 hrs in the presence of increasing amounts of V1 virus and an aliquot 

harvested every 24 hrs. Aliquots were then lysed and subject to anti-GFP western 

blotting to identify the optimal volume of V1 virus for large scale expression. M, 

molecular weight marker; C, empty cell control; 1 & 2, CTSD606N/E607Q clones; [V1], 

amount of V1 virus; green arrow, CTS-specific bands. 
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After protein expression was confirmed, the isolated low-titre viral stock (V0) was 

amplified to a high-titre viral stock (V1) for large scale expression. However, it was 

first necessary to determine the optimal volume of V1 that would be used to express 

each construct in large-scale suspension cultures. In small-scale (i.e., using 24-well 

deep well plates), Sf9 cells were incubated with increasing volumes of construct-

specific V1 virus and incubated for 96h. Aliquots were collected after 24, 48, 72, and 

96 hrs, and the level of expression at each timepoint assessed by anti-GFP western 

blotting (Fig. 3-2c). The volume of V1 virus chosen for subsequent large-scale 

expression was balanced between the volume of virus used and the shortest 

incubation time (e.g., if 1 ml of V1 virus was required after 48 hrs to obtain good 

expression, but 100 µl of V1 virus was required after 72 hrs, then 72 hrs was chosen). 

Therefore, whilst the optimal volume of V1 virus for each construct varied, the optimal 

expression timepoint for all constructs was 72h. Once small-scale expression testing 

had identified conditions suitable for large-scale expression, the yield of each CTS 

construct from large-scale cultures was quantified to assess whether it would be 

enough for structural studies. Each construct was expressed in 1L of Sf9 cells and 

after 72 hrs, the cells were harvested, and a 1 ml fraction collected for quantification 

by anti-GFP western blotting. After lysis, a fraction was run on an SDS-PAGE gel and 

by using recombinant eGFP standards of known concentration and densitometry, the 

yield for each construct was estimated to be ~0.5 mg/1L of Sf9 cell culture (Fig. 3-3) 

meaning it was suitable for structural studies by cryo-EM (Parker & Newstead, 2014; 

Tate, 2001; Unger & Peleg, 2012). During each large-scale expression, this 1 ml 

fraction was always collected and used to assess the expression quantity and quality.   
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Figure 3-3. Western blot of large-scale expression testing for CTS and CTS 

mutants.CTSWT, B) CTSK487A and C) CTSD606N/E607Q. By using eGFP standards and 

densitometry the yield of all constructs expressed from 1L of Sf9 cell culture was 

calculated at around 0.5 mg/1L of Sf9 cell culture. M, molecular weight marker; eGFP 

(~25 kDa band), enhanced green fluorescent protein standards of known 

concentration, reported in nanograms (ng); green arrows, CTS/mutant specific 

bands. Bands at 25-32 kDa eGFP. Lower anti-GFP reactive bands likely represent 

degradation products and higher anti-GFP reactive bands. 

3.2.2 Detergent and Solubilisation Optimisation on CTSWT  

Given that solubilisation is a critical step in the purification of membrane proteins and 

one in which a significant amount of protein can be lost, a detergent optimisation 

screen was carried out to compare some commonly used detergents (Fig. 3-4). 

Quantification was carried out using densitometry, showing that N-dodecyl--D-

maltopyranoside (DDM) was the most effective at solubilising CTSWT from Sf9 cell 

membranes with an efficiency of ~64%, closely followed by the widely used detergent 

Lauryl maltose neopenyl glycol (CTSG), with an efficiency of ~43%. CTS was 

solubilised very poorly by (4-cyclohexyl-1-butyl--D-maltoside (Cymal-4) and octyl 

glucose neopentyl glycol (OGNG), and not at all by dodecyl glucose neopentyl glycol 

(DGNG). However, it should be noted that the band intensity of the pellet for OGNG 
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was weaker than for DGNG. This may have simply been caused by improper 

resuspension of the pellet for the OGNG condition, therefore giving the appearance 

of reduced signal by western blot, and therefore it is difficult to estimate the relative 

solubilisation efficiency of OGNG. Nonetheless, given that DDM and LMNG were 

clearly the best at solubilising CTSWT, these detergents were chosen for purification 

and further work. It should also be noted that no differences in solubilisation were 

observed during purification experiments when the protein was solubilised overnight, 

for 2 hrs, or 1hr.  

 

 

Figure 3-4. Solubilisation optimisation for CTSWT. Western blot comparison between 

the solubilisation of Cymal-4, DDM, and three NG-class detergents in extracting 

CTSWT from Sf9 cell membranes. Sf9 cell membranes were incubated with each 

detergent at a concentration of 2% (w/v) and the pellet and supernatant fractions 

compared by densitometry, showing that CTSWT is most efficiently solubilised by DDM 

(~64% efficiency). M, molecular weight marker; T, total protein; P, pellet; S, 

supernatant.  

A study by Geillon et al. (2017) showed that extraction of HsABCD1 from peroxisomal 

membranes was increased if peroxisomes were incubated with ATP before 

incubation with detergent. Given that structural studies often require significant 

amounts of protein, this simple modification to a solubilisation protocol was 

investigated as a method to improve CTSWT yield for structural studies going forward. 
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Therefore, a similar experiment was carried out to see if incubation of CTSWT Sf9 cell 

membranes with ATP would improve CTSWT extraction using DDM. The experiment 

was carried out in triplicate, and as well as monitoring the solubilisation efficiency by 

measuring in-gel GFP fluorescence (Fig. 3-5b), the GFP signal of the resuspended 

pellet and supernatant was monitored by GFP fluorimetry (Fig. 3-5a). From this 

experiment, it was found incubation with 4 mM ATP did not improve CTSWT extraction 

and instead DDM extracted CTSWT from Sf9 cell membranes equally well whether the 

membranes had been incubated with ATP or not. 
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Figure 3-5. Incubation of Sf9 cell membranes containing CTSWT with buffer containing 

ATP prior to solubilisation does not increase extraction yield. A) Quantification of the 

solubilisation efficiency of DDM to extract CTSWT from Sf9 cell membranes after 

incubation with or without ATP (4 mM) and MgCl2 (2 mM), as measured by GFP 

fluorimetry, showing no difference between -ATP and +ATP conditions. B) In-gel GFP 

fluorescence of triplicate samples used for GFP fluorimetry quantification in panel A. 

M, molecular weight marker; T, total protein; P, pellet; S, supernatant. Error bars 

represent Standard Error of the Mean (SEM).   
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In the previously developed purification protocol (Carrier et al., 2019; De Marcos 

Lousa et al., 2013) CTSWT was solubilised using 2% (w/v) DDM at a membrane 

concentration of 2 mg/ml (i.e., total protein in the membranes). Whilst this can be 

used to extract sufficient quantified of CTSWT from the membrane, it would not be 

suitable for large-scale purification due to the large dilutions required to dilute down 

the membranes and the associated expenditure on large amounts of expensive 

detergents. Therefore, based on the solubilisation trials, it was decided that further 

solubilisation would be carried out using DDM, but that the optimal membrane 

concentration for solubilisation, as well as the optimal concentration of DDM would 

be investigated. Sf9 cell membranes bearing CTSWT were divided into aliquots and 

solubilised at varying concentrations (2 mg/ml, 4 mg/ml, 8 mg/ml, or 10 mg/ml), and 

with either 1% (/v) or 2% (w/v) DDM. By comparing the amount of CTSWT in the 

soluble fraction of each condition and comparing this to the soluble fraction obtained 

using the zwitterionic detergent FC-14 (which was not chosen for further studies due 

to being a more harsh detergent than the others , it was determined that CTSWT was 

solubilised equally well at 10 mg/ml of membranes as it was at 2 mg/ml of membranes 

(Fig. 3-6). Moreover, there appeared to be no distinguishable difference between 

using 1% or 2% DDM. Consequently, the purification protocol was modified taking 

these factors into account, where CTSWT was subsequently solubilised from 

membranes at a total protein concentration of 10 mg/ml using 1% (w/v) DDM. 
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Figure 3-6. Solubilisation optimisation of CTSWT. Sf9 cell membranes containing 

CTSWT were diluted to varying total protein concentrations and solubilised using 1% 

or 2% (w/v) DDM. Comparison of the pellet and soluble fractions of each condition 

after solubilisation using in-gel GFP fluorescence demonstrated negligible differences 

in solubilisation efficiency between all conditions.  Left panel, solubilisation with 1% 

(v/v) DDM; right panel, solubilisation with 2% (w/v) DDM. FC-14, fos-choline 14; P, 

pellet; S, supernatant; M, molecular weight marker; green arrows, CTSWT bands; red 

arrows, free GFP.   
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Previous studies carried out in the Baker lab have shown that effective solubilisation 

of CTSWT requires glycerol at a concentration of 20% (personal communication with 

previous lab members, Dr David Carrier, and Dr Carine De Marcos Lousa). Whilst 

this does not pose a problem at the early stages of purification, it is not suitable for 

EM studies because such concentrations of glycerol drastically reduce the contrast in 

EM micrographs (Sgro & Costa, 2018) Therefore, a significant change to the previous 

protocol was required to balance both stability and the suitability for downstream 

structural analysis. Therefore, to assess how well CTSWT tolerates low glycerol 

concentrations, a GFP-based thermal stability assay was carried out. This method – 

which is based on the IMPROvER approach (Harborne et al, 2020) and similar to that 

described by Ashok et al (2015) – was used because the protein’s melting 

temperature can be determined even in crude protein extracts after solubilisation by 

taking advantage of the eGFP-tag (Fig. 3-7). 

 

 

Figure 3-7. GFP-based thermal stability assay methodology. CTS is solubilised from 

its surrounding membrane using a detergent of choice and divided into aliquots that 

are heated at increasing temperatures. Above its melting temperature, CTS will begin 

to denature, leaving the more stable GFP-tag in a folded state. Heat-

precipitated/denatured protein is removed from each aliquot by centrifugation, and 

the protein that remains in the supernatant in each condition is assessed by in-gel 

GFP fluorescence. Grey, CTSWT; green, GFP-tag; yellow, detergent molecules.   
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Using this method, three different glycerol concentrations were investigated: 5%, 

10%, and 20% (v/v). CTSWT (10 mg/ml) was solubilised from Sf9 cell membranes in 

20 mM Tris pH 7.4, 200 mM NaCl, 1.5 mM MgCl2, 5 mM EGTA 2% (w/v) DDM, and 

either 5%, 10%, or 20% glycerol, then divided into aliquots for incubation in triplicate 

at 4-100C. After incubation, triplicate samples for each condition were subject to 

SDS-PAGE and bands visualised using in-gel GFP fluorescence. Using densitometry, 

the triplicate GFP signal intensity of each condition was compared to the 4C control 

condition, and from this, the relative abundance of GFP remaining in solution after 

each incubation was determined. By plotting this against temperature and fitting the 

data using a four-parameter dose-response curve by non-linear least-squares fitting, 

it was possible to determine the Tm of the protein because the inflection point of the 

curve represents the TM of the protein at which half of the protein is denatured (model 

parameters are presented in table 3.1). 

 

Model Parameters Experimental Conditions 

5% 

glycerol 

10% 

glycerol 

20% 

glycerol 

Best-fit Values Bottom -0.03 -0.025 -0.030 

Top 1.0 1.0 1.0 

LogIC50 55.7 59.7 55.0 

Hill Slope -0.05 -0.06 -0.05 

Span 1.05 1.05 1.07 

Goodness of 

Fit 

Degrees of 

Freedom 

26 26 26 

R squared 0.9879 0.9913 0.9913 

Sum of Squares 0.06899 0.05090 0.05090 

Table 3.1. Model parameters for the IMPROvER-based GFP thermal stability assay 

to determine the TM of CTSWT in solution containing different concentrations of 

glycerol.   
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The Tm of CTSWT in the 20%, 10%, and 5% glycerol conditions was calculated to be 

55.7C, 59.7C, and 55.0C, respectively (Fig. 3-8). Given the small difference 

between the Tm of CTSWT at 20% and 5% glycerol, this data suggests that CTSWT can 

tolerate glycerol concentrations as low as 5% and maintain stability comparable to 

when in solution with 20% glycerol. However, in the 10% glycerol condition there is a 

~5C increase in TM compared to the 5% and 20% conditions. Typically, this would 

suggest a strong stabilising effect, but given that this condition sits between the 20% 

and 5% conditions and that their melting temperatures were similar, the TM for the 

10% condition does not appear to fit the trend (i.e., no difference in TM between 20% 

and 5% glycerol). The significance of this observation is discussed in section 3.3.   
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Figure 3-8. GFP-based thermal stability assay investigating the effect of glycerol on 

the Tm of CTSWT. After DDM-solubilisation of CTSWT from Sf9 cell membranes, the 

soluble fraction was equally divided into aliquots and each aliquot was incubated at a 

specific temperature. After incubation, the pellet and soluble fractions were 

separated, and the soluble fraction was run on SDS-PAGE. The amount of CTSWT 

remaining in solution (i.e., in the soluble fraction) in each condition then observed by 

in-gel GFP fluorescence. A) An example in-gel GFP fluorescence SDS-PAGE of 

CTSWT membranes incubated at different temperatures, in buffer containing 5% 

glycerol. From the gel, the denaturation of CTSWT can be observed between 50-60°C. 

B) Melting curves for CTS in buffer containing 5% (top), 10% (middle), and 20% 

glycerol (bottom). Green arrows, CTSWT bands; red arrows, free eGFP bands; M, 

molecular weight marker. N=1, and therefore the glycerol effect is currently an 

inferred effect until proven in further studies.   
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3.3 Discussion  

To date, studies on CTS have focused primarily on the biochemical characterisation 

of the transporter (De Marcos Lousa et al., 2013; Dietrich et al., 2009; Footitt et al., 

2007; Footitt et al., 2002; Nyathi et al., 2010; Nyathi et al., 2012; Theodoulou et al., 

2005), which ultimately led to the observation of CTS ACOT activity and identification 

of residues that may be involved (Carrier et al., 2019). Despite this work, it is not clear 

where in this protein this activity is derived from or how the candidate residues thought 

to be involved in substrate hydrolysis contribute to the transport cycle (Carrier et al., 

2019). To address these outstanding questions, a new direction was pursued through 

structural biology. Accordingly, the work in this chapter details the very beginning of 

structural studies on CTSWT, outlining the modifications made to existing protocols to 

ensure that the expression and solubilisation of CTSWT was suitable for large scale 

purification of the transporter, and for downstream cryo-EM studies.   

Early on, it was necessary to ensure that CTSWT
 could be expressed at levels suitable 

for EM. Despite cryo-EM being much less reliant on high protein concentrations than 

x-ray crystallography, the fact that CTSWT degrades so easily meant that the initial 

yield after expression would need to be high enough to offset these losses such that 

after purification, a concentration of ≥ 0.5 mg/ml could be achieved and, in a buffer 

that is suitable for EM studies (Drulyte et al, 2018; Kampjut et al., 2021; Sgro & Costa, 

2018). Because of the effects of vitrification during cryo-EM grid preparation, the 

concentration of protein on the grid is often not representative of that measured in 

solution (Klebl et al, 2020), and therefore, this concentration represents the lower 

value required for cryo-EM. Typically, cryo-EM grids are prepared at concentrations 

of ~ 1 mg/ml, though there is considerable variation (e.g., the GPCR Smoothened 

between 5 – 10 mg/ml (Qi et al, 2019) and the glucagon-like peptide-1 receptor 

between 15 – 20 mg/ml (Cong et al, 2021)). That considered, after expression testing 

and consideration of protein loss during the solubilisation and concentration steps, a 
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yield of ~ 0.5mg/L of culture was considered to be suitable for cryo-EM studies 

(indeed, after purification CTSWT could be concentrated to 0.5 – 1 mg/ml; pages 114 

and 122).  

However, it is known that membrane protein overexpression can lead to the 

generation of mis-folded, aggregated, and inactive protein (Ferrer-Miralles et al, 2015; 

Tate, 2001; Wagner et al, 2007), with incredibly low yields. Moreover, the construct 

design is critical for the successful expression of the protein of interest to alleviate the 

above (Edavettal et al, 2012). Thus, whilst the amount of CTS generated from Sf9 

cells in this study was deemed suitable for cryo-EM, it would be beneficial to 

understand how much of the CTS that is expressed is correctly folded, and indeed 

whether different constructs would behave better or worse in that respect that the 

constructs used in this study. Future work may wish to focus on these tasks to improve 

CTS expression. For example, a series of different constructs could be produced, 

incorporating different affinity tags, including stabilising mutations, deleting predicted 

disordered regions, truncations, or fusions. Once generated, such constructs could 

be expressed in Sf9 cells and their expression levels compared, and the quality of the 

expressed protein assessed using a simple technique such as that described by 

Thomas & Tate (2014). They found that membrane proteins generated in insect cells 

were expressed as a mixture of folded and unfolded proteins, whereas mammalian 

cells were more efficient at expressing the same proteins in a folded state. To date, 

CTS expression has not been attempted in mammalian cells as there is precedent for 

expressing the plant protein in Sf9 cells as this expression system has an optimal 

growth temperature (27C) similar to that of CTS’s host organism (A. thaliana, ~23C). 

However, the study discussed above suggests that an investigation into mammalian 

expression may be useful.  

The choice of detergent and efficiency of extraction is a critical part of membrane 

protein purification. Indeed, the extraction of ABC transporter from their native 

membrane using detergents is well documented (Ambudkar, 1995; Cai & Gros, 2003; 
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Meyer et al, 1994; Poolman et al, 2005; Sharom, 1995; Wright et al., 2018) with many 

detergents showing varying extraction efficiencies on different ABC transporters. 

Thus, whilst previous work had used DDM to solubilise CTSWT, solubilisation 

optimisation was necessary to ensure that the maximum extraction efficiency was 

achieved. The detergents used for screening and their concentrations were chosen 

based upon their success in solubilising various channels and transporters for 

structural studies. Moreover, these detergents were chosen because – apart from the 

similarity between OGNG and DGNG (differing only in their hydrophobic tail length) – 

they have different chemical structures. Therefore, it would be possible to eliminate 

such detergents that are likely not compatible with CTS should different detergents 

be required in future studies.  

Of the five detergents tested, CTSWT was most efficiently solubilised by those with the 

longest tail groups (DDM having a single 12-carbon chain and LMNG having two 12-

carbon chains), followed by CYMAL-4 baring the shortest tail group (albeit it being an 

aryl chain). Interestingly, although neither OGNG nor DGNG solubilised CTSWT well, 

there was a distinct different in their solubilisation efficiencies despite their tail length 

differing by only 2 carbons. However, both detergents solubilised CTSWT less 

efficiently than the shortest chain detergent, CYMAL-4, which like DDM and LMNG, 

has a maltoside headgroup. Therefore, it appears detergents with glucose heads-

groups are not efficient for solubilising CTSWT. If in future studies new CTS constructs 

are pursued then further detergent screening may be carried but instead of utilising 

western blotting as the sole measure of solubilisation efficiently, it may be used in 

conjunction with fluorescence-size-exclusion chromatography (FSEC). This 

technique, which takes advantage of the constructs GFP tag, is capable not only of 

informing on expression level, but also on sample monodispersity, and approximate 

molar mass of unpurified samples (Kawate & Gouaux, 2006). This method has been 

used to aid in the study of many different integral membrane proteins, including ABC 

transporters (Ellinger et al, 2013).  
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Lastly, the total protein concentration at which the CTSWT-containing membranes 

would be solubilised was 2 mg/ml according to the original protocol. Experiments 

showed that solubilisation of CTSWT from Sf9 cell membranes was equally efficient at 

2 mg/ml and 10 mg/ml total protein concentration, and with either 1% or 2% (w/v) 

DDM. Solubilisation at 10 mg/ml drastically reduced the amount of membrane dilution 

required as well as detergent used during solubilisation, and overall streamlined the 

downstream purification process. 

The report by Geillon et al. (2017) showing an increased yield of soluble human 

ABCD1 after incubation of peroxisomes with solution containing ATP prior to DDM 

solubilisation, represented a potential simple method to improve the yield of CTSWT 

during solubilisation despite CTS being extracted well by DDM (~64%-80% 

efficiency). In their study Geillon et al. (2017) it was hypothesised that this observation 

resulted from the binding of ATP to the transporter causing the transporter to adopt 

the more compact outward-facing that is more easily extracted from the membrane 

than the inward-facing state (here on referred to as the  ‘conformation hypothesis’) or 

that ATP induces movement of peroxisomal ABCD transporters outside of detergent-

resistant lipid rafts/microdomains (here on referred to as the ‘microdomain 

hypothesis’). However, CTSWT is known to be active when in Sf9 cell membranes 

(Carrier et al., 2019; De Marcos Lousa et al., 2013) and therefore able to bind and 

hydrolyse ATP, meaning it is cycling through inward and outward facing states, 

respectively. Despite the DDM extraction efficiency of CTSWT from Sf9 cell 

membranes being higher than that for the extraction of human ABCD1 from 

peroxisomal membrane, the observation that the extraction efficiency of CTSWT does 

not improve when membranes are incubated with buffer containing ATP contrasts 

with the conformation hypothesis. However, it should be noted that in future studies, 

more pronounced effect may be observed if non-hydrolysable ATP analogues are 

used due to their ability to lock the protein into the outward-facing state.  
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Moreover, like peroxisomes, Sf9 insect cells are also known to possess lipid rafts 

(Avisar et al, 2005), again contrasting the microdomain hypothesis. It should be noted 

that ABCD1 exists in peroxisomal membranes primarily as a homo-tetramers (Geillon 

et al., 2017) and although CTS has been shown to form oligomers in A. thaliana 

membranes of at least three CTS molecules (De Marcos Lousa et al., 2013), its 

oligomeric state in Sf9 cell membranes in unknown. Therefore, the different DDM 

extraction efficiencies between CTSWT in this study and ABCD1 by Geillon et al. 

(2017) may have a basis in the transporter's oligomeric state. If the conformation 

hypothesis is true, repeating this experiment with the inactive CTSD606N/E607Q mutant 

or a non-hydrolysable ATP analogue such as AMP-PNP, that is incapable of changing 

conformations, the solubilisation efficiency should increase. Unfortunately, due to 

time constrains this experiment was not carried out.   

Finally, using an IMPROvER-based thermal stability assay (Harborne et al., 2020), 

the thermal stability of CTSWT was assessed in buffers containing different amount of 

glycerol. Whilst high glycerol concentrations are necessary for solubilisation of CTS, 

this is not generally suitable for cryo-EM studies, especially those proteins or 

complexes below 500 kDa (Drulyte et al., 2018) due to it reducing the contrast 

observed in EM micrographs. The TM of CTSWT in the 5% and 20% glycerol conditions 

was reported at ~55C whereas the TM of the 10% condition was reported at ~59C. 

This increase in the apparent TM of CTSWT was unexpected due to this condition being 

in-between the 5% and 20% conditions that reported similar melting temperatures. 

This is intriguing because all GFP-thermal stability assays were carried out on the 

same batch of CTSWT protein and in each experiment (5%, 10%, and 20% glycerol 

conditions), all temperature challenges were carried out in triplicate and the data 

processed in the same way. Whilst care should be taken when considering this 10% 

condition, it should be noted that the primary goal of this experiment was to ensure 

that a lower glycerol concentration, could be accommodated. Indeed, this was 

suggested by the 5% condition. Moreover, despite the increased TM observed in the 
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10% condition, it would not have been suitable to use 10% glycerol in EM studies due 

to the large reduction in contrast, and especially not for relatively small proteins (in 

terms of EM) such as ABC transporters. However, this finding is interesting given that 

it may have application to non-structural studies for further characterisation of CTSWT 

e.g., in transport assays or biophysical studies. Indeed, 4C is a large increase when 

considering protein melting temperatures (Alexandrov et al, 2008; Ashok et al., 2015), 

Ultimately, it was decided that 5% glycerol condition would be used for subsequent 

purification of CTSWT due to the TM between this and the 20% condition being 

negligible, and because a balance between protein stability and contrast in EM was 

required. Care should be taken however, as this experiment was carried out once per 

condition, and thus, the effect of glycerol is inferred until proven by further 

experimentation.  

In summary, prior to this project, CTSWT had not been studied using structural biology 

techniques, and therefore, existing protocols required modification to ensure that 

CTSWT could be produced at a sufficient quantity and quantity for downstream 

purification processes and structural studies. Therefore, the work presented in this 

chapter demonstrates the establishment of a robust expression and solubilisation 

protocol for CTSWT (and CTS mutants), confirming that these constructs are 

amenable for study by cryo-EM, and lays the foundation for purification and electron 

microscopy studies presented in subsequent chapters.  
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4 Studies Towards the Structure of Wild-Type COMATOSE (CTSWT) 

4.1 Introduction 

Before ABC transporter were studied using structural biology techniques, elegant 

biochemical experiments were carried out that laid the foundations for deciphering 

the catalytic transport cycle. Complementary experiments by Loo & Clarke (1995) and 

(al-Shawi et al, 1994) utilising cysteine-reactive N-ethylmaleimide - which inactivates 

the ATPase activity of the protein – and cysteine-free mutants showed that Mg-ATP 

binds to both NBSs of P-gp, and that the NBDs physically interact. Careful vanadate 

trapping experiments showed that orthovanadate completely inhibits P-gp ATPase 

activity by trapping the nucleotide in the NBS (Urbatsch et al, 1995b), and that 

trapping of nucleotide at one NBS prevents hydrolysis at the other, suggesting an 

alternating hydrolysis mechanism (Urbatsch et al, 1995a; van Veen et al, 2000). 

Further trapping experiments allowed Urbatsch et al. (1995a) to outline a scheme for 

Mg-ATP hydrolysis. Building on this, several groups –utilising a variety of different 

methods including spectroscopy, protease accessibility, and biophysical techniques 

– reported conformational changes in the TMDs of various ABC transporters upon 

ATP binding (Manciu et al, 2003; Sonveaux et al, 1999; Vigano et al, 2000). Whereas 

other biochemical experiments have shown that substrate binding to the TMDs 

increases the affinity of the NBDs for nucleotide (Gao et al, 2000; Qu et al, 2003). 

This then questions which comes first in the transport cycle, nucleotide binding or 

substrate binding. These data, as well as many other elegant experiment and 

observations are summarised by Senior et al. (1995) and Higgins & Linton (2004), 

and lead to the development of the ATP switch model. Thus, these importance of 

biochemical experiments on deciphering the catalytic cycle of ABC transporters 

cannot be understated. It was this work that allowed the results of  structural studies 

to be inferred and placed into context.  
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Before the so-called ‘resolution revolution’ of cryo-EM, the majority of protein 

structures – both soluble and membrane – were solved using X-ray crystallography. 

Indeed, the first structure of an ABC exporter was solving using this method (Dawson 

& Locher, 2006), which was followed by crystal structures from several important ABC 

transporters including MsbA (Ward et al., 2007) P-gp (Jin et al, 2012), TM287-TM288 

(Hohl et al., 2012), and MalFGK (Kadaba et al., 2008). The crystal structures of these 

and various other ABC transporters were vitally important in understanding how these 

transporters function, and the knowledge gained from these studies laid the 

foundation for various mechanistic models describing the catalytic cycle of different 

transporters and their substrate specificities (Hohl et al., 2014; Locher, 2016; Perez 

et al., 2015; Ward et al., 2007). However, two major lines of questioning remained; 

the first was that of substrate polyspecificity (i.e., how can a single transporter bind 

and transporter a wide range of chemical variable substrates, e.g., P-gp), and the 

second questioned the physiological relevance of specific transporter conformations, 

especially those obtained from crystal structures (Wright et al., 2018). Around this 

time, technological advancement in the field of EM was taking off, which ultimately 

led to the resolution revolution (Kuhlbrandt, 2014). The resolution-revolution began 

with the development of direct-electron-detectors (DEDs) (Bammes et al, 2012; Jin et 

al, 2008; Milazzo et al, 2011) that, unlike photographic film or CCDs, can record single 

electron events in rapid succession. With this improved frame rate, ‘micrograph 

movies’ could be recorded during data collection and used to compensate for sample 

movement during each exposure. At the same time, many other developments arose, 

including software for automated data collection, motion- and CTF correction 

algorithms, particle picking algorithms, single particle analysis software packages, 

and crucially, improved accessibility of EM to structural biologists in general. Thus, 

structural biologist studying ABC transporters looked to cryo-EM as a complementary 

method to x-ray crystallography a means of answer their outstanding questions. 

Indeed, the number of protein structures solved by cryo-EM has risen dramatically 
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over recent years, whilst the number of crystal structures solved has remained 

relatively constant (Fig. 4-1).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1.The number of structures deposited in the PDB per year by method. Whilst 

the number of crystal structures solved has remained constant over the last ~10 

years, the number of structures determined by cryo-EM has steadily increased. Data 

(from the PDB) is accurate as of July 2022. 

However, x-ray crystallography is still an incredibly powerful structural biology tool. 

For example, it is better suited than cryo-EM to provided high-resolution information 

as a function of time, where the use of x-ray free-electron laser light sources and 

allowed the development of serial femtosecond crystallographic analyses of various 

proteins  (Keable et al, 2021; Liu & Lee, 2019). Moreover, x-ray crystallography is 

currently the best method to obtain true-atomic-resolution structures of proteins and 

is therefore more capable than cryo-EM in investigating the role of hydrogen-bonding 
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in macromolecules; this has recently been demonstrated by ultra-high resolution 

structures of the light-driven pump bacteriorhodopsin (Borshchevskiy et al, 2022). 

Finally, x-ray diffraction experiments can be carried out on protein within the lipidic 

cubic phase (LCP), showing that the crystal structure of membrane proteins (the 

structure of >700 solved in LCP) can be solved in a faithful membrane mimetic 

environment (Li & Caffrey, 2020). 

However, cryo-EM has several key advantages over x-ray crystallography when 

studying ABC transporters. Firstly, while x-ray crystallography is capable of structure 

determination at incredibly high resolution, its major limitation is the necessity of 

forming crystals. Whilst some proteins crystallise readily, other proteins are much 

more recalcitrant, and this is especially true of membrane proteins usually because 

the presence of detergent can limit crystal packing and interrupt crystal contacts; in 

the best case this leads to poorly diffracting crystals, and in the worst case prohibits 

crystallisation entirely. Poor crystal packing typically results in a high crystal solvent 

content, which limits the resolution obtained during a diffraction experiment. All these 

problems are alleviated by cryo-EM since crystallisation is not necessary.  

Secondly, despite their highly dynamic nature, ABC transporters packed into a crystal 

lattice can only adopt a single conformation. Conversely, during cryo-EM sample 

preparation, particles are suspended in vitreous ice and can adopt any conformation 

(Drulyte et al., 2018; Naydenova & Russo, 2017). Because multiple conformational 

states may be identified in a single data set (Hofmann et al, 2019), this allows for the 

identification of rare conformation states, and the build-up of a more discrete view of 

the transporters catalytic cycle. Secondly, because of the ability cryo-EM to identify 

different conformational states, by adding substrate to transporters prior to making 

grids, this technique is well suited to obtaining substrate-bound structures of highly 

dynamic ABC transporters (Johnson & Chen, 2017; Manolaridis et al., 2018; Scortecci 

et al, 2021; Wang et al., 2021). Thirdly, most membrane proteins are generally 

expressed at low yield, with those that are eukaryotic and/or mammalian often 
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expressing even more poorly (Kesidis et al, 2020; Tate, 2001). Crystallisation 

screening often requires high concentrations of sample in relatively large volumes 

(ideally ~100 µl at >10 mg/ml). These sample requirements are often not obtainable 

for membrane proteins given their poor expression levels and propensity to degrade 

and aggregate during the purification process. Alternatively, preparation of a single 

cryo-EM grid typically requires just 3 µl of sample at ~1 mg/ml (Kampjut et al., 2021; 

Schmidli et al, 2019), therefore, some proteins that will not concentrate well or 

crystallise at all can be studied using cryo-EM.  

Importantly, it has been suggested that the use of detergents in structural studies of 

ABC transporters can cause proteins to adopt physiological irrelevant conformations, 

especially for crystal structures (Guo, 2020; Locher, 2016; Wright et al., 2018). 

Detergent-free solubilisation methods such as nanodiscs (Ritchie et al, 2009) and 

styrene maleic acid (SMA)  co-polymer (Lee et al, 2016b) may be used to overcome 

this problem due to their more native conditions. For example, SMA co polymer is 

capable of extracting proteins from the membrane whilst retaining their native 

surrounding lipids that may be critical for the proteins function. Nanodiscs require the 

purified protein to be reconstituted, but the addition of exogenous lipids during 

nanodisc formation provides a more native environment than detergent alone. 

Moreover, it has been shown that proteins solubilised in this way can be crystallised 

(Broecker et al, 2017; Nikolaev et al, 2017), this is non-trivial and requires its own 

optimisation. Alternatively, both methods – but predominantly nanodiscs – have been 

used successful in cryo-EM. Finally, whilst bigger is generally better for cryo-EM 

studies, the structure of many small proteins has been solved using this technique 

(Fan et al, 2019; Gopalasingam et al, 2019) – such as the 52 kDa streptavidin – 

meaning that CTS at 182 kDa (with the eGFP tag) is certainly amenable to cryo-EM.  

For these reasons, it was decided that structural studies on CTSWT would be 

approached using cryo-EM. CTSWT is a fragile ABC transporter that is subject to 

extensive proteolysis in its linker region that joins its two pseudo halves (Nyathi et al., 
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2010). Despite expressing fairly well for a eukaryotic membrane protein (0.5 mg/L 

culture, section 3.2), it does not concentrate well and instead degrades significantly 

when the concentration is ≥ 1 mg/ml (observed by Dr David Carrier and in this work), 

therefore eliminating x-ray crystallography as an option. Moreover, to develop an 

understanding of the thioesterase activity exhibited by CTSWT it would be ideal to 

solve the structure with substrate bound or capture the transporter in different 

conformation states. It is likely that significant conformational changes occur during 

substrate binding and whilst crystallisation may be capable of capturing one such 

state, the dynamic nature of ABC transporters means this challenge is better suited 

to cryo-EM.  

Given that no structural data exists for COMATOSE, this chapter outlines the 

purification strategy used to purify CTSWT – in detergent and detergent-free systems 

– for structural studies by cryo-EM, with the aim of solving a high-resolution structure 

of the transporter in an active form.   
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4.2 Results 

4.2.1 Solubilisation and Purification of COMATOSE using SMA 

Co-polymer and Nanodiscs 

Having established a detergent solubilisation method, it was decided that non-

detergent methods would also be investigated for comparison and in an attempt to 

surmount the limitations of the former. Thus, attempts were made to purify CTSWT 

using two detergent-free methods: SMA, which is capable of extracting membrane 

proteins directly from their native membrane and retaining native lipids (Lee et al., 

2016b) which may be critical for the proteins function (Qian et al, 2021; Stieger et al, 

2021), and nanodiscs (Ritchie et al., 2009), which require protein reconstitution after 

purification.  

4.2.1.1 SMA Co-polymer 

The first was the use of SMA co-polymer to solubilise CTS directly from Sf9 cell 

membranes for subsequently purification using the either the StrepII tag, or the eGFP 

tag. Unfortunately, whilst the SMA was capable of solubilising CTS with an efficiency 

of ~40%, SMA-solubilised CTSWT was not able to sufficiently able to bind either 

Streptactin resin, or GFP-trap resin, with large amounts of CTS being found in the 

flow-through (Fig. 4-2). Whilst small amounts of protein were eluted from the 

streptactin resin, the lack of resin binding meant that it could not be purified in large 

amounts by affinity chromatography. Attempts to remove free-SMA after solubilisation 

by either dialysis or dilution did not improve resin-binding. This resin-binding problem 

after solubilisation is well-known to those in the field, but the cause of this is currently 

unclear. Anecdotal evidence suggests instead of modifying buffer composition away 

from conditions known to be successful (i.e., 500 mM NaCl, pH 8), greater 

consideration should be given to construct design, primarily the location of the 

protein’s affinity tag and the nature of the tag itself (the Strep II tag appears to be 

particularly problematic) as both appear to be important factors. Finally, solubilisation 
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of CTSWT using batches of newly prepared SMA abolished solubilisation entirely (data 

not shown). Therefore, no further experiments were carried out using SMA and 

instead, attempts were made to reconstitute detergent purified-CTS into lipid 

nanodiscs. 

 

 

 

 

 

 

 

 

Figure 4-2. Small-scale purification of CTSWT solubilised in SMA co-polymer. Whilst 

CTSWT can be solubilised by SMA (~40% soluble), it does not efficiently bind to affinity 

resins for purification as evident by the intense flow-through band after incubation 

with either Streptactin or GFP-trap resin. Top panel, in-gel GFP fluorescence; 

bottom panel, anti-GFP western blot; M, molecular weight marker; S, supernatant; 

P, pellet; Strep, streptactin resin; G, GFP-trap resin; FT, flow-through. 

4.2.1.2 Nanodiscs  

Two different membrane scaffold proteins were used to reconstitute purified CTSWT 

into lipid nanodiscs: MSP1D1 (diameter 9.5 nm) and MSP1E3D1 (diameter 12.1 nm) 

(Ritchie et al., 2009). Optimisation of the protein:scaffold:lipid ratio is critical for the 

formation of lipid nanodiscs, and their formation is typically assessed by SEC (Ritchie 

et al., 2009). However, this process can be time-consuming and more importantly, 

due to the low expression level of CTSWT, dividing the purified sample in order to 

assess many different protein:scaffold:lipid ratios would mean that each SEC run 
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would not be capable of easily assessing the efficiency of reconstitution due to the 

low amount of protein injected onto the column. Instead, a gel-based approach was 

used by preparing different protein:lipid:scaffold mixtures, and after incubation and 

bio-bead detergent extraction, observing the amount of CTSWT left in solution (i.e., 

after removal of detergent, whatever remains in solution must be being solubilised by 

a nanodisc). Several different protein:scaffold:lipid ratios were investigated for their 

ability to reconstitute CTSWT; these were chosen to cover a wide enough range of 

permutations that had been used successfully for other ABC exporters (e.g. (Josts et 

al., 2018). However, only one ratio – the ratio 1:3:40 using MSP1E3D1 – yielded a 

sufficient amount of CTSWT
 in the soluble fraction (table 4.1).  

 

MSP1D1 MSP1E3D1 

Ratio CTS in pellet or soluble? Ratio CTS in pellet or soluble? 

1:0:40 pellet 1:0:40 pellet 

1:3:40 pellet 1:3:40 majority soluble 

1:3:60 pellet 1:3:60 majority pellet, some soluble 

1:3:120 pellet 1:3:80 majority pellet, some soluble 

1:5:40 pellet 1:3:120 pellet 

  1:1.5:40 majority pellet, some soluble  

  1:1.5:60 majority pellet, some soluble 

  1:1.5:80 majority pellet, some soluble 

  1:1.5:120 majority pellet, some soluble 

Table 4.1. Different protein:scaffold:lipid ratios tested for reconstitution of CTSWT into 

lipid nanodiscs.  

 

After running the samples on SDS-PAGE (Fig. 4-3), in-gel GFP fluorescence showed 

distinct degradation of CTSWT, presumably occurring during the reconstitution 

incubation step, with free-eGFP visible at the bottom of the gel most prominently in 

each soluble fraction. Bands between 80 kDa – 46 kDa likely represent impurities 

from the MSP1E3D1 purification. The MSP1E3D1 1:3:40 ratio appeared to successful 
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reconstitute CTSWT into a nanodisc as evidenced by the majority of protein remaining 

in the soluble fraction after reconstitution (Fig 4-3).  However, it should be noted that 

due to time constraints, this experiment was not repeated. 
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Figure 4-3. MSP1E3D1 nanodisc optimisation by SDS-PAGE. By comparing different 

ratios of CTSWT:scaffold:lipid after incubation and subsequent detergent removal 

using bio-beads, the ratio 1:3:40 appeared to result in the formation of a CTSWT-

nanodisc, with substantial amounts of CTSWT remaining in the soluble fraction (i.e. the 

fraction in which CTS exists after detergent removal and solubilisation by a nanodisc). 

However, further experiments could not repeat this in large-scale (N=1). Top panel, 

in-gel GFP fluorescence; bottom panel, Coomassie-staining of the gel in the top 

panel. M, molecular weight marker; P, pellet; S, soluble; green arrow, full length CTS 

bands; top bands, represent a co-purifying contaminant expressed in Sf9 insect cells.   
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Therefore, this sample was assessed by negative-stain EM (Fig. 4-4). Despite the 

sample containing a few extra bands, given the size of CTSWT relatively to these 

(except the 245kDa band), it was expected that CTSWT would be easily observed if 

nanodisc formation had occurred properly and therefore, it would be possible to 

confirm whether or not nanodisc purification using this method was suitable. However, 

the expected particles were not observed (see figure 4-4 for an example of negatively 

stained nanodisc-reconstituted MalFGK2 (Fabre et al, 2017)) and instead, a 

polydisperse sample was observed with significant heterogeneity and large, often 

aggregated particles, amongst a background of smaller particles. The large particles 

may represent the ~245 kDa protein observed by Coomassie-stained SDS-PAGE that 

was later confirmed as an unknown contaminant protein intrinsic to Sf9 cells that has 

a strong affinity for Streptactin XP Superflow High Capacity Resin but not Strepactin 

Superflow High Capacity Resin (see gel image in appendix; the XT resin was used 

during nanodisc experiments in an attempt to improve resin binding of CTSWT as it 

was reported to have a higher binding affinity than the standard High Capacity Resin). 

Since a suitable reconstitution condition was not identified despite the devotion of a 

significant amount of time, nanodisc reconstitution was not pursued further and 

instead alternative methods were sought (section 4.2.2 and 4.2.3). 
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Figure 4-4. Negative stain EM assessment of CTSWT after nanodisc reconstitution 

using MSP1E3D1 at a ratio of 1:3:40 (protein:scaffold:lipid). After purification, CTSWT 

was combined with MSP1E3D1 and POPC lipids at a ratio of 1:3:40 for reconstitution. 

CTSWT was separated from empty nanodisc and free scaffold protein by affinity 

chromatography then subject to negative stain EM. A) A representative negative-stain 

electron micrograph of nanodisc-reconstituted MalFGK2 showing expected particles 

(black boxes) for comparison to CTSWT. B) Despite sample clean-up, the expected 

particles were not observed with grids showing distinct heterogeneity (aggregated 

particles are highlighted in red boxes) and polydispersity. Each panel represents a 

different grid square of the same grid. Scale bar = 100 nm.   
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4.2.2 ATPase Activity on CTS Proteoliposomes 

Prior to the work reported here, the ATPase activity of CTSWT (and various mutants) 

had been reported from ATPase activity assays carried out on whole yeast 

peroxisomes (Carrier et al., 2019; Nyathi et al., 2010; Nyathi et al., 2012) or in insect 

cell membranes (Carrier et al., 2019; De Marcos Lousa et al., 2013) . However, given 

that structural studies usually require purified protein, it was necessary to determine 

whether CTSWT retains activity after purification. To do this, efforts were focused on 

reconstitution of the detergent purified protein (purified as in section 4.2.3) into 

proteoliposomes to carry out ATPase activity assays.  Two proteins were used for the 

ATPase assays: CTSWT and CTSD606N/E607Q. CTSD606N/E607Q is a hydrolysis-deficient 

Walker-B mutant (section 3.2.1).   
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Figure 4-5. Reconstitution and ATPase activity assay of CTS. A) An example of 

proteoliposome reconstitution of CTSWT confirmed by sucrose density gradient 

centrifugation. Left panel, CTSWT proteoliposomes after centrifugation in a sucrose 

density gradient, showing a discrete band of CTSWT-containing proteoliposomes in 

the 10% fraction (white band; gradient 2.5% - 60% top to bottom). Right panel, 

Coomassie-stained SDS-PAGE showing a sample from each layer in the sucrose 

gradient, confirming that CTSWT floats with the liposomes in the 10% layer. B) ATPase 

activity assay of CTSWT and CTSD606N/E607Q. CTSWT shows substrate-stimulated 

ATPase activity with sensitivity to aluminium fluoride, whereas the catalytic mutant 

CTSD606N/E607Q does not. Each condition was measured in triplicate; errors bars are 

reported as SEM. M, molecular weight marker; percentages represent concentrations 

of sucrose in each layer of the gradient; AlF3, aluminium fluoride. N=1.   
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As expected, when comparing the negative control (i.e., empty liposomes not 

containing CTS) to CTSWT in the absence of ATP (CTSWT -ATP), there was no 

distinguishable difference in the amount of inorganic phosphate released (Fig 4-5b). 

This provided a baseline for the assay at ~ 4 nmol Pi/mg/min. The activity of CTSWT 

was confirmed by the observation of inorganic phosphate release at a rate of ~18 

nmol Pi/mg/min. when in the presence of ATP (CTSWT +ATP), a ~4.5-fold increase 

compared to the CTSWT -ATP condition. The ATPase activity of CTSWT was reduced 

when incubated with the transition-state inhibitor (CTSWT +ATP +AlF3), aluminium 

fluoride, immediately prior to the assay. This agrees with previous findings that the 

ATPase activity of peroxisomes purified from yeast expressing CTSWT is inhibited by 

aluminium fluoride (Nyathi et al., 2010). Interestingly, whilst the aforementioned study 

reported total ATPase inhibition (restoring the detectable activity to that of the 

negative control baseline), in the assay presented here, some ATPase activity 

remains. Concentrations of C18:0-CoA between 20 M and 40 M increased the rate 

of inorganic phosphate release to between ~22 – 37 nmol Pi/mg/min., a ~2-fold 

increase on the CTSWT +ATP condition in the absence of substrate. However, this is 

still very low compared to other ABC transporters and compared to CTS in 

peroxisomes (Nyathi et al., 2010) (i.e., not purified and reconstituted). It may be that 

the maximum ATPase activity of CTS can only be observed when the protein is 

reconstituted in the presence of acyl-CoA synthetases (e.g. LACS6/7) which CTS is 

known to make physical interaction with (De Marcos Lousa et al., 2013). Thus, given 

that this is an N=1 experiment, future studies will be required to validate this result 

conclusively. Due to time constraints, it was not possible to include a condition 

measuring the activity of mutant CTSD606N/E607Q in the presence of substrate though 

this condition will be important in future activity experiments on reconstituted CTS. 

Compared to CTSWT, the catalytic mutant CTSD606N/E607Q did not show any substantial 

ATPase activity in the presence of ATP, with an inorganic phosphate release rate of 

~ 7.5 nmol Pi/mg/min., a ~2.4-fold decrease compared to wild-type CTSWT. By 
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carrying out the assay using CTS -ATP, CTS +ATP, CTS +ATP +C18:0-CoA, and 

negative control conditions at 10- and 20-minute time points (originally 30 minutes), 

the activity measured was confirmed to be in the assay’s linear range (see appendix). 

Taken together, these data suggest that after detergent purification and 

reconstitution, wild-type CTS still possesses substrate-dependent ATPase activity.   
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4.2.3 Purification of CTSWT using DDM  

Initial attempts to purify CTSWT using detergents were made using DDM (Fig. 3-4 

showing DDM as best suited for this). After solubilisation of CTSWT from Sf9 cell 

membranes using a mixture of DDM, CHS, and asolectin and protease inhibitors 

(Proteoloc protease inhibitor cocktail, and AEBSF), the protein was bound to 

Strepactin Superflow High Capacity Resin (IBA) for purification. CTSWT was eluted off 

the streptactin resin into buffer containing 20 mM Tris pH 7.4, 200 mM NaCl, 5% 

glycerol (v/v), 0.05% DDM/0.005% CHS/0.005% asolectin (w/v), and 5 mM 

desthiobiotin. Although the concentration of CTSWT eluting from the streptactin resin 

was low, it was still visible by Coomassie staining (Fig. 4-6a). Whilst highly sensitive 

silver-staining after SDS-PAGE confirmed that the protein was highly pure after a 

one-step purification (Fig. 4-6b), after pooling of these fractions and concentration, 

CTSWT displayed significant degradation and precipitation (Fig. 4-6a, right panel). This 

was evidenced not only by the increased intensity of bands present prior to 

concentration – which alone would simply indicate concentration of these minor 

contaminants – but also new bands between ~135 – 80 kDa, streaking, and a different 

intensity ratio between the two lowest bands observed in the silver-stain gel (i.e., 

concentration resulted in more degradation into the ~80 kDa band). Therefore, this 

limited the final achievable concentration of full-length CTSWT in solution to ~ 0.6 - 1 

mg/ml.   
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Figure 4-6. Purification of CTSWT in DDM. A) SDS-PAGE of Streptactin affinity 

chromatography purification of CTSWT in DDM. Top panel, streptactin affinity 

purification showed by SDS-PAGE in-gel GFP; bottom left panel, affinity purification 

showed by SDS-PAGE stained with Coomassie; bottom right panel, SDS-PAGE 

stained with Coomassie showing affinity purified CTSWT after concentration showing 

substantial degradation B) Silver-staining showing high purity of CTS after one-step 

streptactin affinity purification. M, molecular weight marker; P, pellet; S, supernatant; 

FT, Flow-through; W, washes, green arrows, CTSWT band; R, resin sample. A and B 

are different gels from different purifications.   
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Although ~ 1 mg/ml is suitable for cryo-EM studies, a higher concentration is 

desirable, mostly because of the number of particles required for high-resolution 

reconstructions. Therefore, to see if this concentration could be improved, three 

different centrifugal concentrators were investigated to assess how they affected the 

degradation of CTSWT. After purification, eluted CTSWT was pooled and equally 

divided between three 100 kDa molecular weight cut-off (MWCO) concentrators i.e., 

Amicon® (regenerated cellulose), Proteus X-spinner (polyethersulphone), and 

Vivaspin® (polyethersulphone), and concentrated until each sample reached ~ 100 

µl. The concentration of each sample was then measured by absorbance at 280 nm 

and sample degradation was compared by running each sample on SDS-PAGE. 

From this, the Amicon® concentrator appeared to yield more protein but given the 

more pronounced degradation, this is likely the result of an erroneous increased 

amount of starting material compared to the other concentrators. Therefore, no 

meaningful difference between the ability of the three different concentrators to 

concentrate CTSWT was noted, but substantial degradation was observed in all 

samples. Due to the limitations of A280 (nanodrop) measurements for particulate 

samples, in future studies it would be useful to quantitively assess the extent of CTS 

degradation using techniques such as dynamic light scattering. Nonetheless, the 

degradation problem appears to be intrinsic to CTSWT (Fig. 4-7).   
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Figure 4-7. Investigating the effects of different concentrators on the degradation of 

purified CTSWT. After concentration of CTSWT, the three different concentrators tested 

all performed approximately equally, with all showing significant degradation of 

CTSWT (the degree of degradation after concentration is highlighted by comparison to 

Fig. 4-6a). 

To produce a sample of sufficient quality for cryo-EM, the sample must be highly pure, 

monodisperse and homogeneous (although some heterogeneity is always present). 

So, a size-exclusion chromatography (SEC) step was employed to clean up the 

sample after affinity purification and concentration to remove degradation products, 

aggregates, and excess empty micelles (Fig. 4-8). In this case, micelles would be 

present from DDM and from the phospholipid mixture, asolectin. Whilst this lipid is 

useful for the solubilisation of CTSWT (personal communication with Dr David Carrier), 

its inclusion in buffers downstream would hinder EM studies due to it compromising 

a mixture of phospholipids that can form micelles of various sizes in solution. After 

concentration, purified CTSWT was injected onto a Suprose 6 1/150 increase SEC 

column equilibrated with 20 mM Tris pH 7.4, 200 mM NaCl, 2.5% glycerol (v/v), 0.03% 
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DDM (w/v), to reduce the DDM concentration to ~3X CMC, and entirely remove 

asolectin and desthiobiotin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-8. Size-exclusion chromatography on CTSWT in DDM. A) SEC 

chromatogram of DDM-solubilised CTSWT showing three peaks (highlighted with red, 

yellow, and blue asterisks). B) SDS-PAGE showing concentrated CTSWT prior to 

SEC, and two fractions from each SEC peak (C5 & 6, C10 & 12, and D2 & D3), with 

CTSWT in fractions C10, C12, D2, and D3. M, molecular weight marker; C, 

concentrated CTS prior to SEC.   
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After a significant void peak came a doublet-peak followed by a larger peak; two 

fractions collected from under each peak confirmed the presence of CTSWT in the 

doublet and the largest peak but not the void, thereby confirming that CTSWT had 

been successful purified away from any aggregates and at the same time, the amount 

of empty micelle in solution reduced. According to SDS-PAGE of the SEC fractions, 

CTSWT was most prominent in the right-most peak of the doublet in fraction C12. Also 

present in this lane was a band running between 58 - 80 kDa. The nature of this band, 

which is almost always present when running purified CTSWT
 on SDS-PAGE, can be 

speculated on by considering the structure of CTSWT. Unlike its homodimeric human 

homologs (i.e., ABCD1-4), CTSWT is a fused heterodimer where the two asymmetric 

halves of the transporter are joined by a disordered linker. Thus, it seems that this 

band appears to be a bifurcation of CTSWT somewhere in this linker region, and its 

presence before SEC and afterwards highlights the fragility of CTSWT.  

Whilst C12 looked like a promising sample – best exemplified by comparing the 

concentrated CTSWT sample before and after SEC – negative stain EM comparing 

fractions C11, C12, D2, and D3 confirmed that the sample was still too 

heterogeneous, with the difference between CTSWT and empty micelles being too 

small to discern (Fig. 4-9). To reduce the presence of empty micelles, a further SEC 

purification was carried out, lowering the final DDM concentration, from 0.03% to 

0.025%. However, this experiment was not capable of improving negative stain grid 

quality and instead increased aggregation. Therefore, different methods were 

investigated in an attempt to begin cryo-EM studies.   
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Figure 4-9. Negative stain on SEC-purified CTSWT in DDM. A) Two micrographs from 

fraction C12 from figure 4-8. Although this fraction contained the highest 

concentration of CTSWT, high background and heterogeneity (green boxes showing 

particles of different shape and size) made distinguishing CTSWT particles difficult. B) 

Peak fraction from a further SEC purification to reduce DDM concentration from 

0.03% to 0.025%. Reducing the concentration of DDM to reduce the number of empty 

micelles present did not improve the grid quality, and instead, more sample 

aggregation is evident (red boxes). Scale bars = 100 nm. Micrographs in A) and B) 

collected at 50K and 55k magnification, respectively.   
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4.2.4 Purification of CTSWT using LMNG/Digitonin 

Due to unsuccessful attempts to purify DDM-solubilised CTSWT to a quality suitable 

for cryo-EM, new methods were sought after. It was around this time that the structure 

of the cobalamin transporter, ABCD4, was solved, revealing the first structure for a 

family D ABC transporter (Xu et al., 2019). When comparing the purification protocol 

of ABCD4 to that used for CTSWT, it was clear that the protocols were very similar, 

with the only major difference being the detergents used (table 4.2). However, 

detergent screening had previously confirmed that like ABCD4, CTSWT could be 

appropriately solubilised using LMNG, meaning the only significant difference 

between the two protocols was the exchange and elution into digitonin. Additionally, 

given that CTSWT and ABCD4 belong to the same family, and that purification using 

SMA and nanodiscs had already been attempted, it was decided that CTSWT would 

be purified using a protocol similar to that for ABCD4.   
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 CTSWT ABCD4 

Expression 

system 

Sf9 insect cells HEK 293F cells 

Solubilisation 20 mM Tris-HCl, pH 7.4,  

200 mM NaCl,  

20% glycerol (v/v),  

2 mM MgCl2,  

1% DDM/C0.1% CHS (w/v), 

2 h, 4°C 

1 mM DTT 

1X Proteoloc™ Protease 

Inhibitor Cocktail 

1X AEBSF 

20 mM Tris-HCl pH 7.5,  

150 mM NaCl,  

20% glycerol (v/v),  

2 mM MgCl2,  

2% LMNG/0.2% CHS (w/v),  

5 mM ATP, 

1.5 h, 8°C 

Affinity resin Streptactin resin Flag resin 

Elution buffer  20 mM Tris-HCl, pH 7.4,  

200 mM NaCl,  

5% glycerol (v/v),  

2 mM MgCl2,  

0.05% DDM/0.005% CHS 

(w/v) 

25 mM Tris-HCl, pH 7.5,  

150 mM NaCl,  

5% glycerol (v/v),  

2 mM MgCl2,  

0.06% digitonin (w/v) 

SEC  

 

 

Superose® 6 Increase 5/150 

20 mM Tris-HCl, pH 7.4,  

150 mM NaCl,  

5% glycerol (v/v),  

2 mM MgCl2,  

0.03%-0.025% 

DDM/0.003%-0.0025% CHS 

(w/v) 

Superdex® 200 Increase 10/300 

25 mM Tris-HCl, pH 7.5,  

150 mM NaCl,  

5% glycerol (v/v),  

2 mM MgCl2,  

0.06% digitonin (w/v) 

1 mM TCEP 

Table 4.2. Comparison between purification protocols for CTSWT and ABCD4 (Xu et 

al., 2019). 

 
Sf9 cell membranes containing CTSWT were solubilised in buffer containing 1% 

LMNG/0.1% CHS (w/v) supplemented with 4 mM ATP. After solubilisation, CTSWT 

was bound to strepactin affinity resin, washed, and eluted in 20 mM HEPES pH 7.5, 
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200 mM NaCl, 2.5% glycerol, 2 mM MgCl2, 0.06% digitonin + 5 mM desthiobiotin 

(Fig. 4-10a). The protein was concentrated (~ 0.9 mg/ml) and then assessed by SDS-

PAGE; this showed that whilst degradation occurred, it was less pronounced than 

when CTSWT was purified in DDM, with more protein being retained after 

concentration (Fig. 4-10b). However, it should be noted that unlike the purification in 

DDM, during this purification, ATP was present during the solubilisation step which 

may have improved the protein’s stability.  

 

 

Figure 4-10. Purification of CTSWT in LMNG/Digitonin. A) Top panel, coomassie-

stained SDS-PAGE of affinity purified CTSWT, showing highly pure elution fractions. 

Bottom panel, corresponding in-gel GFP image. B) Concentrated elution fractions. 

Whilst CTSWT still degrades using this protocol, its relative abundance compared to 

degradation products is higher than when purified in DDM. M, molecular weight 

marker; P, pellet; S, supernatant; W, washes; C, concentrated protein.    
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Initial efforts to subject the concentrated protein to SEC were hindered by precipitation 

of the digitonin in the SEC buffer. Due to this, and due to the sample being relatively 

clean with CTSWT being the dominant species in solution, the first cryo-EM grids were 

prepared using standard Quantifoil 1.2/1.3 300 mesh grids. During screening of these 

grids (Fig. 4-11) it was noted that streaks were visible across the grid; this was mostly 

likely caused by improper formation of vitreous ice. Additionally, on some areas of the 

grid the ice was too thick to image through, and other areas suffered from surface 

contamination or cracking of the carbon support. Nonetheless, it was evident that 

there was a reasonable distribution of particles on these grids, and therefore this 

represented a promising first attempt at cryo-EM studies on CTSWT. Consequently, 

efforts were focused on cryo-EM grid optimisation.  

 

 

Figure 4-11. The first cryo-EM screening of CTSWT purified in digitonin. Two 

micrographs taken from the same grid are shown, with a reasonable distribution of 

particles being observed in both micrographs amongst a background of improperly 

formed vitreous ice. Images collected at 130,000x magnification. Scale bars = 50 nm. 
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After testing different blotting times to optimise ice-thickness, CTSWT appeared to be 

most well distributed on grids prepared using a blot time of 3 seconds. Unfortunately, 

after repeat purification of CTSWT and preparation of the samples on the same grids, 

further screening revealed that it was not possible to reproduce the particle 

distribution observed in figure 4-11. Whilst the streaking problem was eliminated, 

further screening on Quantifoil grids (Fig. 4-12) revealed a significant sticking of 

particles to the carbon support of the grid.  

 

 

 

Figure 4-12. Cryo-EM screening of CTSWT purified in digitonin on Quantifoil grids. Two 

micrographs taken from different grid squares show particles sticking to the carbon 

support. Despite this, particles can be observed, albeit with some aggregation. 

Images collected at 130,000x magnification. Green arrows point towards 

representative particles that would be picked for analysis. Scale bars = 50 nm.  
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Despite this severely limiting the number of particles distributed across the grid hole, 

collection of a small data set (table 4.3) resulted in the first 2D classes for CTSWT (Fig. 

4-13). From ~ 43k particles, these classes appear to represent multiple views of the 

protein, including top-down and sideways views. In the top-down views (Fig. 4-13b) 

an annulus of density can be seen surrounding a slightly less dense object in the 

centre; this may represent CTSWT surrounded by the digitonin micelle as viewed from 

above. 

CTSWT (Quantifoil) Data collection and processing 

Magnification 130,000x 

Microscope/Detector Titan Krios/K2 (counting) 

Voltage (kV) 300 

Defocus range (µm) -1.5 to -3.6 

Total dose (e-/Å2) 82.1 

Pixel size (Å) 1.14 

Micrographs (No.) 1,120 

Particles (No.) 43,571 

Table 4.3. Cryo-EM data collection parameters for CTSWT on Quantifoil grids. 

 
In the sideways classes (Fig. 4-13a) there appears to be a larger bulbous region of 

density that is distal to a smaller region of density. In the sideways classes, this 

smaller region is observed as a single dense region (Fig. 4-13a, bottom panels), or is 

divided into two smaller densities (Fig. 4-13a, top panels); this small region most likely 

represents the NBDs of CTSWT. Conversely, the bulb probably represents the 

digitonin micelle as this feature is observed in all structures of ABC transporters 

solved in detergent and is not indicative of the expected structure such proteins. A 

region of density that appears to represent the eGFP tag can be observed in two 

classes (Fig 4-13a, top panels) but is best observed in the class highlighted in green. 

The reason for the absence of this density in the other sideways views is unclear, 

though it may be explained by the flexibility between CTSWT and the eGFP tag. When 

comparing the sideways 2D classes of CTS to the 2D classes of ABCD4 (Xu et al., 
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2019), it was clear that there were strong similarities, despite the difference in particle 

number per each 2D classification (43k particles for CTSWT vs. 1.5 million for ABCD4). 

Unfortunately, it was not possible to definitively observe any secondary structure in 

these classes, most likely due to the limited number of particles comprising each 

group of classes and because of sample heterogeneity. Consequently, attempts to 

generate an ab initio reconstruction from this data set were unsuccessful.  

 

 

Figure 4-13. 2D Classification of CTSWT from Quantifoil grids. A) Four different 2D 

classes representing sideways views of CTS. B) Four different 2D classes possibly 

representing top-down views of CTSWT. C) A comparison of a single CTSWT 2D class 

from panel A (blue box, left) with 2D classes from the solved structure of ABCD4 

(right), showing strong similarity. D) Expanded 2D class from panel A (green box) with 

annotations highlighting the expected features. eGFP, enhanced green fluorescence 

protein; NBDs, nucleotide binding domains; Red ‘V’ shape, putative location of TMDs. 
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To prevent CTS sticking to the carbon support on Quantifoil grids (Fig. 4-12), purified 

CTSWT was applied to Ultrafoil® grids (Fig. 4-14). These grids were developed to 

reduce sample movement during cryo-EM data collection (Passmore & Russo, 2016; 

Russo & Passmore, 2014), and have the added advantage of limiting particle sticking 

to carbon supports. Screening of these grids confirmed that particle distribution was 

modestly improved, and particle aggregation reduced compared to Quantifoils.  

 

 

 

Figure 4-14. Cryo-EM screening of CTSWT purified in digitonin on Ultrafoil® grids. Two 

micrographs obtained from the same Ultrafoil® grid showed improved particle 

distribution and reduced aggregation compared to Quantifoil grids. Images collected 

at 130,000x magnification. Scale bars = 50 nm.  

Consequently, a small data set was collected (table 4.4) and the picked particles 

subject to 2D classification. 2D classification refers to the grouping particles into a 

series of classes, each of which represents the average of many hundreds, or 

thousands of similar particles picked from many micrographs. RELION, the most 

widely used programme for cryo-EM processing, does this using a maximum 

likelihood method (Scheres, 2012a, b). Beginning with a set of random reference 

images, each particle is compared to the reference by a series of translations and 
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rotations, after which probabilities are calculated to assess the degree of matching. 

By combining similar groups of particles and calculating their 2D Fourier Transform, 

an average 2D image of the particles is formed. These 2D images are then taken to 

be references, and the process is iterated over until all particles have been classified 

(Sigworth, 2016). The resulting series of classes is often used as a quality check to 

assess, for example, sample heterogeneity and particle orientation (side-ways, top-

down, etc.) Moreover, it can be used to discard bad particles/contaminants or as a 

pre-processing step prior to 3D reconstruction.  

Unfortunately, unlike the 2D classes obtained from particles picked off Quantifoil grids 

– where two different orientations were obtained (top down and sideways) – the 2D 

classes from particles picked off Ultrafoil® grids appeared, in the vast majority of 

cases, to show particles in one orientation (Fig. 4-15). Of all classes, only one 

appeared to represent a side-ways view of CTSWT. In this class (Fig. 4-15, green box), 

a large density that may be the digitonin micelle is visible, with two faintly visible 

densities extending away from it (perhaps representing the NBDs).  However, this is 

unconvincing and given the similarity of other class, it is most likely that they represent 

empty digitonin micelles. Furthermore, even if these classes contained CTSWT 

particles, a 3D reconstruction would be impossible due to missing information from 

multiple angles of the protein (it would not satisfy the projection-slice theorem 

(Nogales & Scheres, 2015)). Therefore, ab initio reconstruction was not attempted on 

this data. 
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CTSWT (Ultrafoil grids) Data collection and processing 

Magnification 130,000x 

Microscope/Detector Titan Krios/K2 (counting) 

Voltage (kV) 300 

Defocus range (µm) -1.5 to -3.6 

Total dose (e-/Å2) 72 

Pixel size (Å) 1.14 

Micrographs (No.) 2,646 

Particles (No.) 89,342 

Table 4.4. Cryo-EM data collection parameters for CTSWT on Ultrafoil grids. 
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Figure 4-15. 2D Classification of CTSWT from Quantifoil grids. Top panels, 

representative 2D classes of CTSWT classes from Ultrafoil® grids appearing to show 

a predominance of empty digitonin micelles. Bottom panel, expanded view of the 2D 

class in the green box above, potentially showing a CTS in a digitonin micelle with 

NBDs pointing to the left.      

To reduce sample heterogeneity and clean up the sample prior to grid preparation, a 

SEC step was utilised. Due to problems with digitonin precipitating the SEC buffer at 

both low temperatures and at RT, glyco-diosgenin (GDN) was used as an alternative. 

GDN is known as a synthetic substitute for digitonin that has a few key advantages 

over the latter. It is, cheaper, non-toxic, has a smaller CMC, and does not suffer from 

the batch-to-batch variability that digitonin does (digitonin is extracted from Digitalis 

purpurea). Crucially, GDN is highly water-soluble (>10%) meaning it would be more 

easily applicable to SEC than digitonin (~5% soluble upon heating to 95C). 

Unfortunately, and despite these advantages, efforts to perform SEC on CTSWT in 

GDN were unsuccessful due to a total loss of protein through on-column precipitation. 
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Attempts were made to eliminate this problem by altering the concentration of GDN 

during different SEC experiments, however, the protein was lost each time and could 

not be purified using these experimental conditions.  
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4.3 Discussion  

The work present in this chapter details the efforts made in purifying CTSWT in an 

active form to determine its 3D structure using cryo-EM. Prior to these studies, CTSWT 

had not been subject to any structural studies and therefore its purification needed to 

be optimised to generate protein of a suitable quality for grid preparation. Additionally, 

grid preparation itself also required significant optimisation such that a high-resolution 

model of CTSWT could be determined. This non-trivial work, which spanned over 

several years, represented a serious challenge and exemplified all the difficulties of 

working with membrane proteins in a single project. Despite these challenges, this 

work resulted in an optimised solubilisation and purification protocol for CTSWT that is 

suitable for structural studies by cryo-EM and showed that the transporter can be 

purified and reconstituted in an active form. Consequently, the work presented here 

was vitally important in paving the way for further studies on CTSWT and provided a 

basis for studying the hydrolysis-deficient mutant, CTSD606N/E607Q, which as can be 

seen in section 5, proved more fruitful.   

4.3.1 ATPase Activity Assay 

The ATPase activity of ABC transporters solubilised and purified in detergents varies 

widely, with some transporters showing high activity, and others showing low or total 

inactivity (Callaghan et al, 1997; Chavan et al, 2013; Infed et al, 2011; Timachi et al., 

2017). The reconstitution of CTSWT into proteoliposomes for activity assays 

represented a significant milestone in the study of CTS because, for the first time, it 

was shown that the purified transporter possesses a similar level of substrate-

stimulated ATPase activity to the transporter in Sf9 cell membranes (Carrier et al., 

2019). Moreover, the activity of reconstituted CTSWT was comparable to the activity 

of its human homolog, ABCD1, when this transporter was reconstituted into 

liposomes (Kawaguchi et al., 2021; Okamoto et al., 2018).  
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The hydrolysis of ATP at the NBDs of ABC transporters is dependent on NBD 

dimerisation and the formation of composite nucleotide binding sites. The increased 

activity of CTSWT observed in the presence of ATP therefore indicates that the NBDs 

are competent in binding and hydrolysing nucleotide even after the transporter has 

been solubilised, purified, and reconstituted. Conversely, the NBD1 Walker-B mutant 

CTSD606N/E607Q, that lacks the catalytic glutamate necessary for ATP hydrolysis, 

expectedly showed no substantial increase in activity when in the presence of ATP. 

Indeed, this mutant is inactive in vivo where it prevents the germination of A. thaliana 

seedlings (Dietrich et al., 2009). This is typical of such mutant used to study ABC 

transporters; the activities of CTSWT and CTSD606N/E607Q reported here are similar to 

that report for proteoliposome-reconstituted ABCD4 and its hydrolysis deficient 

mutant, ABCD4E549Q (Xu et al., 2019), respectively. Moreover, since NBD 

dimerisation/nucleotide hydrolysis in ABC transporters is linked to substrate transport, 

the increased activity of CTSWT observed in the presence of increasing concentrations 

of C18:0 CoA indicated that after reconstitution the transporter was still capable of 

binding substrate (i.e., the bound substrate converts the transporter from an 

inward/open conformation with NBDs separated, to an outward/closed conformation, 

with NBDs in close proximity with a high affinity for ATP). A comparison between the 

ATPase activity of CTS, ABCD1, and ABCD4 is provided in table 4.5. 
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Transporter Approximate ATPase Activity 

 Liposomes 

+ATP/+ATP 

+40 µM 

Substrate  

(nmol 

Pi/min/mg 

protein) 

Sf9 membranes 

+ATP/ +ATP 

+Substrate 

(nmol 

Pi/min/mg 

membranes) 

Yeast 

Peroxisomes 

(strain BJ1991) 

+ATP/+ATP +10 

µM Substrate 

(nmol Pi/min/mg 

protein) 

CTSWT (this study) 18/30 -/- -/- 

CTSD606N/E607Q (this 

study) 

7.5/- -/- -/- 

CTSWT (Carrier et al., 

2019) 

-/- 24/28  -/- 

CTSWT (Nyathi et al., 

2010) 

-/- -/- 50/40 

ABCD1 (Okamoto et 

al., 2018) 

7/- -/- -/- 

ABCD1(Kawaguchi et 

al., 2021) 

11/- -/- -/- 

ABCD4WT (Xu et al., 

2019) 

13/- -/- -/- 

ABCD4E549Q (Xu et al., 

2019) 

6/- -/- -/- 

Table 4.5. CTS ATPase Activity in Proteoliposomes compared to other studies. The 

ATPase activity reported for proteoliposome-reconstituted ABCD1 and ABCD4 

compared to the ATPase activity reported for proteoliposome-reconstituted CTSWT 

and CTSD606N/E607Q, CTSWT in Sf9 cell membranes, or yeast peroxisomes.  

 

Interestingly, the activity of reconstituted CTSWT was higher than expected after 

incubation with the transition-state inhibitor AlF3, which arrests the transporter by 

forming a stable Mg-ADP-inhibitor complex. This compound has been shown to 

reduce the ATPase activity of CTSWT in peroxisomes (Nyathi et al., 2010) ~5 fold and 
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in Sf9 cell membranes ~7 fold (De Marcos Lousa et al., 2013). In contrast, the activity 

of reconstituted CTSWT was reduced only ~1.6 fold by AlF3. This may be due to the 

yeast peroxisomes and Sf9 cell membranes containing a much lower concentration 

of CTSWT than the reconstituted proteoliposomes, and, because they are not a source 

of purified protein, will likely contain other endogenous ATPases that may also be 

resistant to AlF3 that are not present after reconstitution. However, the activity of 

ABCD1 in proteoliposome was reduced ~4 fold by AlF3 (Kawaguchi et al., 2021; 

Okamoto et al., 2018). Nonetheless, there is still a clear difference between the 

activity of reconstituted CTSWT in the presence and absence of AlF3 and strong 

evidence for substrate stimulated ATPase activity.  

This is important because it means that this reconstitution method can now be used 

to carry out transport assays on CTSWT for further biochemical studies. For example, 

this system can be used to investigate the importance of specific CTS residues such 

as D863/Q864/T867, the triplet originally identified through homolog modelling as a 

potential catalytic triad (Carrier et al., 2019), the intriguing S810N mutant that 

germinates in vivo but does not establish or break down fatty acids (Dietrich et al., 

2009) and retains ATPase activity but has reduced ACOT activity (Carrier et al., 

2019), and K487A which prevents germination and has severely reduced ATPase 

and ACOT activity (Carrier et al., 2019; Dietrich et al., 2009). Through reconstitution 

and transport assays, these mutants can be studied in an isolated system to pin-point 

their exact function with respect to substrate binding, cleavage, and transport.  

Crucially, this reconstitution method may be used to carry out transport assays that 

are better placed to investigate the transporters thioesterase activity than the original 

ACOT activity assay (De Marcos Lousa et al., 2013). This assay was carried out on 

CTS-containing Sf9 cell membranes where thioesterase activity was detected using 

Ellman’s agent (DTNB). The reaction of DTNB with the free sulfhydryl groups of 

cleaved acyl-CoAs yields TNB- that is subsequently ionised to the yellow compound 

TNB2- which is detected spectrophotometrically. This assay however is not sensitive 
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enough to detect a single turn-over event. Alternatively, Kawaguchi et al. (2021) have 

investigated the ACOT activity of ABCD1 by using a highly sensitive fluorescence-

based transport assay that works by tracking location of the fluorescent NDB-C16 

moiety of NBD-C16-CoA after incubation with proteoliposome-reconstituted ABCD1 

(i.e., is NBD-C16-CoA cleaved by ABCD1, and if so, does the NBD-C16 reside 

outside or inside the liposome). Using this assay, the group were able to show that 

the fatty acid moiety of NBD-C16-CoA does end up inside the liposomes and gets 

there by ABCD1 thioesterase activity. Now that CTSWT can be reconstituted into a 

liposome, this assay may be utilised to further characterise the ACOT activity of 

CTSWT. However, such transport assays for acyl-CoA substrates may be troubled by 

a number of issues. For example, the hydrophobicity of such compounds can lead to 

their passive permeability into the liposome or absorption/sequestration in the 

liposome membrane. In both cases, this leads to difficulties in ascertaining the true 

rate of transport since the final location of substrate cannot be easily identified. 

Overcoming these issues may require modification of substrates and/or alteration of 

the liposome lipid composition. Another issue is that of low CTS activity; to ensure 

accurate and precise quantification of transport kinetics, it would be necessary to 

improve the activity of CTS, which may be done by pre-loading the liposomes with 

CTS’s acyl-CoA synthase partners, or by identifying acyl-CoA from plants that 

stimulate the maximum activity possible.  

However, it may be possible to carry out a fluorescence-anisotropy-based transport 

assay, such as that described by Stefan et al. (2020). Modification of these methods 

can therefore inform events such as the order of the catalytic cycle, how substrate 

binding affects conformational changes, and/or the nature of NBD asymmetry in CTS 

and futile ATPase activity. It should be noted that the orientation of CTSWT in the 

proteoliposome membrane after reconstitution was not determined, and therefore the 

true rate of ATP hydrolysis is likely higher than reported (i.e., if the NBDs face the 

inside the proteoliposome, they cannot bind nucleotide and substrate cannot enter 
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the transporter). Therefore, it would be beneficially to carry out partial proteolysis to 

determine the topology of CTSWT after reconstitution and prior to transport assays to 

measure transport kinetics more accurately.  

4.3.2 Purification and EM on CTSWT 

Overall, the purification of CTSWT was approached using three different strategies: 

SMA co-polymer, nanodiscs, and detergents. The decision to use SMA was made 

after considering two of the polymer’s key characteristics. Firstly, SMA is an effective 

chelator of divalent cation such as magnesium and calcium, where concentrations of 

these cations above 5 mM precipitate the SMALP (Lee et al., 2016b). This poses a 

problem for ABC transporters which require Mg2+ for ATP hydrolysis and therefore 

may be inactive when solubilised in SMA. However, SMA is capable of extracting 

membrane proteins from the directly from the membrane along with their native lipids 

(Qiu et al, 2018) and secondly, and to maintain membrane protein solubility in the 

absence of detergent. This would be helpful for studies by cryo-EM because there 

would be no detergent in solution to complicate downstream purification steps, and 

no micelles to complicate particle picking during cryo-EM studies (Rubinstein, 2007). 

For this reason, SMA was investigated for CTSWT.  

Unfortunately, whilst CTSWT could be solubilised using SMA 2000, the solubilised 

transporter could not bind to any resins to be purified. This intriguing observation is 

counter to many reports demonstrating the affinity purification of other SMA-

solubilised membrane proteins (Sun et al, 2018; Unger et al, 2021), including various 

ABC transporters including P-gp, ABCG2, MRP1, and CFTR (Gulati et al, 2014). It 

has been shown that SMA will precipitate out of solution in the presence of divalent 

cations or at a pH < 7, and that the highly negative charge of the SMALP can lead to 

non-specific binding to affinity resins, unless ≥ 500 mM NaCl is included in the binding 

buffer (Hardy et al, 2019; Lee et al., 2016b). Despite taking all these factors into 

account during attempted purification, the binding of SMA-solubilised CTSWT to resin 
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was still poor. Therefore, given that all the constructs studied by Gulati et al. (2014) 

used his-tags (and one his/GFP-tag construct) it was considered whether the poor 

resin-binding of CTSWT was due to the 2xStrepII/eGFP-tag. It was hypothesised that 

the 2xStrepII/GFP-tag was wrapped up in the SMALP, thereby being excluded from 

solution and leaving it inaccessible to the resins or that the tag may have ended up 

between the NBDs of CTSWT thereby being blocked from interacting with the resin. 

Interestingly, Bersch et al (2017) reported a similar streptactin resin-binding problem 

with their SMA-solubilised strep-tagged construct and that this was improved by 

removing free SMA after solubilisation. However, attempts to carry this out for CTSWT 

were hampered by a newly prepared batch of SMA that abrogated solubilisation of 

CTSWT entirely. This implied that the quality SMA co-polymer prepared from the 

styrene maleic anhydride precursor can vary significantly, and this batch-to-batch 

variability that can hinder downstream applications. However, the difference between 

different SMA co-polymer preparations was not investigated in this study.  

As with SMA, the overarching rationale for reconstitution of CTSWT into lipid nanodiscs 

was the absence of detergent. However, nanodiscs represented a more attractive 

approach since unlike SMA, they are not sensitive to divalent cations, and because 

many different ABC transporter had already been studied after nanodisc 

reconstitution (Hofmann et al., 2019; Jackson et al., 2018; Josts et al., 2018; Mi et al., 

2017). A detailed comparison between structures solved in detergent vs. nanodiscs 

is provided by Wright et al. (2018). Moreover, the ATPase activity of ABC transporters 

reconstituted into nanodiscs is often greater than that of ABC transporters solubilised 

in detergent (Nandigama et al, 2019), indicting a role for the surrounding lipids in 

modulating transporter activity (Kawai et al, 2011), which may be illuminated through 

structural studies. Optimisation of protein:scaffold:lipid ratios for reconstitution of 

CTSWT only yielded one condition where a substantial amount of nanodiscs formed, 

though it is unclear why the expected particles could not be observed by negative 

stain EM despite the sample being relatively clean and subject to ultracentrifugation. 
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One parameter was that not varied was the lipid used for reconstitution. POPC was 

chosen because it has been used extensively for nanodisc reconstitution of several 

types of membrane proteins (Denisov et al, 2019; Her et al, 2016). However, in a 

recently published paper, the structure of the CTS homolog, HsABCD1, was solved 

in a nanodisc containing a mixture of brain-polar-lipids and cholesterol at a 1:10:350 

ratio of HsABCD1:scaffold:BLP/cholesterol (Le et al., 2021). This mixture has also 

been used for ABCG2 (Manolaridis et al., 2018) and Pg-p (Nosol et al., 2020a). This 

ratio used for HsABCD1 is significantly higher than those tested for CTSWT and 

therefore it would be interesting to investigate these conditions (ratio and lipid 

composition) for CTSWT.  

More success was had from work on CTSWT using different detergents. Using both 

DDM and LMNG/digitonin, it was possible to appropriately solubilise and purify CTSWT 

to a level suitable for EM studies although the final concentration of full-length CTSWT 

after purification was always a hindrance. Through this study it was noted that CTSWT 

is a particularly fragile and labile protein that degrades easily. If not supplemented 

with many protease inhibitors, CTSWT will degrade during the membrane preparation 

stage, and after this, will degrade over time even when on ice and substantially during 

concentration. One notable degradation product of CTSWT is one that on SDS-PAGE 

runs ~half the distance of full-length CTSWT. This product was first identified in a 

peroxisomal fraction that was isolated from yeast cells that had been transformed with 

a plasmid bearing the cts gene (Nyathi et al., 2010). Originally this product was 

suggested to result from cleavage somewhere in the predicted flexible linker between 

the two halves of CTSWT by an endogenous yeast protease. However, in the work 

presented here, the product has been observed during expression of CTSWT in Sf9 

insect cells, as well as its purification in both DDM and LMNG/digitonin, even after 

separation from endogenous proteases. This is exemplified by the observation of the 

product even after sample clean up by size-exclusion chromatography when 

assessed by coomassie staining, and by specific in-gel GFP fluorescence. Thus, it 
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can be supposed that the proteolysis of the linker region contributes to the intrinsic 

fragility of CTSWT. However, whilst this cleavage is visible by SDS-PAGE, studies by 

Nyathi et al. (2012) showed that co-expression of the two pseudo-halves of CTS 

results in a function transporter possessing ATPase activity, implying that even if the 

linker is cleavage, the two halves of CTS would still be associated. This type of 

observation has been reported widely for many membrane proteins e.g., P-gp (Nuti 

et al, 2000).  

When purified in DDM, CTSWT displayed significant heterogeneity on negative stain 

grids. Whilst DDM has been used to solve the structure of several membrane proteins 

using cryo-EM, including Complex I (Parey et al, 2018), the human epithelial sodium 

channel (Noreng et al, 2018), the LH1-RC complex (Tani et al, 2020), and the V-

ATPase (Tsunoda et al, 2018), the small size of CTSWT compared to many of these 

proteins made distinguishing CTSWT from empty micelles difficult, due to DDM 

micelles being ~70-92 kDa in size and CTSWT being ~182 kDa. (Chaptal et al, 2017). 

Moreover, DDM drastically reduces contrast in EM micrographs; this problem is 

highlighted by Tsunoda et al. (2018), who resorted to the use of a phase plate to 

determine the structure of EhV-ATPase. The difficulty in distinguishing like-sized 

particles in negative stain micrographs is highlighted nicely by Gewering et al (2018). 

Purification in LMNG/digitonin resulted in the most success, with CTSWT 2D classes 

being generated from cryo-EM data sets. When purified this way, much less 

degradation was observed, perhaps because the presence of ATP in the 

solubilisation buffer kept the transporter in a more compact outward-facing 

conformation and less liable to proteolysis (Geillon et al., 2017), thereby reducing 

sample heterogeneity.  
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Optimisation of CTSWT on different grids led to the collection of two data sets. The 

use of Quantifoil grids resulted in 2D classes for CTSWT that when compared to the 

published 2D classes for hydrolysis-deficient ABCD4 (Xu et al., 2019), clearly showed 

distinct side-ways views of CTSWT. Given that this is wild-type protein one may expect 

the transporter to adopt various conformation states. However, from the 2D classes, 

it appears that CTSWT was in the outward-facing state since no classes were observed 

with distinctly separate NBDs (this difference between NBDs close and NBDs apart 

can indeed be observed after 2D classification). The reason for this may be because 

CTSWT was solubilised in the presence of ATP; since many ABC transporters are 

inactive in detergent, it may be that once ATP bound to CTSWT it was not hydrolysed 

and was therefore carried forward through the purification. Unpublished data from the 

Baker group has shown that CTSWT possess very low ATPase activity when purified 

in DDM; this may also be true for CTSWT in digitonin though has not been confirmed 

experimentally. Despite there being several 2D class averages representing side-

ways views of CTSWT after subset selection, ultimately a 3D model could not be 

reconstructed. This was most likely due to the limited number of a particles extracted 

from the micrographs, i.e., 43k particles in total translating into an average of ~38 

particles per micrographs, with subsequent 2D classification and subset selection 

reducing the total number of useable particles even further.  

Comparatively, the data set that was used to solve the structure of ABCD4 contained 

~550 particles per micrograph and a total of ~1.5 million particles. The sheer lack of 

particles in the CTSWT data set probably resulted from two major factors: the first was 

the low concentration of CTSWT applied to the grid, and the second was the sticking 

of CTSWT particles to the carbon support of the grid. Since CTSWT rarely concentrates 

above ~0.8 mg/ml, attempts were made to limit the sticking of CTSWT to the carbon 

support using Ultrafoil grid. Whilst this was slightly improved, the absence of suitable 

sideways 2D classes in this data set, perhaps because of preferred orientation on this 

grid type or interaction of CTSWT at the air-water-interface (and therefore damaged 
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particles), meant that ab initio reconstruction would be unsuccessful despite this data 

set containing twice the number of particles compared to the Quantifoil data set. At 

the same time, at this point in the project it was not possible to SEC purify CTSWT in 

digitonin due to precipitation problems, and therefore the lack of a SEC purification 

step certainly contributed to sample heterogeneity, and abrogated 3D reconstruction. 

Multiple attempts to circumvent this problem by running SEC experiments using 

various concentrations of the digitonin substitute, GDN, were all unsuccessful due to 

loss of protein on the column. Initially, the reason for this loss was thought to be 

caused by using a GDN concentration too close to CMC, however, increasing this to 

5x CMC did not help, despite this concentration being used successfully for other 

transporters (Diederichs et al, 2020). Recently, the cryo-EM structure of SLC26A9 

was solved using a GDN concentration 10x CMC (Walter et al, 2019). Therefore, it 

would be worth investigating the impact of higher GDN concentrations on CTSWT. 

In summary, the work presented here laid all the groundwork for structural studies, 

representing several years of challenging work to establish a reproducible and reliable 

solubilisation, purification, and reconstitution method for CTSWT (Fig. 4-16). It has 

been demonstrated that CTSWT is amenable to cryo-EM studies and whilst it was not 

possible to generate a 3D model of the wild-type protein, the 2D classes generated – 

that are similar to those published for human homolog ABCD4 – provided a promising 

outlook for further structural studies. Crucially, in this work a protocol for the 

reconstitution of CTS into proteoliposomes was established showing that the 

transporter possesses substrate stimulated ATPase activity. This was important as it 

opens the possibility of carrying out novel biochemical studies on CTS, such as 

transport assays, in a totally isolated system. Finally, by considering and evaluating 

the results presented here, further studies were pursued focusing on CTSD606N/E607Q, 

the catalytic mutant of CTSWT. By building upon the work presented here, and carrying 

out further cryo-EM studies, the first 3D model of CTSD606N/E607Q was generated and 

is presented in section 5. 
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Figure 4-16. A workflow of the expression, solubilisation, purification methods used 

to study CTS using cryo-EM, and the reconstituted method used to measure the 

transporters ATPase activity. Route 1 represents grid preparation after affinity 

purification. Route 2 represents grid preparation after affinity purification and sample 

clean-up via SEC. Route 2 is to be optimised in future studies.    
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5 Studies Towards the Structure of CTSD606N/E607Q 

5.1 Introduction 

To move substrates across the membrane ABC transporters cycle through several 

different conformational states as they bind substrate and hydrolyse ATP. It is 

necessary to obtain structural information for each of these states build up a picture 

of the entire catalytic pathway, and although this is not-trivial, multiple conformational 

states of a single transporter can be obtained from a single cryo-EM data set 

(Hofmann et al., 2019; Mi et al., 2017). However, the physical flexibility of ABC 

transporters can make structural studies difficult for several reasons: flexibility often 

reduces the stability of the protein leading to significant degradation, it can limit the 

final resolution of any structure obtained due to heterogeneity in the data set, and 

because one may wish to study a specific conformation which is rarely observed in 

the wild-type data set. Therefore, many structural studies on ABC transporters are 

carried out on inactive mutants, created by mutating the catalytic glutamate residue 

of the Walker B motif to glutamine (Caffalette & Zimmer, 2021; Jackson et al., 2018; 

Liu et al, 2021; Manolaridis et al., 2018). Though these mutant transporters are still 

capable of binding nucleotide, this mutation abolishes ATP hydrolysis, often locking 

the protein in a closed (outward facing) conformation (Lusvarghi et al, 2021; 

Manolaridis et al., 2018). 

For these reasons and given that studies on CTSWT had not yet yielded a 3D model, 

structural studies by cryo-EM were pursued using the Walker B double mutant of 

CTS, CTSD606N/E607Q. By drawing on all the findings presented in previous result 

chapters (section 3 and 4) and applying them to CTSD606N/E607Q the first 3D maps of 

CTS were generated using cryo-EM. Despite these maps being low resolution, the 

results presented in this chapter demonstrate that these can be obtained even from 

limited data sets, and by outlining the experiments carried out and those required to 

move from low to high resolution therefore paves the way for further experimental 



 146 

optimisation to generate the first high-resolution structure of the plant peroxisomal 

ABC transporter.   
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5.2 Results 

5.2.1 Purification of CTSD606N/E607Q in LMNG/digitonin  

As with CTSWT, CTSD606N/E607Q was solubilised in LMNG and exchanged into digitonin 

on the affinity column. After elution from the affinity resin, CTSD606N/E607Q appeared to 

behave in a similar way to CTSWT, although it was clear that CTSD606N/E607Q degraded 

less severely during the concentration step (Fig. 5-1). Densitometry determined that 

after concentration, the ratio between CTSWT and the bifurcated cleavage product 

(discussed in chapter 4.3.2) was 2.45. In comparison, the ratio between 

CTSD606N/E607Q and the bifurcated cleavage product was 5.44. This shows that the 

mutant protein is retained at a higher level than CTSWT during concentration since 

there is less degradation into the cleavage product, implying that CTSD606N/E607Q is 

more stable than CTSWT. 
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Figure 5-1. A typical purification of CTSD606N/E607Q in LMNG/Digitonin. A) Top panel, 

SDS-PAGE of Streptactin affinity purification of CTSD606N/E607Q eluted in digitonin. 

Bottom panel, corresponding in-gel GFP image. B) Concentrated elution fractions, 

showing CTSD606N/E607Q as the dominant species with a small amount of presumed 

degradation. This figure is representative of multiple purifications of CTSD606N/E607Q 

(N=>5).  

When using this purification protocol, it was desirable to use a SEC clean-up step to 

separate CTSD606N/E607Q away from degradation products and aggregates to improve 

sample heterogeneity when preparing cryo-EM grids. However, it was noted that upon 

preparing large volumes of SEC buffer, the digitonin would precipitate in solution 

(oddly, this did not occur when preparing small volumes <1 ml). This meant that 

initially, it was not possible to clean up the CTSD606N/E607Q sample using SEC. Because 

CTS precipitates if frozen and stored at -80°C, and because the sample was relatively 

clean after concentration, it was decided that despite not being SEC purified cryo-EM 

grids would be prepared, and efforts would be made to further purify ‘in silico’, i.e., to 

discard poor particles/aggregates and separate empty micelles from CTSD606N/E607Q 

particles.  
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5.2.2 Initial Attempts at Cryo-EM on CTSD606N/E607Q  

Initial screening of CTSD606N/E607Q on Quantifoil grids revealed a reasonable particle 

distribution (data not shown) that prompted the collection of a small data set (table 

5.1). From this data set particles were picked using crYOLO and then subject to 2D 

classification in RELION 3.1.1, which showed several classes that appeared to 

represent CTSD606N/E607Q (Fig. 5-2).  

 

CTSD606N/E607Q Data collection and processing - 1 

Magnification 130,000x 

Microscope/Detector Titan Krios/K2 (counting) 

Voltage (kV) 300 

Defocus range (µm) -1.5 to -3.6 

Total dose (e-/Å2) 82.1 

Pixel size (Å) 1.07 

Micrographs (No.) 1,910 

Particles (No.) 75,177 

Table 5.1. Cryo-EM data collection parameters for CTSD606N/E607Q on Quantifoil grids. 

 

Like CTSWT, the classes from CTSD606N/E607Q showed a larger bulbous region, probably 

representing the digitonin micelle, distal to a smaller density probably representing 

the NBDs (Fig. 5-2a). Each region – the NBDs and the micelle surrounding the TMDs 

–  provides a similar level of contrast due to their being comprised of a similar atomic 

composition compared to the supporting vitreous ice. From this 2D classification, a 

subset selection was carried out to choose distinctly sideways classes, and to discard 

bad particles, aggregates, or suspected empty micelles. This was done manually after 

developing an intuition for good and bad particles over time Although this is relatively 

subjective, it provides a quick means of assessing multiple different 2D class subsets.  
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Subsequent 2D classification of these sub-selected particle stacks (Fig. 5-2b) 

revealed secondary structure of the TMDs in at least two 2D class averages, with 

either one strong region of density or two separate – but equally strong – densities 

representing the NBDs. However, like CTSWT, it was not possible to generate an ab 

initio 3D model of CTSD606N/E607Q from these particle stacks as the number of particles 

in these most detailed 2D classes after subset selection was only ~6500. Despite this, 

it was evident that the 2D classes from CTSD606N/E607Q were clearer and more detailed 

than those obtained for CTSWT. Thus, it was reasoned that two major factors were 

preventing the formation of at least a low-resolution 3D model of CTSD606N/E607Q: 

sample heterogeneity and the size of the data set. Regarding the former, efforts were 

focused on sample clean-up via SEC.  
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Figure 5-2. 2D Classification of CTSD606N/E607Q purified in digitonin. A) Representative 

2D class averages of CTSD606N/E607Q obtained from 2D classification of ~75k particles, 

with some potential sideways views evident. B) 2D classification of particle stacks 

obtained after subset selection of classes averages from the 2D classification in panel 

A, showing more well-defined views of CTSD606N/E607Q (middle and right) and a 

comparison to the 2D class from the published structure of ABCD4 (left).   
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5.2.3 CTSD606N/E607Q Size-exclusion Chromatography  

Attempts were made to ensure the continued solubility of digitonin in the desired SEC 

buffer by heating to ~95°C, cooling of the buffer to 4°C, and filtering off any precipitate 

prior to the SEC run as recommended in the product description of digitonin provided 

by Calbiochem (SKU 300410-250). Whilst this worked for a short period of time – i.e., 

< 30 minutes – the digitonin precipitated solution after this and did not remain in 

solution for long enough to carry out even the shortest of SEC experiments e.g., using 

a Superose 6 5/150 Increase column with a 3 ml bed volume, and even precipitated 

a second time after the first filtration. Carrying out the SEC run at room-temperature 

was also considered, but the digitonin precipitated once again even at ~18-20°C. 

These problems were puzzling because many cryo-EM structures of membrane 

proteins had been solved in digitonin including the ABC transporters, ABCD4 (Xu et 

al., 2019), MRP1 (Johnson & Chen, 2017), and ABCA1 (Qian et al., 2017). Finally, I 

was kindly provided with a suitable protocol for SEC using digitonin by Dr Valeria 

Kalienkova from the Paulino group at the University of Groningen which had 

previously been used to determine the structure of TMEM16A (Paulino et al, 2017) 

and TMEM16F (Alvadia et al, 2019). This protocol called for the incubation of any 

SEC buffer containing digitonin at 4°C for at least five days before filtration. After 

doing so, it was possible to keep the digitonin in solution for ≥ 24 hrs and therefore 

the SEC clean up step was possible. After affinity purification and concentration to 

~0.5 mg/ml, 500 µl of CTSD606N/E607Q was injected onto a Superdex 200 10/300 

Increase column equilibrated in 20 mM HEPES, 150 mM NaCl, 4% glycerol, 1.5 mM, 

0.05% (w/v) digitonin (Fig. 53).   
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Figure 5-3. SEC purification of CTSD606N/E607Q in digitonin using a Superdex 200 

10/300 Increase column. A) Top panel, Coomassie-stained SEC fractions of 

CTSD606N/E607Qshowing high-purity.  Bottom panel, SEC chromatogram of 

CTSD606N/E607Q showing two peaks but with poor separation (red and blue asterisks). 

B) Negative stained micrographs from fractions C2 (top panel, red asterisk in A), and 

C5 (bottom panel, blue asterisk in A). Red boxes highlight regions of aggregation from 

the void peak that are noticeably absent from the shoulder peak.  

Two peaks were observed, one at ~ 8 ml (the void volume) and another – a shoulder 

peak – at around 9.5 ml (Fig. 5-3a). Samples were collected from fractions under both 

peaks and assessed by SDS-PAGE, with CTSD606N/E607Q being observed in all 

fractions. Fractions from the two peaks were then assessed by negative stain EM, 

which revealed that the particles under each peak looked distinctly different (Fig. 5-

3b, top panel). In the void peak, the majority of particles were expectedly aggregated, 

with clumps of particles surrounded by deep staining of uranyl acetate being observed 
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across the micrographs. Conversely, particles from the shoulder peak showed no 

aggregation and instead, particles were distributed evenly across the micrographs, 

with strong homogeneity (Fig 5-3b, bottom panel). This result was important as it 

demonstrated that CTSD606N/E607Q could now be SEC purified in digitonin, which would 

significantly improve sample heterogeneity when preparing cryo-EM grids, and 

potentially allow for a 3D model to be generated. However, despite the purity of 

CTSD606N/E607Q after SEC (e.g., in the shoulder peak as observed by SDS-PAGE; Fig 

5-1, top panel), the poor separation between the two peaks during the SEC 

experiment meant that further optimisation would be necessary to ensure the sample 

would be optimal for cryo-EM grid preparation. To better separate these two peaks, 

the experiment was run again, but using a different SEC column – a Superose 6 

10/300 Increase – with a wider separation range (Fig. 5-4).  

Interestingly, instead of separating these two peaks, a completely different 

chromatogram trace was observed, characterised by a broad hump across the 

majority of the useable column volume (i.e., ignoring the void). Fractions from this 

hump were assessed by SDS-PAGE, showing that CTSD606N/E607Q had eluted in 

fractions under this entire volume (Fig. 5-4a, top panel). As before, peak fractions 

were assessed by negative stain EM, where consecutive elution fractions looked 

similar in terms of particle number, particle distribution, and homogeneity, though with 

markedly different staining depths (Fig. 5-4b). When compared to the negative stain 

micrographs obtained from the previous SEC experiment using the Superdex 200 

10/300 Increase column (Fig. 5-3b, bottom panel), there was clearly a substantial 

difference in particle size and shape. From these two experiments, it was clear that 

despite the broad peak observed after purification over the Superose 6 column, that 

these particles looked better than those from the Superdex 200 purification. Potential 

reasons for this difference are discussed in section 5.2.    
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 Figure 5-4. SEC purification of CTSD606N/E607Q in digitonin using a Superose 6 10/300 

Increase column. A) Top panel, Coomassie-stained SEC fractions of CTSD606N/E607Q.  

Bottom panel, SEC chromatogram of CTSD606N/E607Q characterised by a broad hump-

peak (blue asterisk). B) Negative stain micrographs on peak fractions from the hump-

peak (top panel, red asterisk in A; bottom panel, yellow asterisk in A).  
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The second factor limiting the generation of a 3D model of CTSD606N/E607Q was the 

limited size of the data set obtained during a cryo-EM experiment. Whilst sample 

clean-up is undoubtedly the most important step in the generation of a high-resolution 

cryo-EM map, the amount of information available for 3D reconstruction is also 

important (i.e., the absolute number of useable particles that the software can access 

when attempting to build a map, either ab initio or from a 3D classification). Therefore, 

given that reasonable 2D class could be obtained from non-SEC purified 

CTSD606N/E607Q and due to time-constraints that limited the optimisation of the SEC 

step, it was decided that a much larger data set would be collected to increase the 

number of particles available for 3D reconstruction to generate a model of 

CTSD606N/E607Q.  

5.2.4 CTSD606N/E607Q Large Scale Data Collection  

Before a large-scale data set was collected, several grids were screened to identify 

the most promising grid type. CTSD606N/E607Q was affinity purified as before and applied 

to both Quantifoil 1.2/1.3 300 mesh grids and Ultrafoil grids for screening prior to data 

collection (Fig. 5-5). Ultrafoil grids were used in an attempt to improve particle 

distribution during the large-scale data collection to enhance the number of useable 

particles. From this screening, particles could only be observed on Quantifoil grids, 

with the vitreous ice on the Ultrafoil grids being too thick to image through (images 

not collected for this reason). On Quantifoil grids, the expected particles could be 

observed based upon their size and shape compared to other ABC transporters in 

digitonin (Johnson & Chen, 2017; Xu et al., 2019), with roughly spherical particles 

most likely representing the relatively small CTS transporter in a digitonin micelle. 

Although these particles were at a lower concentration than desired – and despite 

some aggregates and contamination – the grid was deemed suitable for an initial 

small data collection. A very small data set was collected – amounting to ~1 hr of 

automated micrograph collection – and processed in crYOLO and RELION 3.1.1 to 
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see if the expected 2D classes could be obtained. After this was confirmed (data not 

shown), a much larger data set was collected on this same grid for ~60 hrs (table 5.2).  

 

 

Figure 5-5. Representative micrographs from the second cryo-EM grid screening 

session on affinity-purified CTSD606N/E607Q. CTSD606N/E607Q was again screened on 

Quantifoil 1.2/1.3 grids, showing a similar particle distribution to the first screening 

session. This grid was ultimately subject to the largest data collection for 

CTSD606N/E607Q.  Scale bar = 20 nm.  
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CTSD606N/E607Q Data collection and processing - 2 

Magnification 96,000x 

Microscope/Detector Titan Krios/Falcon 4 

(counting) 

Voltage (kV) 300 

Defocus range (µm) -1.5 to -3.6 

Total dose (e-/Å2) 42.7 

Pixel size (Å) 0.85 

Micrographs (No.) 12,084 

Particles (No. picked from crYOLO, threshold 0.3) 

Particles (No. picked from crYOLO, threshold 0.1) 

106,606 

271,234 

Table 5.2. Cryo-EM data collection parameters for the largest data set collected for 

CTSD606N/E607Q. From this data, two sets of particles were picked using the crYOLO 

software, 106,606 particles from a picking threshold of 0.3 (default), and 271,234 

particles from a less stringent picking threshold of 0.1.  

 

To process this data, two different sets of particles were picked and processed 

independently. The micrographs were subject to particle picking using crYOLO’s 

general model, either with a default picking threshold of 0.3 or the less stringent 

threshold of 0.1. Until this point, all other data sets (CTSWT and CTSD606N/E607) had 

been subject to picking using the 0.1 threshold. However, it was questioned whether 

a more stringent picking process would yield a cleaner particle stack, and therefore 

better, more defined 2D classes, and perhaps a 3D model. Subsequently, both set of 

particles (here on referred to as Pick0.3 or Pick0.1) were extracted and subject to 2D 

classification in RELION 3.1.1 (Fig. 5-6).  
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Figure 5-6. 2D classification of particles picked from the largest data set collected for 

CTSD606N/E607Q using two picking thresholds. 0.3 (default, panel A) or 0.1 (less 

stringent, panel B). Expanded views of the best 2D class averages from each set of 

particles are highlighted by green and blue boxes. Strong density can be observed 

for the digitonin micelle and NBDs. Density representing the TMDs is also visible.  
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For both Pick0.3 and Pick0.1, the multiple expected class averages were observed 

representing apparent sideways views of CTSD606N/E607Q. These classes were the 

most detailed 2D classes obtained for CTS yet, with multiple classes showing strong 

density for the digitonin micelle, the NBDs, and secondary structure in the TMD 

region. As expected, – because CTSD606N/E607Q is a hydrolysis deficient mutant of 

CTSWT – there were no classes that showed the transporter in a distinctly inward-

facing state with NBDs separated. At least four of the most detailed classes from 

Pick0.3 and Pick0.1 showed CTSD606N/E607Q with an elongated, but less pronounced 

density, around the NBDs compared to the other classes. This is most likely due to 

the flexibility of the eGFP tag, because, depending on the orientation of the particles 

in the vitreous ice, it may or may not be visible. When comparing the 2D classes 

obtained from Pick0.3 to those obtained from Pick0.1, the classes are very similar, 

with no substantial difference despite the large difference in particle number (106k vs 

276k, respectively).  

Given the detailed 2D classes obtained from both Pick0.3 and Pick0.1, a subset of 

the best classes from each classification were selected for further processing and 3D 

reconstruction. In both cases, ~90% of picked particles were discarded during subset 

selection, indicating significant sample heterogeneity. This certainly contributed to 

unsuccessful ab initio reconstruction, but by using the cryo-EM structure of ABCD4 

(the human cobalamin transporter) as a template, a 3D classification was successfully 

carried out on both subset particle stacks from Pick0.3 (14,463 particles total, Fig 5-

8) and Pick0.1 (32,174 particles, Fig 5-9). The workflow for cryo-EM data processing 

of this data set is presented in figure 5-7.   
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Figure 5-7. A flowchart for cryo-EM data processing of CTSD606N/E607Q.  

Given the pseudo-symmetrical nature of CTS as a fused heterodimer, the 3D 

classification on Pick0.3 was carried out by applying C1 and C2 symmetry to compare 

the two processing parameters. For Pick0.3, 3D classification using C1 symmetry 

(i.e., no symmetry) yielded two classes of obvious noise (as compared to the 2D 

classes used for 3D classification and known structures of ABC transporters), and a 

third class that more closely resembled the expected shape of a low-resolution ABC 

transporter, albeit with a large chunk of density missing (Fig. 5-8b, top right). By 

applying C2 symmetry (2-fold rotational symmetry)), three further 3D classes were 

obtained with one yielding a more convincing map of CTSD606N/E607Q (Fig. 5-8b, top 

left). This therefore represented the first 3D model of the plant peroxisomal ABC 

transporter, COMATOSE.   
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Figure 5-8. CTSD606N/E607Q 3D classification of particles picked using a crYOLO picking 

threshold of 0.3 (default). A) 2D class averages from Fig 5-6a that were selected for 

3D classification. B) 3D maps generated from 3D classification of particles picking 

using a picking threshold of 0.3, either using C1 or C2 symmetry. Left, C2 symmetry. 

Right, C1 symmetry. By comparison, it was clear that for each 3D classification, one 

out of three maps represented a low-resolution ABC transporter, with the map 

generated after application of C2 symmetry being the most convincing (boxed).   
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Despite the low resolution of this maps at ~18 Å, it was clear that the transporter 

occupied an outward-facing state with NBDs in proximity as should be expected for 

this mutant. Given that C2 symmetry yielded the best map for Pick0.3, the particle 

stack obtained from the subset selection of 2D class averages from Pick0.1 was 

subject to 3D classification using only C2 symmetry (Fig. 5-9).  

 

 

Figure 5-9. CTSD606N/E607Q 3D classification of particles picked using a crYOLO picking 

threshold of 0.1. A) 2D class averages from Fig 5-6b that were selected for 3D 

classification. B) 3D maps generated from 3D classification of particles picking using 

a picking threshold of 0.1, yielding one class of the expected shape and size (boxed).   
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As with Pick0.3, the 3D classification for Pick0.1 yielded one of three classes with the 

expected shape for an ABC transporter. By comparing the 3D models of Pick0.3 and 

Pick0.1 to the 3D model of the published structure of ABCD4, despite the obvious 

difference in resolution, the major features of CTSD606N/E607Q were evident (Fig. 5-10), 

including the digitonin micelle and the dimerised NBDs. The digitonin micelle in both 

CTSD606N/E607Q maps appears more oblate than the micelle surrounding ABCD4, 

though this is likely due to the difference in resolution. Some density for the TMDs is 

present (evidenced by comparison to solved structures of ABC transporters), though 

in both models, there is missing density where the TMDs enter the digitonin micelle.  
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Figure 5-10. 3D models of CTSD606N/E607Q as determined by cryo-EM. A) the 3D model 

generated using a picking threshold of 0.3. B) the 3D model generated using a picking 

threshold of 0.1. Top panels, equally contoured maps of CTSD606N/E607Q each at a 

resolution of ~18 Å. Bottom, the angular distribution of particle views that contributed 

to each 3D model. Red, more particles; blue, fewer particles. C) The published map 

of ABCD4 for comparison.   
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Nonetheless, the NBDs, TMDs, and detergent micelle are further highlighted when 

fitting the structure of ABCD4 into the maps generated for CTSD606N/E607Q (Fig. 5-11) 

and by comparing the maps to the predicted model of CTS created by DeepMind’s 

3D protein structure prediction tool, AlphaFold2 (Jumper et al., 2021) (Fig. 5-12). 

Initially, 3D classification was carried out only on particles obtained from obviously 

sideways 2D class averages. However, there were several 2D class averages that 

potentially represented top-down views of CTSD606N/E607Q, and if they did, it was 

contemplated whether their inclusion in further 3D classification would result in a map 

with improved resolution. Unfortunately, 3D classification including these putative top-

down views yielded map of significantly worse resolution (not shown), perhaps due 

to inclusion of empty micelles, or because these putative views could not be precisely 

aligned. The angular distribution of the 3D classified particle for both Pick0.3 and 

Pick0.1 (Fig. 5-10) showed that – despite being chosen for their side-on orientation – 

these classes containing almost no information for top or bottom views of the 

particles. This certainly limited the amount of information available for a higher 

resolution reconstruction. For Pick0.3, of the initial 14,463 particles 6,780 went into 

the best class (46.9%), whereas for Pick0.1, of the initial 32,174 particles, that number 

was 11,138 (34.6%). Whilst these percentages are common for 3D classification, it is 

typically expected that the other classes at least some-what represent the protein of 

interest. However, this is obviously not true for the other classes generated during 3D 

classification for CTSD606N/E607Q.  
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Figure 5-11. The maps generated for Pick0.3 and Pick0.1 fitted with the published 

model of ABCD4. A) Pick0.3. B) Pick0.1. By fitting the structure of ABCD4 into the 

CTSD606N/E607Q maps, it is possible to clearly distinguish the orientation of the 

transporter’s key features within the digitonin micelle.   
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Figure 5-12. The maps generated for Pick0.3 and Pick0.1 fitted with the predicted 

model of CTS generated by AlphaFold2. The AF2 model of CTS is good, with the 

majority of residues assigned with confidence or very high confidence with the 

exception of the linker region and a predicted disordered region at the N-terminus. 

The model aligns with the C22:0-bound cryo-EM structure of ABCD1 with a root-

mean-square deviation (all-atom) of 2.9 Å but does not predict substrate binding sites. 

A) Pick0.3. B) Pick0.1. The fitting of the AlphaFold2 predicted CTS model into the 

maps for CTSD606N/E607Q bears strong similarities to the fitting of the experimentally 

determined model of ABCD4 into the CTSD606N/E607Q maps (Fig. 5-11).   
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5.3 Discussion 

Before this project began, the function of COMTOSE had been investigated primarily 

using biochemical analysis, which as discussed in section 1.7 and 1.7.2, led to the 

observation of COMATOSE thioesterase activity (De Marcos Lousa et al., 2013). 

However, it was difficult to elucidate the nature of this activity in the absence of high-

resolution structural information for the transporter. Indeed, prior to 2019, no structural 

data existed for any family D ABC transporter, reflecting the challenges associated 

with working on this family of membrane proteins. The first structure of a family D 

ABC transporter was that of ABCD4 (Xu et al., 2019). Therefore, the work carried out 

over the course of this project represented the first attempts to characterise 

COMATOSE in a structural framework thereby contextualising the earlier biochemical 

findings with respect to ACOT activity. Consequently, the results presented in this 

final chapter represents the application of the robust solubilisation and purification 

protocol established in sections 3 and 4, to the study of a CTS mutant, CTSD606N/E607Q, 

resulting in the first cryo-EM 3D model of the plant peroxisomal transporter.  

Unlike CTSWT, which was purified using either DDM or later LMNG/digitonin, 

CTSD606N/E607Q was purified using only LMNG/digitonin. When using this latter 

purification method, CTSD606N/E607Q degraded much less severely during the 

concentration step than CTSWT, an observation that was reproducible during multiple 

purification attempts. This was a critical step forward in reproducibly producing this 

challenging protein, which is often the most difficult aspect of membrane protein 

studies, especially those studies focused on structure determination. This reduced 

degradation may be explained by considering the difference between the two 

constructs. During their transporter cycle, ABC transporters exchange between 

inward- and outward-facing conformations via sandwich dimerisation of ATP between 

the two NBDs (Higgins & Linton, 2004; Locher, 2016). The presence of ATP during 

solubilisation means that both CTSWT and CTSD606N/E607Q likely bind ATP, however, in 
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CTSD606N/E607Q the substitution of the catalytic glutamate for asparagine means that – 

like other ABC transporters (Kim & Chen, 2018; Liu et al., 2021) - this transporter is 

incapable of hydrolysing ATP (section 4.2.1), and therefore remains in a closed or 

outward-facing conformation. In this state, the protein is likely less susceptible to 

proteolysis in its linker region (Nyathi et al., 2012), and perhaps due to its more 

compact structure compared to CTSWT (which despite low activity in detergent (at 

least for DDM,  communication with Dr David Carrier), is likely still hydrolysing some 

ATP and therefore moving between open and closed conformational states), is more 

stable during concentration. Despite the improved concentration compared to CTSWT, 

a clean-up by SEC was desired to improve sample homogeneity when preparing cryo-

EM grids. It is clear from the available literature that the vast majority of high-

resolution ABC transporter structures determined using cryo-EM are purified in this 

way (Hofmann et al., 2019; Johnson & Chen, 2017; Mi et al., 2017; Wang et al., 

2020b; Xu et al., 2019; Zhang et al., 2018).  

Initial SEC clean-up of CTSD606N/E607Q in digitonin demonstrated that whilst the 

transporter could be subject to SEC, further optimisation would be necessary to 

separate the two observed peaks. Interestingly, repeating SEC purification using a 

higher resolution column yielded a different trace entirely, with a broad hump across 

the entire column volume. This unexpected observation may have resulted from an 

incomplete exchange of LMNG on the affinity column during purification. LMNG is 

known to have an incredibly low ‘off-rate’, meaning that the exchange between the 

detergent monomers in solution vs. the detergent monomers in the micelle occurs 

very slowly compared to other detergents, e.g., four-fold lower than for DDM (Chung 

et al, 2012). This, coupled to the fact that LMNG has an incredibly low CMC at just 

~0.001% means that it can be difficult to get complete exchange between LMNG and 

other detergents, or to remove LMNG entirely, hence the development of the LMNG 

removal method, GraDeR (Hauer et al, 2015). This method works by centrifuging 

LMNG-purified sample through a gradient comprising an increasing concentration of 
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glycerol and a decreasing concentration of LMNG. Therefore, the broad hump 

observed when purifying CTSD606N/E607Q may have been caused by an incomplete 

exchange between LMNG into digitonin, where the resulting fractions are populated 

by CTSD606N/E607Q solubilised in either detergent. Moreover, LMNG is known to form 

micelles ranging from 235 kDa – 622 kDa, with unconventional shapes and mobility 

properties (Chaptal et al., 2017), which may contribute to the broad hump observed 

by SEC. However, this result should be treated cautiously as the experiment was 

carried out just once and so further experimentation is required to evaluate this 

explanation.  

Despite time-constraints that limited optimisation of the SEC clean-up step, affinity-

purified CTSD606N/E607Q was subject to cryo-EM sample preparation, screening, and 

data collection in small scale to determine if this sample would be amenable to 

structural studies. Three different grid types were used for optimisation: Quantifoil 

1.2/1.3 200 mesh, Quantifoil 1.2/1.3 300 mesh, and UltraFoil grids. The most success 

was had from the Quantifoil grids, though it should be noted that particle concentration 

was always limited to ~0.8 mg/ml and that particle distribution was non-optimal, often 

with particles sticking to the carbon film or being poorly distributed. Ultrafoil grids were 

used to alleviate these problems (Russo & Passmore, 2016), but unfortunately, very 

few particles could be found while screening, apparently the result of poor vitreous 

ice formation or the ice being too thick for the electron beam to pass through. 

Nonetheless, screening of Quantifoil grids confirmed that this sample was amenable 

to structural studies, where after a small data collection and subsequent data 

processing, the first 2D classes for this transporter were obtained. This data set was 

pre-processed, first by ‘CTF estimation’ via the CTFFind 4 program (Rohou & 

Grigorieff, 2015) to restore missing information that results from the necessary 

application of defocus to micrographs during data collection, and secondly, by 

‘motion-correction’ via RELION 3.1.1’s implementation of the MotionCor2 algorithm 

(Zivanov et al, 2019) to reduce beam-induced & stage-induced blurring of 
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micrographs (Rawson et al, 2016). Particles were then picked from these pre-

processed micrographs using crYOLO which was chosen because of its ability to 

automatically pick suitable particles even from heterogeneous data sets – as this was 

expected to be – and to exclude contaminants such as hexagonal ice and aggregates. 

Moreover, in crYOLO the picking threshold can be altered to compare different sets 

of particles. Even from the initial poorly detailed 2D classes, when compared to the 

2D classes from solved structures of other ABC transporters such as ABCD4 (Xu et 

al., 2019), ABCB1 (Nosol et al, 2020b), and ABCB6 (Wang et al, 2020a), it was 

evident that some classes represented CTSD606N/E607Q. Given that these 2D classes 

could be obtained from an initial data set of ~43k particles, it was reasoned that a 

larger data set, even without SEC purification would yield a 3D model.  

Further screening and processing from 1 h of data yielded ~12,000 particles using 

crYOLO’s default picking threshold and the expected 2D classes, and therefore, a 

larger collection over 60 hrs was estimated by simple scaling to yield ~700,000 

particles. Whilst this number is significantly lower than the often >2 million particles 

picked when pursuing a high-resolution reconstruction of an ABC exporter, it is still 

~10x greater than the original CTSD606N/E607Q data set (table 5.1) and there have been 

reports of high-resolution structures solved from a little as 250k particles (Johnson & 

Chen, 2017). However, this did not scale proportionately, and instead of ~700,000 

particles being picked, only ~106,000 particles ended up in the default picking 

(Pick0.3) particle stack. Even the less stringent picking threshold (Pick0.1) yielded 

~2.5x fewer particles than expected. This may have been caused by grid storage and 

handling. After the grid was first screened and 1 h of data collected, it was then 

returned to storage in LN2. The same grid was then retrieved from storage and put 

back into the microscope for the second and larger data collection. During this 

handling, the grid may have warmed or partially thawed and re-frozen, causing the 

original vitreous ice to be replaced with hexagonal crystalline ice, and/or causing 

particles to re-distribute in the remaining ice (Cabra & Samso, 2015). Additionally, 
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when collecting data for 1 h just one grid square was used, whereas when data was 

collected for 60 hrs, many gird squares were collected on. Moreover, there is often a 

substantial variation in ice-thickness across a single grid which is dependent on 

several factors including the blot time, blot force, and the blotting method used 

(Drulyte et al., 2018) Even the irregular pattern of fibres in the blotting paper used can 

affect ice thickness and be detrimental to samples (Armstrong et al, 2020) further 

increasing grid variability and limiting reproducibility (Sgro & Costa, 2018). Therefore, 

some grid squares simply may have had thinner, more suitable vitreous ice than 

others. Another factor to consider is the effect that the air-water interface has during 

grid preparation. Between blotting and plunge freezing, the proteins suspended in the 

thin aqueous film formed by the blotting process are subject to Brownian motion, 

causing the molecules to interact with the air-water interface thousands of times per 

second (Taylor & Glaeser, 2008), where they are at risk of unfolding and denaturation 

(D'Imprima et al, 2019; Glaeser & Han, 2017). This effect is more or less pronounced 

depending on the thickness of ice that is formed during vitrification and occurs as 

quickly as six milliseconds (Klebl et al., 2020). The article by Klebl et al. (2020) 

highlights the variety of factors that affect grid preparation, and why no ‘silver bullet’ 

has been found.  In the case of CTSD606N/E607Q here, there may have been a substantial 

variation in ice thickness across the grid where in some cases interactions with the 

air-water interface led to the denaturation of useable particles therefore limiting the 

number of particles to be picked and processed downstream.  

Despite this unfortunate particle scaling issue, the data set resulted in the largest 

number of particles picked for CTS so far. Particles were picked using two different 

picking thresholds, and each particles stack contributing to the most detailed 2D 

classes ever obtained for CTS, which resulted not only from an increased number of 

particles picked, but also from optimisation of the particle extraction parameter. 

Initially particles were extracted as in the original data set (table 5.1) in a box size of 

180 pixels, however, these classes were noisy and lacked the detailed expected from 
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particle stacks of this size despite the data being expectedly heterogeneous. Re-

extraction using a box size of 256 pixels substantially improved this, yielding 2D 

classes that appeared promising for the generation of a 3D model.  

At the time of this data processing, the only structure available for a family D ABC 

transporter was that of ABCD4. Given that ab initio reconstruction was not possible, 

most likely because of the low number of particles and lack of necessary orientations, 

and because 3D classification requires an initial reference map, the model of ABCD4 

was the obvious starting point. To reduce bias in the reconstruction, the ABCD4 

model was first converted to a map file using the MolMap tool in ChimeraX then low-

pass filtered to 30Å during the 3D classification. Moreover, this model fortunately 

represented a hydrolysis-deficient mutant of ABCD4 bearing an E549Q mutation 

similar to the E607Q mutation in CTSD606N/E607Q, which further reduced reconstruction 

bias given that CTSD606N/E607Q should adopt a similar conformation to this ABCD4 

mutant. This 3D classification yielded the first 3D models for CTSD606N/E607Q (one from 

each particle stack). Whilst the resolution of these maps was low, they provide a basis 

for further cryo-EM optimisation in pursuit of a high-resolution structure.  

Interestingly, in both Pick0.3 and Pick0.1, ~90% of the initially picked particles were 

discarded during the subset selection process after initial 2D classification, and the 

remaining particles stacks used for 3D classification of Pick0.3 and Pick0.1 yield 

similar 3D maps. Given that the maps looked similar despite Pick0.1 containing 

almost twice as many particles as Pick0.3, there is an argument to use the less 

stringent particle picking parameter when processing future CTS data sets as the 

higher threshold (Pick0.3), was missing particles that certainly contributed to the 

Pick0.1 map. This would be magnified if processing an even larger data set and might 

cause information-rich particles to be excluded. At around the time of writing, the 

structure of ABCD1 was solved by cryo-EM (Wang et al., 2021). Despite the low 

sequence identity between HsABCD1 and HsABCD4 (~28%), the overall fold of the 

two nucleotide bound transporters is very similar (Wang et al., 2021), with a root-
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mean-square-deviation of just 1.87 Å. Moreover, from fitting the predicted AlphaFold2 

structure of CTS into the CTSD606N/E607Q maps, it is clear that the predicted model fits 

in a similar fashion to ABCD4. Therefore, 3D classification of the CTSD606N/E607Q 

particle stacks using the nucleotide bound structure of HsABCD1 (Wang et al., 2021) 

or the AlphaFold2 predicted model of CTS as a template would not be expected to 

substantially improve the resolution of the ~18 Å maps obtained for CTSD606N/E607Q 

using ABCD4 as a template. 

 Nonetheless, the maps presented here for CTSD606N/E607Q confirm for the first time that 

the COMATOSE transporter adopts a similar fold to other family D ABC transporters, 

probably with the domain-swapped architecture (Szollosi et al., 2018) of other ABC 

exporters that was predicted for CTS by homology modelling (Dietrich et al., 2009). 

However, the resolution does not allow any inference to be made regarding the 

intriguing functional asymmetry of CTS first reported by Dietrich et al. (2009). Unlike 

its other family members, CTS is a fused heterodimer, that possesses non-equivalent 

NBDs where the Walker A motif of NBD1 is dispensable for function; further insights 

into this feature of CTS will be gleaned only from high-resolution studies (~3-4 Å).  

At the time of writing, multiple structures of ABCD1 were solved (Chen et al., 2022; 

Jia et al., 2021; Le et al, 2022; Wang et al., 2021; Xiong et al., 2021). By comparing 

the methods used to purify and determine the structure of ABCD1 (excluding work by 

Jia et al. (2021) due to a lack of information detailing methods) to the methods used 

for CTS (table 5.3), it is evident that the major limiting factor for CTSD606N/E607Q  was 

indeed the SEC clean-up step, which unfortunately due to time constraints, could not 

be optimised. It is known from the SEC purification presented in figure 5-3 that a 

substantial amount of aggregation is present in the sample after concentration, which 

certainly contributed to sample heterogeneity. As with all solved structures of ABCD1, 

the SEC step would have eliminated these aggregates thereby creating a more 

homogeneous sample.  



 176 

Another consideration is the nature of the protein’s tag. Whilst CTSD606N/E607Q has a 

HRV3C cleavable eGFP tag, it was not cleaved off using the purification and instead, 

the rationale was that because CTS is a psuedosymmetric fused heterodimer, 

inclusion of the tag would break this pseudosymmetry and simplify image processing. 

Moreover, the tag would simply increase the size of the CTS particles and therefore 

simplify particle picking. However, it is clear from the 3D classification of both Pick0.3 

and Pick0.1 that C2 symmetry is more suitable than C1 anyway, and therefore 

cleavage of the tag may have been the more suitable approach. Indeed, none of the 

constructs used to determine the structures ABCD1 had an eGFP tag, and though 

the construct used by Le et al. (2022) did include a YFP tag, it was ultimately cleaved 

off during the affinity purification. Therefore, the eGFP tag that is fused to 

CTSD606N/E607Q by a flexible linker may have contributed to the low-resolution map by 

reducing the accuracy of particle alignment against the template during 3D 

classification.  

Additionally, it should also be noted that of all the reported structures of family D ABC 

transporters (ABCD4 and various structures of ABCD1), all are from humans and 

therefore,  – with the exception of the study by  (Jia et al., 2021) – have been 

expressed in HEK cells. Interestingly however, it has been reported that the 

expression of unstable ABCD1 mutants in fibroblasts can be improved by low-

temperature culture (Zhang et al, 2011). Thus, when comparing insect cells vs. HEK 

cell expression systems (27°C and 37°C, respectively), the lower temperature used 

during insect cells expression may indeed be advantageous. Whilst this certainly 

appears suitable for a plant protein that has evolved to function at 23°C (the optimal 

growth temperature of A. thaliana) and despite the strong precedent for expression in 

insect cells, it may be interesting to empirically assess the expression and stability of 

CTS produced in HEK cells given that its closest homologs have been produced in 

this system.
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Table 5.3. Methods used to study different ABCD Transporters. Comparison of the methods used to purify CTSD606N/E607Q in this study vs. methods 

used to purify ABCD1 for structural studies by cryo-EM.  Yellow, similar methods by row. Green, significantly different methods by row. 

 CTSD606N/E607Q  ABCD1 (Wang et al., 2021) ABCD1 (Le et al., 2021) ABCD1 (Chen et al., 2021) 

Expression 

system 

Sf9 insect cells HEK-293S GnTI− 

 

HEK 293 HEK 293F 

Solubilisation 1%LMNG/0.1%CHS 1% LMNG/0.1%CHS 1% DDM/0.2% CHS 1% LMNG/0.1%CHS 

Affinity 

Purification 

Streptactin resin Flag resin Rho-1D4 antibody 

conjugated Sepharose 4B resin 

Flag resin 

Elution 5 mM desthiobiotin 

 

20 mM HEPES pH 

7.5, 200 mM NaCl, 2 

mM MgCl2, 5% 

glycerol (v/v) 0.06% 

digitonin (w/v) 

Flag peptide 

 

25 mM Tris-HCl, pH 7.5, 150 

mM NaCl, 5% glycerol (w/v), 2 

mM MgCl2, 0.06% digitonin 

 

Tag cleavage 

 

25 mM HEPES pH 7.5, 150 mM 

NaCl, 20% glycerol (v/v), 0.02% 

DDM/0.004% CHS (w/v) 

Followed by nanodisc reconstitution 

Flag peptide 

 

25 mM Tris-HCl pH 7.5, 150 

mM NaCl, 10% glycerol 

(v/v),1 mM DTT, 0.06% 

digitonin (w/v) 

 

SEC? 

 

 

n/a Superose 6 column 

 

25 mM Tris-HCl, pH 7.5, 150 

mM NaCl, 5% glycerol (v/v), 2 

mM MgCl2, 0.06% digitonin 

(w/v) 

G4000swxl SEC column 

 

25 mM HEPES pH 7.5, 150 mM 

NaCl 

 

Superdex 200 Increase 

10/300 column 

25 mM Tris-HCl pH 7.5, 150 

mM NaCl, 1mM DTT, 0.06% 

digitonin (w/v). 
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In summary, this chapter represents a significant step forward in the study of 

COMATOSE as prior to this project, no structural information for the transporter 

existed. The maps presented here represent first ever structural information for this 

intriguing transporter, revealing its overall architecture and confirming that it adopts a 

similar fold to its other family members. Moreover, these insights are further validated 

when comparing these CTSD606N/E607Q maps to the model predicted for CTS by 

AlphaFold2. Finally, this work has established the baseline for all future cryo-EM 

studies on CTS and has highlighted the steps necessary to push these initial low-

resolution maps into high-resolution models within the near future to finally elucidate 

the nature of the transpor’er's thioesterase activity.  



 179 

6 Conclusion and Outlook 

The study of the peroxisomal ABC transporter COMATOSE has spanned ~20 years, 

from its discovery until the present day. In that time, it’s essential role in A. thaliana 

beta oxidation has been well established (section 1.7) (Carrier et al., 2019; Dave et 

al., 2011; De Marcos Lousa et al., 2013; Dietrich et al., 2009; Footitt et al., 2007; 

Footitt et al., 2002; Hooks et al., 2007; Nyathi et al., 2010; Nyathi et al., 2012; Russell 

et al., 2000; Theodoulou et al., 2005) although the nature of its most intriguing 

characteristic – its intrinsic thioesterase activity (De Marcos Lousa et al., 2013) – has 

not yet been elucidated due to a lack of structural data for CTS and until recently, no 

structural data existed for any family D transporter (first reported 2019, ABCD4 (Xu 

et al., 2019)). Around the time that CTS ACOT activity was reported, the field of cryo-

EM was beginning its resolution revolution (Kuhlbrandt, 2014), whereby 

developments in EM hardware and software was pushing the boundaries of what EM 

could do, resulting in the first near atomic-resolution protein structures using this 

method (Bartesaghi et al, 2014). As this period continued (and still does), smaller 

proteins were able to be studied using cryo-EM (Khoshouei et al, 2017; Khoshouei et 

al, 2016), as well as those that has previously resisted crystallisation (for study by x-

ray crystallography) and/or were highly dynamic (Zhang et al, 2017). Given that ABC 

transporters fell into these categories, determination of their structures by cryo-EM 

proliferated rapidly (highlighted by figure 4-1, section 4.1). Therefore, at this crossroad 

it appeared that structural studies of CTS could now be pursued, and as such, this 

thesis represents the first work carried out on CTS from a structural perspective, using 

cryo-EM to elucidate the nature of CTS ACOT activity.   

Therefore, the first major aim of the project was to determine if CTS was amenable 

to study by cryo-EM. At the beginning of the project, a series of protocols that had 

previously been used for expressing and purifying CTS were evaluated for their 

amenability to cryo-EM studies. Over the course of the project, significant 
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modifications and improvements were made to these protocols through empirical 

testing, which included optimised expression testing for large-scale expression of 

CTSWT and mutants in Sf9 insect cells, optimised detergent solubilisation and 

assessment of non-detergent alternatives, and modification of buffer composition to 

improve protein stability and ease down-stream purification and cryo-EM grid 

preparation. This work culminated in a robust and reproducible expression, 

solubilisation, and purification protocol for CTSWT and CTSD606N/E607Q, and was shown 

through cryo-EM grid screening to be clearly suitable for further cryo-EM studies.  

Building upon these developments, a second major aim of this project was to 

determine if CTS, after purification, was still in an active form. This would be vital for 

future studies on the transporter, because until now biochemical studies on CTS (e.g., 

the study on its ACOT activity), had only been reported in isolated Sf9 insect cell 

membranes or isolated yeast peroxisomes. To do this, a proteoliposome 

reconstitution protocol was optimised, whereby the detergent purified transporter 

(purified using the previously established method, section 2.10.3) was inserted into 

asolectin/CHS liposomes and the ATPase activity measured in the presence of 

substrate (oleoyl-CoA) or inhibitor (AlF33). This confirmed that after reconstitution the 

transporter possessed substrate stimulated ATPase activity and sensitivity to the 

known ATPase inhibitor, AlF3. The CTS mutant CTSD606N/E607Q, which had been 

presumed as hydrolysis-deficient, was shown as such. Together, these data showed 

that CTS could be reconstituted in an active form, opening up the possibility of 

studying the catalytic and transport cycle of CTS in a totally isolated system, and 

thereby provided a new method for investigating the nature of CTS ACOT activity that 

was previously inaccessible, and one that would complement future structural 

studies.  

The final aim of this study was to determine the structure of CTS using cryo-EM, to 

place the biochemical observations of the transporter in a structural framework. To 

do this, the established purification protocol was employed to purify CTSD606N/E607Q in 
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digitonin and cryo-EM data collected in the Astbury Biostructure Laboratory, resulting 

in the determination of two maps of CTSD606N/E607Q. This represented the first structural 

data ever obtained for CTS and for a plant ABC transporter.  

These two maps were obtained from a single CTSD606N/E607Q data set using two 

different particle picking parameters and by using the recently solved structure of 

ABCD4 as a template  (Xu et al., 2019) for 3D classification. Although the maps 

obtained for CTSD606N/E607Q were of low resolution, from the experiments carried out 

during this study it is now clear what experiments need to be done to obtain a high-

resolution model of CTS. Despite several grid types being utilised during this study, it 

was not always possible to observe CTS particles, or image through the ice due to 

poor vitreous ice formation. Therefore, further work is needed to determine the 

optimal grid for CTS data collection. This will improve particle distribution on the grid 

and hopefully increase the number of particle orientations observed in the ice, both 

of which are key parameters for high-resolution single particle cryo-EM (Armstrong et 

al., 2020; Drulyte et al., 2018; Kampjut et al., 2021; Sgro & Costa, 2018).  

Moreover, due to time constraints, it was not possible to optimise a SEC step to clean 

up the sample prior to cryo-EM grid preparation, and therefore, experiments that 

surmount this issue are of paramount importance going forward as the extent of 

sample heterogeneity (i.e., heterogeneity should be reduced) will determine if a high-

resolution 3D reconstruction is obtainable. Overcoming these limitations will be 

necessary for the ab initio 3D reconstruction of CTS that was not possible in this 

study. Despite these limitations, the maps obtained for CTSD606N/E607Q were indeed 

convincing as compared to other ABC transporters (e.g., nucleotide-bound ABCD4 

(Wang et al., 2021) and the newly solved structure of nucleotide-bound ABCD1 

(Wang et al., 2021)) clearly showing the typically features of these proteins purified in 

detergent, such as the TMDs surrounded by a detergent micelle with the NBDs 

protruding out below. Interestingly, it is clear from these maps and from 2D 

classifications that the transporter adopted the outward facing state with NBDs in 
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close proximity, as was expected from the hydrolysis deficient mutant (i.e., the 

transporter was nucleotide bound). This map confirmed for the first time that CTS 

does indeed share a similar fold to other ABC exporters and therefore, according to 

the new ABC transporter classification, belongs to the Type IV family (Thomas et al., 

2020). However, it should be noted that since the maps of CTS were generated using 

ABCD4 as a template, there is likely some bias in the 3D classification and tends 

towards a map of a similar shape to ABCD4. Nonetheless, this was partially overcome 

by the template being low-pass filtered to 30 Å before 3D classification, thereby 

removing a significant amount of high-resolution bias and lending validity to the maps 

generated. Ultimately, a more homogeneous data set that allows for an ab initio 

reconstruction of CTS will likely corroborate the maps presented here.  

Now that the fold of CTS has been confirmed and it is indeed similar to other family 

D transporters, it is possible to consider how CTS may carry out its ACOT activity. 

This consideration can be divided into several questions: what is the exact 

mechanism of acyl-CoA cleavage? How do substrates bind CTS? What is the fate of 

the CoA moiety after cleavage? Why cleave at all? Firstly, whilst the residues 

identified by Carrier et al. (2019), are clearly functionally important (as is the 

previously described S810 residue (Dietrich et al., 2009)) their molecular interaction 

with substrate and their function with respect to substrate cleavage is unknown. A 

detailed understanding of their contribution to the transport cycle, either as part of a 

catalytic triad or as substrate binders, or residues important in protein stability or 

movement will require the high-resolution substrate-bound structure of CTS. Only one 

possible mechanism of substrate cleavage has currently been suggested and that is 

by Kawaguchi et al. (2021) who showed that after incubation of human ABCD1 with 

NBD-C16-CoA, the NBD-C16 moiety is covalently bound to the transporter via 

acylation, and that this covalent intermediate is formed by thioester linkage of the 

NBD-C16 to cysteine residues of ABCD1.  
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However, the exact cysteine residues which are involved in NBD-C16 binding were 

not identified. By using an ABCD1 homology model to assesses the environment in 

which the three ABCD1 cysteines reside, the binding was hypothesised to be 

mediated via Cys39 or Cys88 instead of Cys121 because of the latter’s predicted 

location on a loop facing the peroxisomal lumen. However, the recently solved 

structure of ABCD1 by Wang et al. (2021) (discussed below), has revealed the true 

position of each cysteine residue, showing that Cys121 sits close to the substrate 

binding pocket, thereby implicating it as the NBD-C16 binder. However, it is unclear 

from current studies whether the cysteine residues of ABCD1, and by extension those 

residues in other family D transporters, play a catalytic or conformational role in the 

transport cycle. This is also true of the S810 residue in CTS, which sits in a similar 

position to Cys121 in ABCD1 (i.e., near a suspected substrate binding pocket 

(discussed below)), and has been shown to be important for CTS ACOT activity 

(Carrier et al., 2019; Dietrich et al., 2009). Like the cysteines in ABCD1, the role of 

S810 in the transport cycle of CTS is unclear and although its position alludes to a 

role in conformational change, further insights will require a high-resolution 3D model 

to shed light upon its this.  It is worth noting that a structural superposition of the cryo-

EM structure of ABCD1 bound to C22:0 (PDB 7VZB) and the AF2 model of CTS 

shows a root-mean-square-deviation (all-atom) of 2.9 Å (alignment generated in 

PyMOL using the ‘align’ command). Thus, it appears that insights gained from 

structures of ABCD1 can be used to make plausible inferences about CTS.  

Additionally, several cryo-EM structures of human ABCD1 have been reported (Chen 

et al., 2022; Jia et al., 2021; Le et al., 2022; Wang et al., 2021; Xiong et al., 2021). Of 

these, in the study by Wang et al. (2021) two structures were solved, one outward-

facing ATP-bound state, and an inward-facing state bound to oleoyl-CoA. In the latter, 

two molecules of oleoyl-CoA are found, one bound to each TM3-6 bundle in the two 

halves of the transporter. Interestingly, in the ATP-bound state these molecules are 

replaced by ambiguous density that may be the free fatty acid product of the 
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transporters thioesterase activity, though it does not appear that any cysteines are 

involved in the binding, as discussed by Kawaguchi et al. (2021). The acyl-CoAs in 

this structure lie parallel to the TM helices, interacting with a single TMD bundle. 

However, another structure by Chen et al. (2022) shows two molecules of C22:0-CoA 

bound to the transporter, each with its CoA moiety interacting in planar fashion with 

a hydrophilic cavity in one TMD domain, and the long acyl chain extending across the 

to the opposite TMD interacting with a hydrophobic cleft. This binding mode, which is 

distinctly different from the oleoyl-CoA bound structure by Wang et al. (2021) is 

different again from the binding of C26:0 and C26:0-CoA in an ABCD1 structure 

reported by Xiong et al. (2021) which indicated that while the CoA moiety is bound in 

a cytosolic vestibule, the acyl chain protrudes out into the lipid bilayer through a small 

opening in one TM bundle, a mechanism which was hypothesised by Le et al. (2022) 

. This variety of binding modes – which may be related to the flexibility of acyl-chains 

– and the fact that family D ABC transporters collectively transport a variety of 

different molecules indicates that family D transporters may possess multiple 

substrate binding sites, which also may be true of CTS.  

By identifying the residues involved in substrate binding in these ABCD1 structures 

and comparing these residues to the equivalent residues in CTS (Fig. 6-1), it is 

possible to identify conversed residues in CTS and place them in a CTS homology 

model to identify potential substrate binding pockets (Fig. 6-2). From this, it is clear 

that many of the resides involved in acyl-CoA binding in ABCD1 are shared by CTS 

or that CTS possesses strongly chemically similar equivalent residues. Given that the 

CoA moiety of different acyl-CoA is shared, it may be expected that residues 

contacting the CoA are the most similar, with more variation being observed in 

residues contacting the variable acyl-chain. However, it appears that there is a 

general variability in the residues involved in binding acyl-CoA with no substantial 

conservation of CoA binding residues compared to acyl-chain binders. Nonetheless, 

the identification of conserved substrate binding residues in CTS indicates that CTS 
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may share some of the substrate binding modes that have been revealed by 

structures of ABCD1.  

It is interesting that none of the residues involved in substrate binding in ABCD1 and 

that are conserved in CTS are in close proximity to the triad of residues identified by 

Carrier et al. (2019) as being critical for ATPase and ACOT activity, all of which reside 

closer to the TMD-NBD interface than deep within the TMDs. A detailed 

understanding of substrate binding and cleavage by CTS will require a high-resolution 

substrate bound structure; this will be necessary to determine if CTS substrates 

occupy specific binding pockets, or whether the physiochemical characteristics of the 

substrate are a more important factor.   
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Figure 6-1. Sequence alignment of CTS with ABCD1 to identify residues involved in 

substrate binding. Substrate-binding residues in three different structures of ABCD1 

were identified in the sequence alignment (green, residues contacting the acyl-chain; 

blue, residues contacting the CoA moiety). Top, sequence alignment between the N-

terminus of CTS (residues 236-439) and ABCD1 (residues 222-458). Bottom, 

sequence alignment between the C-terminus of CTS (residues 892-1081) with 

ABCD1 (residues 223-454). CTS residues that are identically conserved (asterisk) or 

strong conserved (colon) are highlighted in yellow. Weakly similar residues (.) are not 

highlighted. Oleoyl-CoA bound structure, Wang et al. (2021); C22:0-CoA bound 

structure, Chen et al. (2022); 26:0-CoA structure, Xiong et al. (2021). Sequences 

obtained from UniProt.   
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Figure 6-2. Inward- and outward-facing CTS homology models showing potential 

substrate binding residues identified by comparison to substrate-bound structures of 

ABCD1. Substrate binding residues in ABCD1 have identically conserved or strongly 

conversed equivalent residues in CTS that may represent CTS substrate binding 

pockets. Potential substrate-binding residues are highlighted per half of the 

transporter (green, N-term; pink, C-Term). A) Inward facing state. B) Outward facing 

state. Helices from one bundle of TMD helices are annotated (TM1-6). Bottom panels 

in A and B represents a top-down view of the TMDs. Putative triad residues D863, 

Q864, and T867 are shown as spheres in the top panels.  
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Of all currently solved structures of ABCD1, the majority have been solved in 

detergent (Chen et al., 2022; Wang et al., 2021; Xiong et al., 2021) with just one study 

reporting structures in lipid nanodiscs (Le et al., 2022). In the report by Wang et al. 

(2021), detergent-purified oleoyl-CoA-bound ABCD1 was observed in an inward 

conformation with NBDs extremely widely separated. Chen et al. (2022) reported a 

similar structure but instead bound to C22:0-CoA, with the transporter still in the 

inward-facing state but with NBDs in much closer proximity. It is important to note 

than this partial closure of the NBDs may be caused by C22:0-CoA bridging the two 

halves of the transporter (whereas oleoyl-CoA is exclusive to each TMD bundle) 

similar to that reported for MRP1 (Johnson & Chen, 2017). Xiong et al. (2021) 

reported four inward-facing states, only one of which has NBDs in close proximity 

despite one being a hydrolysis deficient mutant (that is expected to have NBDs locked 

together), and two others being bound to substrate. In contrast to these detergent-

purified structures, there is no wide-open inward-facing state observed for apo-

ABCD1 in lipid nanodiscs (Le et al., 2022), which is in line with previous reports 

regarding the conformational relevance (Wright et al., 2018). Therefore, caution 

should be exercised when making mechanistic interpretations from widely open 

inward-facing states. Indeed, such caution is why in this study CTS was investigated 

for reconstitution into lipid nanodiscs, and later the hydrolysis deficient CTSD606N/E607Q 

mutant was investigated, that according to the 3D maps obtained, did indeed adopt a 

more physiologically relevant conformation.  

Another outstanding question regarding the ACOT activity of CTS is concerned with 

the fate of the CoA moiety after substrate cleavage, i.e., does it also enter the 

peroxisome along with the FFA moiety? Initially, it was unknown whether after 

substrate cleavage, CoA was transported into the peroxisome along with the FFA or 

if it was imported into the peroxisome via a different route. However, work by van 

Roermund et al. (2021) has confirmed that in whole yeast peroxisomes, the CoA 

moiety is transported into the peroxisome after substrate transport and cleavage by 
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Pxa1p/Pxa2. Given results from cross-kingdom complementation experiments 

(Carrier et al., 2019; De Marcos Lousa et al., 2013; van Roermund et al, 2008; Van 

Roermund et al., 2014; Van Roermund et al., 2011) and the similarities between other 

family D transporters, it is likely that the same is true of CTS. Until now however, 

studies on CTS in isolated A.thaliana peroxisomes have been limited due to their 

fragility and the difficulty in purifying them away from contaminants (Nyathi et al., 

2010). Despite the former study overcoming this by heterologous expression of CTS, 

the authors also highlighted the desire for a reconstitution system applicable for 

studying CTS. Eleven years later, this thesis has shown that a suitable purification 

and reconstitution protocol has now been established and that the substrate 

stimulated activity of CTS has been confirmed after reconstitution (as well the lack of 

activity for CTSD606N/E607Q). Therefore, it is now possible to unequivocally investigate 

the fate of CoA during the CTS transport cycle using this proteoliposome system, and 

beyond that, answer many more questions about the biochemistry of CTS to shed 

new light on previous observations.  

For example, the reconstitution system may be used to investigate the following 

question: why cleave the substrate at all? On the face of it, the cleavage process 

seems energetically wasteful. However, the amount of ATP generated from the beta-

oxidation of just one molecule of palmitate massively outweighs the amount used 

during the transport cycle. Instead, energy expenditure during the cleavage process 

may be used as a means of peroxisomal regulation or control. For example, CoA 

transport into the peroxisome by Pxa1/Pxa2 in yeast (van Roermund et al., 2021) 

after acyl-CoA cleavage allows for the hydrophobic and hydrophilic moieties of the 

substrate to be translocated separately. Moreover, in addition to acyl-CoA 

synthetases LACS6 and LACS7, A. thaliana is known to express a large repertoire of 

other acyl-CoA synthetases (Shockey et al, 2002) and acyl-activating enzymes 

(Shockey & Browse, 2011). Given that CTS makes physical interactions with LACS6 

and LACS7 (De Marcos Lousa et al., 2013), it is conceivable that the transporter can 
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interact with other acyl-CoA synthetases, such that the substrate cleavage products 

can be prioritised, processed, and metabolised according to the requirements of the 

plant. Thus, the cleavage process may be viewed as an energy expenditure 

mechanism as a means of peroxisomal self-regulation. For example, the transport 

and cleavage of myristoyl-[3H]-CoA into yeast peroxisomes is reduced – but not 

completely abolished – when the yeast acyl-CoA synthase Faa2p is knocked out (van 

Roermund et al., 2021), perhaps indicating that without acyl-CoA synthetases, the 

transporter continues to cleave substrate, causing FFA to accumulate in the 

membrane, arresting the transporter and upsetting peroxisomal regulation.  

Alternatively, Kawaguchi et al. (2021) speculates that the cleavage mechanism may 

simply be a solution to the difficult task of transporting large amphipathic molecules 

across membranes. Ultimately, this is still an unanswered question, but one that can 

be investigated for CTS using reconstitution system; for example, it may be possible 

to investigate the transport of substrates across the proteoliposome membrane where 

the lumen has been pre-loaded with a specific acyl-CoA synthetase (or synthetases) 

of interest to investigate specific interactions or kinetic experiments. The same system 

can be used to investigate the nature of specific mutations, ones that lead to 

germination and establishment defects in plants (e.g., K487A, & S810N) (Dietrich et 

al., 2009) or equivalent mutations in ABCD1 that causes the devastating pathology 

X-ALD (section 1.8).  

In summary, over the course of this PhD a series of major developments have been 

made to the study of the COMATOSE transporter that are distinct from the primarily 

biochemical work that came before, and which place an emphasis on the study of 

CTS from a single molecule perspective. At the beginning of this project, structural 

studies on CTS had never been pursued. Now, and after significant purification 

optimisation, reported here are the first cryo-EM maps for the plant peroxisomal 

transporter purified in detergent, showing the transporters overall fold and key 

features. Whilst the primary aim was a high-resolution structure, this work has shown 
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that CTS is amenable to cryo-EM studies and has outlined the future experiments 

needed to obtain such a result. The aforementioned biochemical studies on CTS 

previously relied upon heterogenous expression of the transporter due to the absence 

of a suitable reconstitution method. The secondary aim of this project was realised in 

full, as the proteoliposome reconstitution method reported here – showing that 

purified and reconstituted CTS possesses substrate stimulated ATPase activity – 

establishes this system as a tool for future biochemical work on CTS. Together, these 

developments will be indispensable for future studies on this important and intriguing 

peroxisomal ABC transporter.   
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8 Appendix 

8.1 SF9 Cell Lysate ‘Purification’ 

 

Figure 8-1. Mock 'purification' running Sf9 cell lysate over Streptactin XT Superflow 

resin. Sf9 cells contain a protein that has a strong affinity this resin. CTS would 

normally be expected to run just below 190 kDa (in between the two major bands 

observed here. The contaminants identity is unknown.   
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8.2 ATPase Assay Time-Points 

 

 

Figure 8-2. Time-point ATPase assays. ATPase assays carried out at different time 

points confirming that incubation with substrate stimulates the activity of CTS and that 

the recorded phosphate release is within the linear range of the assay as compared 

to figure 4.5 . Top, 10-minute incubation; bottom, 20-minute incubation. Error bars 

represent SD from triplicate measurements. N=1.  
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