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Abstract 

Vitamins are, by definition, required for maintaining the health of the mammalian body. 

Vitamin E, which occurs in eight different forms, has a crucial function as an antioxidant 

protecting polyunsaturated fatty acids. Attributable to the occurrence of a-tocopherol transfer 

protein (a-TTP), RRR-a-tocopherol is the only form that is selectively retained in mammals. 

a-TTP aids in secreting the RRR-a-tocopherol from liver to the rest of the body. The 

mechanism of the a-TTP-mediated movement of a-tocopherol is not yet fully elucidated. The 

opening of a-TTP's binding pocket and subsequent release of a-tocopherol are made possible 

by a-TTP's interaction with PM residing phosphatidylinositols. K217, a crucial amino acid, is 

present in the positive surface patch of a-TTP, which is essential for orchestrating this 

interaction. Surface Plasmon Resonance (SPR) was employed in this study to examine the 

absorption and desorption of wild-type a-TTP and the mutated form K217A to tethered 

phospholipid vesicles. SPR spectroscopy illustrated the affinity of either protein when it was 

presented with one or both of its preferred ligands (a-tocopherol or phosphatidylinositol-4,5-

bisphosphate [PI(4,5)P2]) on tethered vesicles. Bovine serum albumin (BSA) was used to coat 

the side of the microcentrifuge tubes to mitigate protein loss that was discovered when protein 

was preincubated with its ligands. K217 was found to be instrumental in the binding of TTP to 

PIPs and the subsequent release of tocopherol. As K217A mutant had a lower adsorption to 

membranes containing PI(4,5)P2 vs wtTTP. It was determined that α-TTP binding to 

endosomal vesicles increased with increased concentration of the late endosome specific lipid 

bis(monoacylglycero)phosphate (BMP). Collections runs performed provided some evidence 

for the exchange of ligands when wtTTP was used but not for K217A. The results found in this 

work parallel literature findings and supplement the proposed mechanism of a α-TTP-mediated 

movement of α-tocopherol and PI(4,5)P2 in plasma membranes. 
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1. Introduction  

1.1. Vitamin E 

1.1.1. Discovery and Chemistry 

Vitamins are molecules required to support regular development, cell function, and growth 

(Helbling et al., 2012). Some vitamins can be synthesized in majority of vertebrates, however 

some vitamins, for example Vitamin A can only be synthesized in plants and algae.  

Furthermore, humans do not have the ability to synthesize majority of them, and hence they 

have to be acquired via the diet (Aeschimann et al., 2017). Vitamins are distributed into two 

main groups based on their solubility: fat-soluble and water-soluble vitamins. One of the fat-

soluble vitamins is the plant-produced vitamin E, which was first identified in 1922 during 

experiments where animals (rats) were fed a controlled diet made of a ration of cornstarch, lard 

and casein to which butterfat and salts were added. The animals were also each receiving 0.4 

gram each of dried whole yeast each day (Evans and Bishop, 1922). On this diet, the female 

rats failed to carry their offspring to term; the fetuses were resorbed approximately 9 days into 

pregnancy. Evans & Bishop (1922) also showed that this could be reversed by adding “fresh 

green leaves of lettuce”, from which vitamin E would subsequently be identified (or from 

wheat germ oil). For humans, one of the most significant health benefits from ingesting 

appropriate levels of vitamin E is the maintenance of neuronal health (Ulatowski and Manor, 

2015). Vitamin E aids in the defence of the central nervous system from oxidative stress and 

motor impairment (Ulatowski and Manor, 2015). Moreover, the antioxidant free radical 

scavenging ability of vitamin E (and perhaps redox-independent biological activity) have been 

widely cited which suggest its role in the prevention of several diseases including 

atherosclerosis, cancer, cardiovascular diseases, inflammation, infertility, cataract and many 

others (Jiang, 2014; Rizvi et al., 2014). 
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Figure 1. The Chemical Structure of Vitamin E. The two vitamin E sub-categories, 

tocopherols and tocotrienols, differ depending on the degree of methylation of the aromatic 

chroman ring and unsaturation in the side chain. 

Vitamin E is a group of eight fat-soluble chemicals which are divided into two sub-

categories; tocopherols and tocotrienols, each with four different constructs.  The broad 

chemical structure of vitamin E consists of a 16-carbon long isoprenoid tail and a chromanol 

ring (Herrera and Barbas, 2001). Tocopherols have saturated isoprenoid tails whereas 

tocotrienols have unsaturated tails. Based on the position and number of methyl groups present 

on the chromanol ring, both tocopherols and tocotrienols are designated as α, β, γ, and δ 

(Constantinou et al., 2008; Helbling et al., 2012). α-Tocopherol and α-tocotrienol are 

trimethylated on the 5-C, 7-C and 8-C positions of the chromanol ring. β-Tocopherol and β-

tocotrienol are dimethylated at 5-C and 8-C positions, γ-tocopherol and γ-tocotrienol are also 

dimethylated at the 7-C and 8-C positions (Figure 1), whereas δ-tocopherol and δ-tocotrienol 

are only methylated at the 8-C position (Kono and Arai, 2015).  

 

Chromanol Ring Phytyl Tail 
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1.1.2. a-Tocopherol 

Out of all the eight forms vitamin E, α-tocopherol (a-Toc) is the form that is specifically 

retained in the tissues of animals. Moreover, the RRR-α-tocopherol stereoisomer is considered 

to be the most biologically active form in animals, and it is also the most important lipid soluble 

antioxidant protecting the membranes of cells from oxidative damage (Kono and Arai, 2015). 

 

 

 

 

 

Figure 2: RRR-α-Tocopherol Stereoisomer: The stereoisomer of α-tocopherol that is most 

abundant in nature and has the highest biological activity in animals. 

The three asymmetric stereocenters in a-tocopherol at positions 2 on the chromanol 

ring, 4′ and 8′ in the isoprenoid tail gives eight stereoisomers (Jensen and Lauridsen, 2007). 

Synthetic vitamin E comprises a racemic mixture of a-tocopherol containing RRR, SRR, RSR, 

RRS, SSS RSS, SRS and SSR stereoisomers (Jensen and Lauridsen, 2007). The stereoisomers 

with the 2R stereochemistry are recognized to have the highest selectivity and biological 

activity in animals (Niki et al., 2005; Weimann and Weiser, 1991).  

 

 

Chromanol Ring Phytyl Tail 
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1.1.3. a-Tocopherol antioxidant properties 

Tocochromanols belong to the group of lipid antioxidants. Their ability to protect the 

double bonds of unsaturated fatty acids in oils against oxidative damage was discovered by 

Cummings and Mattill, 1931. Vitamin E, specially a-Toc, is identified as a robust chain 

breaking, peroxyl radical-scavenging antioxidant because of its 6-hydroxychroman structure 

(Burton and Ingold, 1981; Wolf, 2005). 

 

 

 

 

 

 

 

 

Figure 3: Scheme for lipid peroxidation chain reactions initiated by free radicals. The 

overall reactions are divided in 3 stages initiation, propagation and termination. Reproduced 

with permission from Simon-Schnass and Korniszewski., 1990. 

The polyunsaturated fatty acid (LH) is attacked by the free radical, which initiates the 

free radical peroxidation chain reaction by producing a fatty acid radical (L•) (Balasaheb Nimse 

and Pal, 2015; Simon-Schnass and Korniszewski, 1990). The L• reacts rapidly with molecular 

oxygen which results in a fatty acid peroxyl radical (LOO•) that promotes the initiation of 

radical chain reactions with additional unsaturated lipids, yielding lipid hydroperoxides 

(LOOH) (Niki, 2014). LOOH can produce auxiliary radicals following homolysis and are 

considered to be dangerous to human health. a-Tocopherol aids in the elimination of these 
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harmful effects of the subsequent radicals via the following hydrogen-atom donation reaction 

(Balasaheb Nimse and Pal, 2015).  

𝐿𝑂𝑂•	 + a-tocopherol-OH à	𝐿𝑂𝑂𝐻	 + a-tocopherol-O• 

The resulting a-tocopheroxyl radical is resonance-stabilized and has greatly reduced ability to 

stimulate lipid peroxidation (Nimse & Pal, 2015; Schnass et al., 1993). Furthermore, the 

tocopheroxyl radical can be reduced back to a-tocopherol by ubiquinol or ascorbate (Schnass 

et al., 1993; Niki, 2014; Nimse & Pal, 2015). The a-tocopheroxyl radical can also react with 

other radicals present within the biological compartment to produce stable products (Schnass 

et al., 1993; Niki, 2014).  

1.1.4. Biological Transport of a-Tocopherol 

Following their intake, lipid-soluble tocotrienols and tocopherols are integrated into 

lipid micelles, absorbed in the small intestine and delivered to the liver (Galli et al., 2017). The 

magnitude of absorption and transfer to the liver is approximately the same for all eight vitamin 

E vitamers, however the liver then selectively delivers α-tocopherol (a-Toc) into systemic 

circulation, whereas other non-α-tocopherol analogs are preferentially metabolized by the 

means of a cytochrome P450-dependent pathway (Arita et al., 1997; Bardowell et al., 2010; 

Parker et al., 2004; Sontag and Parker, 2007). The selective retention of α-tocopherol happens 

as a consequence of an interaction between the P450-dependent pathway of oxidative catabolism 

and the hepatic α-tocopherol transfer protein (αTTP) (Galli et al., 2017). αTTP is a cytosolic 

liver protein with a highly specific binding affinity to α-tocopherol, and studies have shown 

that it has significantly lower affinities for β-tocopherol (38%), γ-tocopherol (9%), and δ-

tocopherol (2%). (Hosomi et al., 1997; Panagabko et al., 2003).  
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Figure 4: Metabolization of vitamin E in the human body, displaying the key role that a-

TTP (a-tocopherol transfer protein) plays in the distribution in vivo. Originally, all eight 

forms of vitamin E are absorbed in the small intestine and subsequently secreted into the lymph 

through chylomicrons. The chylomicrons are ultimately taken up by the liver, where a-TTP 

selectively retains the RRR-a-tocopherol (RRR-a-Toc) isomer which then is secreted back into 

plasma on the corresponding lipoproteins to be delivered to targeted tissues. All other forms 

are oxidatively metabolized very quickly and sent back to the intestine in the bile. The 

abbreviations stand for: VLDL = Very Low-Density Lipoproteins, LDL = Low-Density 

Lipoprotein, HDL = High-Density Lipoprotein. Acquired from Borel et al., 2013. 
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The absorbed isomers of vitamin E are associated with chylomicrons, which are 

lipoproteins synthesized and present in the small intestine (Figures 4) (Borel et al., 2013; 

Muller et al., 1974). The synthesis of chylomicrons are crucial for the transport of vitamin E 

from the small intestine (Kamishikiryo et al., 2017). When the chylomicron is catabolized by 

hydrolysis of the triglyceride fraction, chylomicron remnants are produced that retain most of 

the absorbed vitamin E isomers (Borel et al., 2013; Kono and Arai, 2015). The remaining alpha-

isomer of vitamin E is packaged into HDL and circulating lipoproteins. The chylomicron 

remnants carry the absorbed isomers until they get endocytosed by the liver via a receptor 

facilitated method using apolipoprotein E (apoE) (Muller et al., 1974). Once in the liver, the 

RRR-a-tocopherol isomer is selectively secreted by a-TTP to the VLDL (Kamishikiryo et al., 

2017; Kono and Arai, 2015) (Figure 4). Non-α-tocopherol analogs are preferentially 

metabolized by the means of a cytochrome P450-dependent pathway (mainly CYP4F2) and 

excreted in the bile. (Kamishikiryo et al., 2017; Parker et al., 2004). Upon secretion of VLDL 

associated with RRR-a-tocopherol, the VLDL undergo lipolysis into mainly LDL and some 

HDL. (Borel et al., 2013). The RRR-a-tocopherol is further transported via LDL to targeted 

tissues. (Figure 4) 
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1.2. a-Tocopherol Transfer Protein (a-TTP) 

1.2.1. Structure and Chemistry 

As mentioned earlier, in animals	𝛼-TTP aids in the transport of 𝛼-tocopherol from the 

liver to the plasma, where it is subsequently moved to additional tissues by low-density 

lipoproteins (LDL)(Hosomi et al., 1997). Some of the effects on the body caused by diminished 

amounts of 𝛼-TTP in the brain triggers a neurological condition termed ataxia with vitamin E 

deficiency (AVED) (Grebenstein et al., 2014). Human α-TTP comprises 278 amino acids 

(Figure 5), with a molecular weight of 31,749Da (Grebenstein et al., 2014). When encountering 

a membrane, 𝛼-TTP binds through immersion into the hydrophobic depths of the bilayer (Arita 

et al., 1997). When membrane bound, the binding cavity is thought to open to allow ligand 

exchange. When open, the hydrophobic residues are exposed; when closed, the binding of 𝛼-

TTP to 𝛼-tocopherol stabilizes the structure (Arita et al., 1997).  

 

 

 

 

 

 

 

Figure 5: Crystal Structure of Human Alpha-Tocopherol Transfer Protein Bound to 

RRR-a-Tocopherol. The structure of a-TTP is comprised two main domains, a N-terminal 

all-helical domain which consists of fourteen helixes and a C-terminal domain, which at its 

interior and contains of a βαβαβαβ fold (PDB code: 1R5L). 

a-tocopherol  

Legend: 
- 14 a-helices 
(pink) 
 
- 5 b-sheets 
(yellow) 
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a-TTP was originally discovered in 1975 (Catignani, 1975). Catignani carried out 

research to identify the presence of a “tocopherol binding protein”. The scheme of his project 

was established on the theory of ligand-receptor affinity and competitive binding. His 

conclusions confirmed that there was in fact a protein with molecular weight ~31000Da 

capable of specifically binding to a-tocopherol (Catignani, 1975). This protein was expressed 

in the rat liver. Additional purification experiments performed by various research groups 

facilitated in the characterization the purified rat a-TTP (Sato et al., 1991, 1993). The primary 

structure for rat derived a-TTP was resolved which had a molecular weight of 31,845 Da (Sato 

et al., 1993). Nucleotide sequencing of the isolated cDNA for rat a-TTP was used to determine 

the primary structure, which also indicated that a-TTP is a 278-amino acid protein (Kono and 

Arai, 2015; Sato et al., 1993). Soon afterwards the human homolog of a-TTP, was 

characterized (Arita et al., 1995).  

 

 

 

 

 

 

 

 

 

 Figure 6. The CRAL-TRIO domain conserved in 𝜶-TTP. The CRAL-TRIO domain is 

depicted in pink (res 38-72 and 95-247) with α-tocopherol shown in green (PDB entry code 

1OIP.  
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Sequence analysis categorizes	𝛼-TTP as a member of the Sec14-like protein family 

containing a representative CRAL-TRIO lipid binding domain (Arita et al., 1995). Some other 

proteins of this family are phosphatidylinositol/phosphatidylcholine transfer protein (Sec14) 

from Saccharomyces cerevisiae, cellular retinaldehyde binding protein (CRALBP) and 

supernatant protein factor (SPF, now called Sec14-like protein) (Bankaitis et al., 1990). The 

CRAL-TRIO domain (Figure 6) is built of roughly 185 amino acids, and all proteins that have 

the conserved Sec14-like domain in their secondary structure are considered as a part of this 

family (Traber and Arai, 1999). Many of these cytosolic proteins participate in intracellular 

lipid transfer (Chiapparino et al., 2016). Lipid transfer proteins are effective in binding both 

membranes and lipid ligands. The forces participating in these interactions involve 

electrostatics, hydrogen bonding, and hydrophobic effects (Burton et al., 1998). 
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1.2.2. a-Tocopherol transfer protein substrate specificity  

Hosomi et al analyzed the ligand specificity of 𝛼-TTP in more detail and established 

that the relative affinity of tocopherol analogs for 𝛼-TTP reflects in part their biological 

activity. They were also able to conclude that 𝛼-TTP has the highest affinity for α-tocopherol. 

This was shown by Panagabko et al., 2003 (Table 1).  

 

Table 1. 𝜶-TTP affinity for various tocopherol analogs and comparison of their 

Dissociation Constants for 𝜶-TTP. RRR-a-tocopherol showed maximum ligand affinity was 

followed by the analogs of vitamin E and the other isomers. The table is arranged in decreasing 

relative affinity.  

The reason behind such high affinity for RRR-α-tocopherol is because of the existence of the 

three methyl groups on the chromanol ring which provide greater interaction with the protein 

binding site. When compared to SRR-a-tocopherol, a higher αTTP binding affinity is shown 

for the ‘R’ configuration on position 2 of the chromanol ring (Panagabko et al., 2003). 

Analogs Relative Affinity (%) Dissociation Constants (nM) 

RRR-α-Tocopherol 100 25.0 ± 2.8 

b-Tocopherol 38.1 ± 9.3 124 ± 4.7 

α-Tocotrienol 12.4 ± 2.3 214 ± 13 

SRR-a-Tocopherol 10.5 ± 0.4 545 ± 62 

g-Tocopherol 8.9 ± 0.6 266 ± 9 

α-Tocopherol acetate 1.7 ± 0.1 1639 ± 89 

d-Tocopherol 1.6 ± 0.3 586 ± 75 

α-Tocopherol quinone 1.5 ± 0.1 814 ± 36 
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1.2.3. General structure of the binding pocket of a-TTP  

The ligand-binding pocket of α-TTP (Figure 7) is mostly lined with hydrophobic amino 

acid side-chains defining a cavity which helps in stabilizing the binding of this ligand (Meier 

et al., 2003) 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The Interactions of a-TTP with RRR-a-Tocopherol. (A) Schematic illustration of 

the interactions concerning RRR-α-tocopherol and the hydrophobic binding domain of a-TTP. 

Water molecules (black circles) interact with the hydroxyl group on the chromanol ring (Meier 

et al., 2003).  (B) Stereo map of the ligand-binding domain of a-TTP showing electron density 

of bound RRR-a-tocopherol towards its interacting residues. RRR-a-tocopherol is represented 

as a stick model in yellow and water molecules as red spheres. Acquired from Meier et al., 

2003.  

 

 

 

(B) 

(A) 
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Mainly hydrophobic residues surround the chromanol moiety with the exception of two 

polar residues, Ser136 and Ser140 (Meier et al., 2003). Furthermore, there are several water 

molecules in the pocket interacting with the hydroxyl group of the chromanol ring (Meier et 

al., 2003) one of which exclusively aids in the para alignment of the hydroxyl group with V182 

via hydrogen bonding (Helbling et al., 2012). Residues Ile194, Val191, Ile154 and Leu183 

helps the aromatic methyl group on 5th position of the ring to fit in a niche through van der 

Waals interactions (Meier et al., 2003). Similarly, residues F133, S136, L137, V182 and F187 

interact with the other two methyl group on position 7 and 8 of the ring. The phytyl tail, with 

the help of F158, bends in a ‘U’ which involves two stereocenters present in the tail at the 4′ 

and at the 8′ positions. (Meier et al., 2003) 

 

As mentioned earlier, in vitro tocopherol-transfer studies comparing vitamin E 

derivatives showed that the relative affinity for RRR-a-tocopherol is significantly greater than 

for other forms. Meier et al. (2003) found that the absence of even one methyl group of the 

chromanol group diminishes the surface available for hydrophobic interactions and reduces the 

packing density. Furthermore, the study also found that synthetic diastereomer SRR-a-

tocopherol demonstrates a ten-times poorer affinity for α-TTP than its naturally occurring RRR-

counterpart, perhaps due to a loss of the packing interactions (Figure 4B) (Meier et al. 2003). 

The stereocenters in the 4′ and 8′ positions of the side-chain were stated to be of insignificant 

importance for binding (Weiser et al., 1996) which is attributable to insufficient packing 

restraints and phytyl tail flexibility (Meier et al., 2003). Ultimately, Min et al., 2003 were able 

to explain the reason behind the depleted affinity of α-TTP for the tocotrienols as being due to 

the way that the phytyl tail of α-tocopherol bends within the ligand-binding pocket, as this 

would not be as well sustained by the unsaturated tail of the tocotrienols. 
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1.2.4. Conformations of a-TTP  

α-TTP can exist in two different conformations. The overall conformation of α-TTP is quite 

similar in both forms with the exception of the helical segment 198–221 which is the 8th helix, 

termed the “lid” (Figure 8) (Meier et al., 2003; Zhang et al., 2011). 

 

Figure 8. 𝛂-TTP in open (a) and closed (b) conformation interacting with the lipid bilayer. 

α-TTP showed in gray, α-tocopherol colored (cyan), residues on the entrance of the ligand 

binding gate colored orange and residues interacting with the lipid bilayer colored red. The 

blue line is the phospholipid bilayer. Open PDB: 1OIZ and Closed PDB: 1R5L. Acquired from 

Zhang et al., 2011. 

The conformation of this lid affects ligand access to the lipid-binding site. There are 

two conformations, closed (holo) or an open (apo) (Zhang et al., 2011). In the closed 

conformation the ligand is deeply buried in a hydrophobic pocket, which is closed by the lid. 

(Zhang et al., 2011). a-TTP is able to undergo this conformational change by rotating the “lid” 

about 14 Å	(Meier et al. 2003; Min et al. 2003).	The hydrophobic side of the lid helix lies on 

the entrance of the pocket while the more polar one faces the solvent. The	“lid”	corresponds	
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to	a-helix 10 (a-10) which is built of residues numbered 200-214, while the entire “lid” 

structure comprises of residues 198-221, including the A8 helix. This a-10 helix helps to 

change the conformation of a-TTP upon ligand binding (Zhang et al., 2011).  

Both of these a-helices change the conformation between holo- and apo-form of a-

TTP upon ligand binding since they enclose the ligand binding cavity (Figure 8) (Zhang et al., 

2011). When in the ligand-free apo-conformation, the hydrophobic residues on A8 and A10 

helices are exposed, and this surface area assists a-TTP penetration and attachment to the 

phospholipid membrane. (Zhang et al., 2011). For the holo-conformation, the ligand-binding 

process allows for the formation of a gate by A8 and A10, where A10 reorients into a closer 

position to A8, stabilizing a-tocopherol within the hydrophobic pocket (Figure 8). Zhang et al. 

(2011) calculated changes in the Gibbs free energy between the open and closed conformation 

as they are brought towards a hydrophobic membrane. They found that changes from open to 

close conformation increased the DGtransf from -19.8 kcal/mol to -13.6 kcal/mol, meaning that 

it becomes less favourable for the ligand bound protein (holo form) to bind as the depth of 

penetration within the membrane decreased from 7.9±0.1 angstroms to 4.5±1.0 angstroms 

(Zhang et al., 2011).  

Large hydrophobic residues at the entrance of the ligand binding gate Phe203, Val 206, 

Phe207, Ile210 and Leu214 (Figure 8b) of the lid helices are in close connection with the phytyl 

tail of RRR-a-Tocopherol. When the lid opens up, residues are shifted to the exterior, for 

instance the membrane surface. (Meier et al., 2003) This initiates novel hydrophobic contacts 

with lipids/detergents or hydrophobic surfaces (Meier et al., 2003). This allows the ligand to 

become unbound (leave the binding site) and be released into the membrane. When a-TTP is 

in an open conformation, α-tocopherol moves into the empty or water-filled binding pocket 

followed by lid closure. (Meier et al., 2003)  
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There are two polar serine residues at positions 136 and 140 and three molecules of 

water that interact with α-tocopherol in the binding pocket (Meier et al. 2003; Min, Kovall, and 

Hendrickson 2003). The three water molecules play a crucial part in ligand specificity. For 

instance, one of them makes an interaction linking Ser140 to the hydroxy of the chromanol 

ring of α-tocopherol (Min, Kovall, and Hendrickson 2003) (Figure 9). When α-TTP binds to 

the membrane residing α-tocopherol, it approaches in the open state where it recognizes its 

ligand. α-TTP identifies α-tocopherol by three structural characteristics: i) three methyl groups 

on the chromanol ring, ii) the hydroxyl group on the ring and iii) the saturated aliphatic side 

chain (Kono and Arai, 2014) (Figure 9). 

 

 

 

 

 

 

 

 

 

Figure 9: α-Tocopherol’s interactions within the binding pocket of α-TTP. This 2D 

representation shows the specific amino acids binding through van der Waals forces to α-

tocopherol. Three water molecules are shown in blue interacting with the hydroxyl group. The 

green dashed lines symbolize van der Waals forces while the red dashed line signify hydrogen 

bonding. Acquired from Min, Hendrickson and Kovall., 2003. 
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A water molecule similarly links the interactions between Val182 and Leu189 with the 

hydroxyl on the chromanol ring to aid in ligand specificity (Figure 9). The methyl groups on 

positions C5 and C7 are also important for securely and selectively binding (RRR)-α-

tocopherol (Min, Kovall, and Hendrickson 2003). Three hydrophobic amino acids (Ile 154, Ile 

194, and Leu 183) use Van der Waals forces to hold the methyl group at C5 (Figure 9), whereas 

a hydrophilic Ser140 and a hydrophobic Phe187 use Van der Waals forces to secure the methyl 

at C7 (Figure 9). In the hydrophobic binding pocket, the third methyl group on the chromanol 

head interacts with Phe133 and Val182 (Figure 9). Finally, various hydrophobic residues 

anchor the aliphatic sidechain, one of which is Phe158, which aids in the folding of the 

isoprenyl sidechain through hydrophobic interactions in order to fit into the binding site (Min, 

Kovall, and Hendrickson 2003) (Figure 9). Stereocenters on the tail at C4′ and C8′ facilitate 

this dramatic reorientation of the α-tocopherol. (Min, Kovall, and Hendrickson 2003) (Figure 

9). 

1.2.5. VLDLs, ABCA1 Transporter and a-TTP’s Positive Patch 

The mechanism of action of α-TTP is not entirely understood, nevertheless work from 

Arita et al. (1997), Chung et al. (2016) and Kono and Arai (2014) do shed some light on its 

behavior. α-TTP secretion of α-tocopherol from hepatocytes is independent of VLDL secretion 

and does not involve the Golgi apparatus, according to Arita et al. (1997). They discovered this 

by using the McARH7777 and McA-TTP21 rat liver hepatoma cell lines, as well as the capacity 

of expressed α-TTP to release radiolabeled α-tocopherol (Arita et al., 1997). To assess the 

amount of secreted tocopherol, Arita et al. 1997 treated the cell line with radiolabeled α-[14C]-

tocopherol and then α-[C14]-tocopheryl acetate (a weak ligand for α-TTP). McARH7777 

secreted just 20% of the incubated α-tocopherol, whereas McA-TTP21, the transformed cell 

line, secreted 70% of the α-tocopherol (Arita et al. 1997). 
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There was no difference in the cell lines when they were treated with α-[C14]-tocopheryl 

acetate, indicating that α-TTP is involved in α-tocopherol secretion (Arita et al. 1997). No 

difference was seen because McARH7777 can express a-TTP but cannot recognize α-[C14]- 

tocopheryl acetate and therefore cannot excrete it any better than McA-TTP21 which cannot 

express α-TTP (Arita et al. 1997). A chemical named brefeldin A (BFA) was used to block 

VLDL formation in order to see if α-TTP-mediated secretion of α-tocopherol is uncoupled 

from VLDL secretion (Arita et al. 1997). For 24 hours, McA-TTP21 cells were incubated with 

radiolabeled α-[14C]-tocopherol and BFA (Arita et al. 1997). Triglyceride secretion was 

substantially suppressed in treated cells, but not α-tocopherol secretion, implying that α-

tocopherol secretion via α-TTP is unrelated to VLDL secretion (Figure 10). Finally, as shown 

in the work of Chung et al. (2016) and Kono and Arai, α-TTP aids in the release of α-tocopherol 

out of the liver cell, after which it is incorporated into VLDLs (2014). 

 

 

 
 

 

 

 

 

 

Figure 10: Brefeldin A’s effect on VLDL formation and α-tocopherol secretion in 

McARH7777 cells. Brefeldin A is a known inhibitor of triglyceride secretion which is the 

largest component of VLDL formation. The secretion of α-tocopherol is not affected but as 

expected triglyceride secretion almost vanishes. Acquired from Arita et al., 1997. 
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ATP-binding cassette transporter A1 (ABCA1) is a protein that is in charge of 

regulating α-tocopherol concentrations in the intestine and liver. (Kono and Arai, 2014; Olivier 

et al. 2014; Chung et al. 2016). ABCA1 is an active transport protein which relies on the 

hydrolysis of ATP to ADP to carry out the membrane transfer of α-tocopherol (Oram, 

Vaughan, and Stocker 2001). ABCA1 is basically responsible for the efflux of dietary α-

tocopherol and g-tocopherol from the intestine and liver to receiving HDL/VLDL for further 

transport (Oram, Vaughan, and Stocker 2001; Olivier et al. 2014). They determined the efflux 

by expressing ABCA1 in cells and preincubating them with radiolabeled α-[14C]-tocopherol. 

Once the synthesis of ABCA1 was induced, the radiolabeled α-[14C]-tocopherol was seen in 

the media and not in the cells (Oram, Vaughan, and Stocker 2001). An increased need for 

tocopherol in tissues experiencing oxidative stress may result in enhanced activity of ABCA1 

resulting in increased secretion of tocopherol from hepatocytes and greater delivery to remote 

tissues. (Oram, Vaughan, and Stocker 2001). 

 

Kono and Arai (2014) have added to the ongoing research by hypothesizing that 

phosphoinositides are crucial for α-TTP signaling and is an alternative ligand for α-TTP. The 

structure of α-TTP contains a “positive patch” on its surface made up by amino acids; Arg 57, 

Arg 59*, Arg 68*, Arg 151, Lys 155, Lys 190*, Arg 192*, Lys 217*, and Arg 221* (Chung et 

al. 2016; Meier et al. 2003) (Figure 11). The amino acids with an asterisk (*) are thought to be 

key to the function of this positive patch while the ones without an asterisk are neighboring 

positive amino acids (Figure 11). 
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Figure 11: Space-filling diagram of α-TTP outlining the positive patch (cleft). The positive 

patch is located near but not encompassing helix 10 in the lid. This positive patch plays an 

important role in interacting with phosphoinositides embedded in the plasma membrane. 

Acquired from Min et al., 2003.  

 

The positive patch was assumed to be essential for α-TTP plasma membrane binding abilities 

since Min et al., (2003) and Meier et al., (2003) both hypothesized that the attraction between 

the negative phospholipid head group of PIPs (PI(4,5)P2) and positive patch will encourage 

binding. 
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1.2.6. a-TTP mechanism of action 

As stated previously, the mechanism of action for α-TTP is not completely understood 

but the recent work of Chung et al., (2016) has assembled the known interactions into a 

potential model (Figure 12). The chylomicron remnants containing dietary α-tocopherol from 

the intestine are taken up by the liver cells through receptor mediated endocytosis (Kono and 

Arai, 2014) (Figure 12).  

Once in the liver cell the chylomicron remnants are broken down in the lysosome to 

release the dietary α-tocopherol (Figure 12). The free α-tocopherol is then “picked up” by the 

recycling endosomes that contain CD71, transferrin and Rab8 (Figure 12). Transferrin is a 

glycoprotein which binds free iron in the plasma to control its concentration with help from its 

receptor CD71 (Sheff et al. 2002; Crichton and Charloteaux-Wauters 1987). Rab8 is a small 

monomeric GTPase protein whose responsibility is to regulate the flow of membrane vesicles 

within the cell (Henry, Sheff, and Lippincott-Schwartz 2008). Overall CD71, Transferrin and 

Rab8 are hallmarks of the recycling endosome since they come from the endocytic pathway 

and are plentiful in the plasma membrane (Chung et al., 2016; Henry, Sheff, and Lippincott-

Schwartz 2008). The recycling endosome is responsible for binding to the plasma membrane 

in order to place the Rab8 and transferrin/CD71 back into the membrane. Before that happens, 

α-TTP recognizes α-tocopherol on the recycling endosome membrane and removes it to bring 

it to the plasma membrane (Figure 12). α-TTP is drawn towards the plasma membrane since 

PI(4,5)P2 acts as a signaling molecule (Figure 12). PI(4,5)P2 binds to the positive patch of α-

TTP to help dock the protein onto the membrane and facilitate the opening of the ligand binding 

pocket (Figure 12). 
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Figure 12: Model for α-TTP-mediated transport of α-tocopherol. During receptor-

mediated endocytosis VLDLs containing dietary tocopherol are brought into the liver cell. 

After lysing, the free tocopherol is picked up by α-TTP on the recycling endosome containing 

CD71/Transferrin and Rab8. α-TTP then travels to the plasma membrane where the interaction 

between the positive patch on α-TTP and PI(4,5)P2 “docks” the protein, α-tocopherol is 

released into the membrane where ABCA1 proteins shuttle it out of the cell to be incorporated 

in lipoproteins for transport. The “empty” α-TTP returns to the recycling endosomes to 

continue the cycle driven by the concentration gradients of tocopherol and PI(4,5)P2. Acquired 

from Chung et al., 2016.  

 

Once open, α-TTP unloads α-tocopherol into the plasma membrane and can either leave 

in the open state or bind to PI(4,5)P2 and remove the lipid from the membrane (Figure 12). The 

α-tocopherol now in the plasma membrane can be secreted with the help of the ABCA1 

transporter to be picked up by lipoproteins (Figure 12). The most common lipoprotein to bind 

to α-tocopherol and carry it to extra hepatic cells is VLDL followed by LDL (Arita et al., 1997; 

Kono and Arai, 2014) (Figure 13). The proposed mechanism of α-TTP mediated transfer of α-

tocopherol by Chung et al (2016) combines the known pathways and reactions α-TTP is 

involved in; in a concise and clear diagram shown in Figure 12. 
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1.2.7. Phosphoinositides 

Phosphoinositides (PI) play a vital role in lipid signaling, cell signaling and membrane 

trafficking. Phosphoinositides are present in many  biological membranes as minor components 

(Chung et al., 2016; Mueller-Roeber and Pical, 2002). Phosphatidylinositol (PI) usually 

constitutes about 15 % of the total phospholipids present in eukaryotic cells. This phospholipid 

consists of two fatty acyl tails and phosphate group(s) connected to the inositol head group 

(Figure 13).  

The enzymatically reversible phosphorylation of phosphoinositide’s inositol ring at sites 

3, 4, and 5 results in the generation of seven potential phosphoinositide species. These 

phosphoinositides are present at specific cellular and organelle locales where they play a part 

in a broad range of signaling mechanisms and metabolic processes; that involve the standard 

signal transduction at the cell surface, the cytoskeleton, nucleus, regulation of membrane 

traffic, and the permeability and transport functions of membranes (Di Paolo and De Camilli, 

2006). Phosphoinositides are relatively rare but key components of the plasma membrane, they 

are oriented in the membrane with their fatty acid tails penetrating the plasma membrane while 

the inositol head group is pointed towards the cytoplasm (Kono and Arai, 2015) (Figure 13). 

 
Figure 13: Orientation and chemical structure of phosphatidylinositol-4,5-bisphosphate 

embedded in a plasma membrane.  The structure of PI(4,5)P2 includes two long hydrophobic 

tails and an inositol head group. The polar head group is dominated by two negatively charged 

phosphate groups, shown here at positions 4 and 5. The hydrophobic tails secure the specialized 

lipid into the hydrophobic core of the membrane phospholipid bilayer, while the polar head 

group is able to interact with aqueous cytosol. 
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1.2.8. a-TTP and Phosphoinositides 

Each of the seven phosphoinositides has a unique subcellular distribution with a 

predominant localization in subsets of membranes (Di Paolo and De Camilli, 2006). The most 

common phosphoinositides in mammalian cells are PI(4,5)P2, which is predominantly found 

in the plasma membrane, and phosphatidylinositol-4-phosphate (PI(4)P), which is 

predominantly found in the Golgi complex (Di Paolo and De Camilli, 2006). The relevance of 

these lipids to this research lies in the fact that they achieve direct signalling effects through 

the binding of their head groups to cytosolic proteins (Di Paolo and De Camilli, 2006), likely 

including α-TTP. Due to the localization of each phosphoinositide, it would appear that the one 

most likely to interact with α-TTP would be PI(4,5)P2, as it is found in the plasma membrane 

and participates in nearly all events that occur at, or involve, the cell surface (Di Paolo and De 

Camilli, 2006). 

Through its positive patch, α-TTP was discovered to interact with two phosphate groups 

on the phosphoinositides (Chung et al., 2016; Kono and Arai, 2014). Phosphatidylinositol-4,5-

bisphosphate [PI(4,5)P2] and phosphatidylinositol-3,4-bisphosphate [PI(3,4)P2] were the 

phosphoinositides with which α-TTP was most closely associated (Kono and Arai, 2014). The 

positive patch was dramatically weakened by utilising naturally occurring disease causing 

mutants of α-TTP such as R59W and R221W, demonstrating its significance (Kono and Arai, 

2014). The contact between phosphoinositides and these mutant forms of α-TTP was greatly 

diminished, implying that α-TTP transports α-tocopherol to the plasma membrane via a 

phosphoinositide recognition system. Kono et al., (2013) used a transfer test to investigate the 

mobility of radiolabeled α-[3H]-tocopherol mediated by wtTTP and α-TTP mutants in the 

presence of PIP-containing liposomes. Kono et al., (2013) concluded that both the mutant α-

TTP experienced very low binding ability to the liposomes containing PIPs compared to wtTTP 

showing that PIPs play a pivotal role in membrane docking of α-TTP.  
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Figure 14: PI(4,5)P2 role in vitamin E transport. PI(4,5)P2 is shown to signal α-TTP to the 

plasma membrane and induce a conformational change. The acyl chains of PI(4,5)P2 are shown 

to interact with the positive patch to release vitamin E from α-TTP. The positive patch on the 

surface of α-TTP is shown in blue, vitamin E (α-tocopherol) in red and PI(4,5)P2 in green. 

Acquired from Kono and Arai., 2014. 

 
The interaction between the acyl chain of PI(4,5)P2 and the hydrophobic amino acids 

releases α-tocopherol from the hydrophobic pocket, as seen in Figure 14. Once α-tocopherol is 

embedded in the membrane, it is thought that α-TTP will serve as α-tocopherol/PI(4,5)P2 

exchanger, removing PI(4,5)P2 from the plasma membrane while depositing α-tocopherol 

(Kono and Arai, 2014) (Figure 14). PI(4,5)P2 was also shown through gel filtration 

chromatography to induce the formation of α-TTP tetramers when the α-TTP:PI(4,5)P2 

stoichiometry is 1:1 (Kono et al., 2013). PI(4,5)P2 binding by α-TTP occurs outside of the 

binding pocket of α-TTP. However, the inositol head group of PI(4,5)P2 is bound by the 

positive patch on the surface of α-TTP while the acyl chains likely associate with the 

hydrophobic groove between A9 and A10 “lid” (Kono et al., 2013). The work of Kono and 

Arai (2013 and 2014) showed the importance of phosphoinositide molecules in the mechanism 

of α-TTP and how more research is needed to complete the details of this description. 
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1.2.9. Endosomes and Bis(monoacylglycerol)phosphate 

The current model of α-tocopherol’s transport out of liver cells involves α-TTP’s 

interaction with the endosomal membrane when picking up α-tocopherol (Atkinson et al., 

2019a). Therefore, in order to study this interaction in vitro, model endosomal membranes will 

be prepared. An integral component for these model endosomes is 

bis(monoacylglycero)phosphate (BMP). BMP is highly specific to late endosomes, where it is 

involved in the traffic of proteins and lipids (Goursot et al., 2010; Kobayashi et al., 1998).  Late 

endosomes contain high amounts of BMP (~15 mol %), while this phospholipid is not detected 

elsewhere in the cell, including early endosomes (Goursot et al., 2010; Vacca et al., 2016). 

BMP is a negatively charged, cone-shaped molecule that is highly resistant to lipases and 

phospholipases, a property that may account for its presence in the degradative environment of 

late endosomes (Goursot et al., 2010; Hullin-Matsuda et al., 2014; Kobayashi et al., 2002). It 

has been shown that BMP exhibits unique pH-dependent fusogenic properties, meaning it is 

highly fusogenic at late endosome/lysosome pH, but less prone to fusion as the pH increases 

(Baptist et al., 2015a; Goursot et al., 2010; Kobayashi et al., 2002; Matsuo et al., 2004). This 

causes the formation of multivesicular structures, similar to those seen in late endosome, which 

implies that BMP may have the intrinsic capacity to deform membranes, leading to membrane 

invagination and vesicle formation (Baptist et al., 2015a; Goursot et al., 2010; Kobayashi et 

al., 2002; Matsuo et al., 2004). The results of experiments by Zhang et al and Baptist et al 

suggests that α-TTP has a propensity to bind to more highly curved vesicles and that, due to 

the effect of BMP on membrane curvature, α-TTP preferentially binds to membranes 

containing BMP over membranes with the same composition that are lacking BMP (Baptist et 

al., 2015a; Zhang et al., 2009). 
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1.2.10. a-TTP K217A Mutation 

As mentioned previously, Kono et al. (2013) showed that interactions with phosphoinositides 

are also critical for TTP function. A positive patch on TTP's surface described in section 1.2.5 

(Figure 11) mediates the binding of TTP to PI(4,5)P2 in the membrane. Chung et al. (2016) 

examined how mutations that impair the interactions of TTP with membrane lipids affect the 

protein's intracellular localization, one of the mutants they tested was K217A. Lysine-217 has 

been shown to be a key residue in the basic patch on the exterior of α-TTP (Atkinson et al., 

2019b).  

When residue K217 was substituted with alanine, the resulting mutated protein could 

not bind PI(4,5)P2, was incapable of secreting tocopherol in cultured hepatocytes, and 

demonstrated disrupted intracellular localization to a pattern where it constitutively resided 

near the plasma membrane (Atkinson et al., 2019b; Kono et al., 2013a). These conclusions 

show that this substitution did not affect α-tocopherol binding (Kono et al., 2013a) and other 

residues in α-TTP's positive surface patch (i.e., Arg 59, Arg 192, and Arg 221) are adequate 

for facilitating an association between α-TTP and the plasma membrane, however Lys217 is 

essential for subsequent steps in which α-tocopherol is “unloaded” from the protein's binding 

pocket. It should be noted that, while certain mutations in α-TTP have been shown to cause 

ataxia with vitamin E deficiency (AVED), K217A is not a disease-related residue (Kono et al., 

2013a). 
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1.2.11. Mutations Associated with AVED 

In addition to the significant expression of a-TTP in the liver, the mammalian brain has 

also been reported to express a-TTP (Meier et al., 2003). In tissues surrounding the brain the 

expression of a-TTP is documented to be exposed to high rates of oxidative stress and therefore 

seem to be particularly protected by a-TTP-mediated tocopherol delivery (Meier et al., 2003). 

This raises an issue of a neurodegenerative disorder AVED. Numerous mutations (Figure 15 

& 16) have been reported in the gene of a-TTP which result in Ataxia with Vitamin E 

Deficiency (AVED) and a loss of function of a-TTP (Min et al., 2003). AVED is an uncommon 

hereditary neurodegenerative disorder described by diminished ability to coordinate voluntary 

movements (Gotoda et al., 1995; Meier et al., 2003). The absorption of a-tocopherol is not 

affected by the mutation, but the uptake by liver and distribution to remote non-hepatic tissues 

is greatly sacrificed.  

 

As shown in in vitro assays, the ability of the mutated protein to transfer α-tocopherol 

from liposomes (from liver) to mitochondrial membranes becomes defective. Either the affinity 

for  a-tocopherol ligand or its ability to promote secretion of the ligand from liver may be 

defective (Gotoda et al., 1995; Morley et al., 2004; Ulatowski and Manor, 2013, 2015). Several 

mutations in the a-TTP gene are known to cause the ataxia with isolated vitamin E deficiency 

(AVED). As many as 20 mutations can lead to AVED with many occurring in splice sites 

resulting in a truncated defective protein (Kono and Arai, 2014). However, none are more 

severe than the mutations in the conserved CRAL-TRIO and SEC14 domains (Kono and Arai, 

2014; Cavalier et al. 1998) (Figure 15). 
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Figure 15: Mutations in the TTPA gene known to cause AVED. Known mutations causing 

AVED in the TTP gene are located within the CRAL-TRIO domain (N) and Sec14 domain 

(green). The missense mutations in red correlate to poor PIP-TTP interactions. Acquired from 

Kono et al., 2013. 

 

In the case of R192H and H101Q missense mutations, substitutions in these semi-

conserved amino acids leads to a minor change yielding a moderately functional protein, which 

allows it to integrate the ligand into the plasma at a diminished rate. (Meier et al., 2003) 

Conversely, substitutions of the highly conserved residues, like R59W, E141K and R221W, 

are linked to more severe and early onset of AVED. (Meier et al., 2003). Additionally, more 

severe forms of AVED were reported that arise from protein truncation (Figure 16).  One of 

these mutations is the 744delA AVED frameshift mutation, which is one of the most severe 

and common forms of AVED (Meier et al., 2003). Patients bearing this mutation suffer from 

the complete loss of function of a-TTP (Cavalier et al., 1998). 
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Figure 16. Some of the key mutations associated with AVED. Missense mutations cause 

minor changes in the phenotype. Amino acids that are mutated are displayed with a label and 

are colored green; these being Arg59, Arg192, Arg221, Glu141and His101. The amino acids 

shown in brown colour and lack a label are residues that interact with the mutated amino acids. 

Acquired from Meier et al., 2003. 

  

 Furthermore, the R221W mutation loses the ability to interact with and transfer a-

tocopherol (Kono et al., 2013b; Min et al., 2003). The E141K mutation displays a destabilized, 

but non-disrupted a-tocopherol binding pocket (Bromley et al., 2013). The destabilization 

happens at the “lid” region at the 8th helix of a-TTP (Bromley et al., 2013) (Figure 16). This 

results in a decreased affinity for a-tocopherol (Bromley et al., 2013). For the R59W mutation, 

it was discovered to cause a separation between the 13th, 5th and 10th a-helices (Bromley et al., 

2013; Kono et al., 2013). This causes a widening of the binding pocket leading to a loss of the 

salt bridge with D185, again diminishing the interactions of a-tocopherol with a-TTP 

(Bromley et al., 2013; Meier et al., 2003). Both, R59W and E141K, showed 2- and 4-fold rises 

in the Kd, respectively, compared to the wild-type a-TTP, which explain the severity and loss 

of functionality of a-TTP (Bromley et al., 2013; Morley et al., 2004).  
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1.3. Surface Plasmon Resonance (SPR) 

Since its beginnings in the early 1990s, surface plasmon resonance (SPR) has developed 

a substantial following as a useful technique for researching biomolecular interactions 

(Besenicar et al., 2006; Pattnaik, 2005). To visualise the interactions between ligand and 

analyte, this equipment monitors the change in refractive index on the surface of a "sensor 

chip." (Besenicar et al., 2006; Homola, 2003). SPR is a potent technique for studying real-time 

ligand-receptor interactions with minute quantities of reagents needed (Pattnaik 2005; 

Beseničar et al., 2006). The basis of this technique is that when a photon shining on a metallic 

surface can be converted into a surface plasmon under ideal circumstances (Pattnaik 2005). 

The intensity of the light beam and the refractive index of the adsorbate are directly related in 

this transition from photon to surface plasmon. (Pattnaik 2005; Beseničar et al. 2006). 

Delocalized electron oscillations between two metal surfaces are known as surface plasmons 

(Homola 2003). An electromagnetic field is created between the two metal surfaces, which 

interacts with the analyte's refractive index to produce real-time data (Homola 2003). 

 

A light source, a detector, a glass prism, and a gold surface sensor chip are all part of the 

SPR system (Figure 17). The incident beam is provided by a light source usually a laser, which 

passes through a prism onto the sensor chip's underside (Pattnaik 2005). The incident beam 

hits the chip's underside at a given angle and is reflected back at a different angle before being 

absorbed by the detector (Pattnaik 2005; Homola 2003). The change in local refractive index 

leads to a change in SPR angle, which is monitored in real time by detecting changes in the 

intensity of the reflected light, producing a graph of responses versus time (Homola 2003; 

Pattnaik 2005). The molecular interactions occur on a specialized gold-plated chip with which 

the reagents will indirectly interact with (Beseničar et al., 2006). The sensor chips are glass 

slides with a thin layer of gold coating on one side (Beseničar et al. 2006)(Figure 17).  
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In our case, a carboxymethylated dextran (CM-dextran) layer is chemically fused to the 

gold film (Cooper et al. 1998; Homola 2003) (Figure 17). The benefits of a CM-dextran layer 

are that it contains many free functional groups such (alcohols and carboxylic acids) that can 

be used to immobilize compounds to (Beseničar et al. 2006). The CM-dextran layer is 

hydrophilic and is negatively charged (Cooper et al., 1998). 

Figure 17: Schematic of SPR function and sensor chip modifications. The SPR system is 

composed of a light source (usually a laser), a glass prism, a sensor chip, and a detector. The 

incident beam is produced by the laser and shines on the underside of the sensor chip. Based 

on the refractive index of the molecules on the chip, this beam is reflected at an angle to a 

detector that reads μRIUs (micro-refractive index units). Schematic made with BioRender.com 

 

 

 

Flowing and 
bound a-TTP  
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The grey dashed line symbolizes path of reflected light when no change in refractive 

index at an angle labeled I. While the black dashed line symbolizes the change in refractive 

index based on the analyte’s (a-TTP) interactions on the surface of the chip causing a change 

in the reflected angle II. The sensor chip is made out of a glass slide coated with a chemically 

modified gold surface. The chip is chemically bonded to carboxymethylated dextran. The 

amide bond between phytosphingosine and the matrix holds the tiny unilamellar vesicles in 

place by hydrophobic interactions. Cooper et al., (1998) from the University of Cambridge 

demonstrated that small unilamellar vesicles (SUVs) can bind to the surface of CM-dextran 

chip to resemble a plasma membrane (Figure 17). For the purposes of this research, the sensor 

chips were purchased with carboxymethyl dextran (CM-dextran) adhered to the gold surface. 

This CM-dextran was activated using N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC) and N-hydroxysuccinimide (NHS). Phytosphingosine was then 

covalently linked to the CM-dextran where the hydrophobic tail of phytosphingosine helps in 

the capturing of unilamellar vesicles securing them to the sensor chip. This linkage is made 

between the free amine of phytosphingosine and the carboxyl group of CM-dextran through an 

amide bond (Kim et al., 2015) (Figure 17). The SUVs bind to the phytosphingosine tail via 

noncovalent hydrophobic interactions, anchoring them to the chip (Figure 17).  

The interaction between a-TTP and immobilized SUVs connected to phytosphingosine 

modified CM-dextran sensor ships is the focus of the research discussed in this research. α-

TTP was then flowed across the vesicles, and any binding of the protein to the vesicles would 

change the refractive index. These changes are then recorded by the sensor and interpreted as 

a graph of μRIUs over time (seconds). Micro refractive index units are a dimensionless quantity 

because it is the ratio of the velocity of light in a vacuum to the velocity of light in a certain 

medium. As a result, micro refractive index units are a useful unit for analyzing the sensitivity 

of SPR experiments. 
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1.4. Project Outline and Goals 

The goal of this study is to provide more insight into the interaction of α-TTP and its 

mutant form K217A α-TTP when it is presented with one or both of its preferred ligands – α-

tocopherol and PI(4,5)P2. Using SPR to examine this interaction, with model plasma and 

endosomal membrane vesicles of varying lipid compositions composition both with and 

without the presence of its ligands (α-tocopherol and /or PI(4,5)P2), could help to understand 

the effect of different components on protein-membrane binding. The analysis will focus on 

the association and dissociation of α-TTP to the tethered vesicles from which we hope to extract 

details on the mechanism of α-TTP-mediated ligand delivery and extraction. The model 

mechanism under question is one proposed by Dr. Jeffrey Atkinson and Dr. Danny Manor 

(Figure 18). By preparing vesicles that mimic the composition of the plasma/endosomal 

membrane phospholipids, with/without α-TTP’s preferred ligands α-Toc and PI(4,5)P2, we can 

study α-TTP’s affinity for a particular set of conditions. We hope to visualize changes in the 

binding affinity as seen with rates of α-TTP association and dissociation with the tethered 

vesicles.  Studying the differing associations and dissociation of α-TTP to these different lipid 

preparations will give insight into the preference of phospholipid recognition by α-TTP and 

possibly more insight into the mechanism shown in Figure 18.  
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Figure 18: α-tocopherol transport across cells. The above mechanism outlines the proposed 

model for the PI(4,5)P2-driven transport of α-tocopherol from the late endosome to the plasma 

membrane of hepatocytes, where secretion and incorporation into plasma lipoproteins occurs. 

The acronyms used represent the following, α-TTP: α-tocopherol transfer protein; PI(4,5)P2: 

phosphatidylinositol-4,5-bisphosphate; OCRL: inositol polyphosphate 5-phosphatase; INPP5: 

inositol polyphosphate-5-phosphatase; abca1: ATP-binding cassette transporter A1. Figure 

used with permission from Dr. Jeffrey Atkinson. 
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Past members of the Atkinson group collected data about the interaction of wild-type 

and K217A α-TTP with plasma membranes and endosomal membranes, however, performing 

pre-incubations of protein with ligand revealed complications related to protein loss on the 

sides of reaction vessel (microcentrifuge tubes), when samples were under dilute conditions, 

to be a factor that can greatly impact pre-dilutions intended to produce ligand-bound protein. 

Therefore, an additional goal is added to this research i.e., developing a method to reliably 

perform pre-incubation for SPR runs without the results being affected by loss of protein. An 

approach to mitigate this protein loss is that if the sides of the  microcentrifuge tubes are coated 

with another protein, such as BSA (Bovine Serum Albumin), before utilizing the tubes to store 

α-TTP, it could block most or all of the surface area to which α-TTP would typically bind. 

However, it must be noted that the protein used to coat the vessel should not demonstrate an 

SPR signal when injected on its own, in order to ensure that the presence of any of this protein 

in the α-TTP sample would not affect the results of the experiment. We suspect that BSA would 

qualify as it has no known membrane binding ability. 

 

General Goals:  

We will ask whether the binding of α-TTP to plasma membranes containing PI(4,5)P2 

is actually enhanced, how pre-incubated α-tocopherol affects the binding of α-TTP to plasma 

membranes with and without the PI(4,5)P2, how is the interaction of α-TTP to endosomal 

membrane with or without α-tocopherol, how pre-incubated PI(4,5)P2 affects the binding of α-

TTP to endosomal membranes with and without the α-tocopherol, how does the K217A mutant 

of α-TTP perform when compared to the wild-type protein between different lipid preparations.  
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2. Experimental  

2.1. Chemicals and Reagents 

2.1.1. Protein Expression, Purification and Quantification 

• Albumin from bovine serum (Sigma-Aldrich, Oakville, ON, Canada) 

• Ampicillin (BioShop, Burlington, ON, Canada) 

• Bio-tryptone (BioShop, Burlington, ON, Canada) 

• Bradford Reagent (Sigma-Aldrich, Oakville, ON, Canada) 

• DL-Dithiothreitol [DTT] (Bio Basic Inc, Markham, ON, Canada) 

• DNase (Invitrogen by Thermo Fisher Scientific, Waltham, MA, United States) 

• Ethylenediaminetetraacetic acid [EDTA] (BioShop, Burlington, ON, Canada) 

• Glutathione-agarose lyophilized powder (Sigma-Aldrich, St. Louis, Missouri, United 

States) 

• Glycerol (ACP, Montreal, QC, Canada) 

• Isopropyl-b-D-Thiogalactopyranoside [IPTG] (BioShop, Burlington, ON, Canada) 

• Lysozyme (BioShop, Burlington, ON, Canada) 

• Magnesium Chloride Hexahydrate (BioShop, Burlington, ON, Canada) 

• Phenylmethylsulfonyl Fluoride [PMSF] (Sigma-Aldrich, Oakville, ON, Canada) 

• Potassium Phosphate Dibasic (BioShop, Burlington, ON, Canada) 

• RNase A (BioShop, Burlington, ON, Canada) 

• Sodium Chloride (BioShop, Burlington, ON, Canada) 

• Tris (hydroxymethyl) aminomethane [Tris] (BioShop, Burlington, ON, Canada) 

• TritonTM X-100 (Sigma-Aldrich, Oakville, ON, Canada) 

• Yeast Extract (Sigma-Aldrich, Oakville, ON, Canada) 

 



 38 

2.1.2. Lipid Membrane Vesicles 

• Cholesterol (Sigma-Aldrich, Oakville, ON, Canada) 

• 1,2-dioleoyl-sn-glycero-3-phosphate (sodium salt) [DOPA] (Avanti Polar Lipids, 

Alabaster, AL, United States) 

• 1,2-dioleoyl-sn-glycero-2-phosphocholine [DOPC] (Avanti Polar Lipids, Alabaster, 

AL, United States) 

• 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine [DOPE] (Avanti Polar Lipids, 

Alabaster, AL, United States) 

• 1,2-dioleoyl-sn-glycero-3-phospho-L-serine [DOPS] (Avanti Polar Lipids, Alabaster, 

AL, United States) 

• L-a-phosphatidylinositol-4,5-bisphosphate (brain, porcine) (ammonium salt) 

[PI(4,5)P2] (Avanti Polar Lipids, Alabaster, AL, United States) 

• Sphingomyelin [SM] (brain, porcine) (Avanti Polar Lipids, Alabaster, AL, United 

States) 

• Bis(monoacylglycero)phosphate [BMP] (Avanti Polar Lipids, Alabaster, AL, United 

States) 

• Phosphatidylinositol [PI] (Avanti Polar Lipids, Alabaster, AL, United States) 

• BODIPY FL-Phosphatidylinositol-4,5-bisphosphate [BO- PI(4,5)P2] (Echelon 

Biosciences, Salt lake city, Utah, United States) 

2.1.3. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

• Bromophenol blue (Bio Basic Inc, Markham, ON, Canada) 

• BLUeye Prestained Protein Ladder (Sigma-Aldrich, Oakville, ON, Canada) 

• Colloidal Coomassie G-250 Stain (National Diagnostics, Atlanta, GA, United States) 

• DL-Dithiothreitol [DTT] (Bio Basic Inc, Markham, ON, Canada) 

• Glycerol (ACP, Montreal, QC, Canada) 
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• Sodium dodecyl sulfate [SDS] (BioShop, Burlington, ON, Canada) 

• Tris (hydroxymethyl) aminomethane [Tris] (BioShop, Burlington, ON, Canada) 

• PiNK Plus Prestained Protein Ladder (Sigma-Aldrich, Oakville, ON, Canada) 

2.1.4. Surface Plasmon Resonance Regeneration Reagents 

• Anhydrous Ethyl Alcohol (Commercial Alcohols, Brampton, ON, Canada) 

• Glycine (BioShop, Burlington, ON, Canada) 

• Sodium dodecyl sulfate [SDS] (BioShop, Burlington, ON, Canada) 

• Sodium Hydroxide (British Drug Houses by VWR, Mississauga, ON, Canada) 

2.1.5. Surface Plasmon Resonance Chip Derivatization Reagents 

• Dimethyl sulfoxide [DMSO] (Fisher Chemicals, Ottawa, ON, Canada) 

• Ethanolamine (British Drug Houses by VWR, Mississauga, ON, Canada) 

• N-Hydroxysuccinimide [NHS] (Aldrich Chemical Company, Milwaukee, WI, United 

States) 

• N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride [EDC] (Sigma-

Aldrich, Oakville, ON, Canada) 

• Phytosphingosine (Matreya LLC, State College, PA, United States) 

• Sodium Acetate (ACP, St. Leonard, QC, Canada) 

2.2. Buffers and solutions 

2.2.1. Escherichia coli Cell Culture and Protein Expression  

• Luria Bertani (LB) cell culture medium: 5g/L NaCl, 5g/L yeast extract and 10g/L bio-

tryptone with 100µg/mL ampicillin  

2.2.2. Protein Purification  

• Phosphate Buffered Saline (PBS, pH 8.0): 25 mM K2HPO4 and 137 mM NaCl  

• Wash Buffer A: 150 mM Tris (pH 8.0), 150 mM NaCl, 1 mM EDTA, 10% Glycerol, 

0.1 mM DTT and 0.1 mM PMSF 
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• Wash Buffer B: Buffer A with 0.5% Triton X-100 and 10 mM MgCl2 

• Protein Elution Buffer C: 50 mM Tris (pH 8.0), 150 mM NaCl, 10 mM MgCl2 and 0.1 

mM DTT  

• Glutathione Elution Buffer (pH 9.0): 1X PBS with 4 mg/mL Glutathione  

• Cleansing Buffer 1 (pH 8.5): 100 mM H3BO3 and 500 mM NaCl  

• Cleansing Buffer 2 (pH 4.5): 100 mM Sodium acetate and 500 mM NaCl  

• Storage Solution: 2.5 M NaCl  

2.2.3. SDS-PAGE 

• 1X Running Buffer (pH 8.3): 25 mM Tris, 192 mM Glycine and 0.1% SDS 

• Gel Staining Solution: 1.2mM Colloidal Coomassie G-250 stain 

2.3. Bacterial Vector and Strain 

2.3.1. Bacterial Expression Vector 

• pGEX 4T-3 (GE Healthcare) plasmid vector was used for cloning wild-type a-TTP. 

• pGEX 4T-2 plasmid vector, originally made by Candace Panagabko, was used for 

cloning K217A α-tocopherol transfer protein.  

2.3.2. Bacterial Strain for protein expression 

• Wild-type α-tocopherol transfer protein was expressed using BL21 (DE3) strain of 

Escherichia coli (E. coli) 

• K217A α-tocopherol transfer protein was expressed using BL21 (plain) strain of E. 

coli. 

2.4. Instruments 

• Allegra X-30R Benchtop Centrifuge (Beckman Coulter, Brea, CA, United States) 

• Gel DocTM EZ Imager (Bio-Rad, Mississauga, ON, Canada) 

• Genesys 10S UV-Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 

United States) 
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• Micromax Benchtop Centrifuge (Thermo IEC, Needham Heights, MA, United States) 

• New Brunswick Scientific Incubator Shaker I-26 (Eppendorf, Mississauga, ON, 

Canada) 

• Orion Dual Star pH/ISE Benchtop Meter (Thermo Fisher Scientific, Waltham, MA, 

United States) 

• Q500 Sonicator (QSonica, Newtown, CT, United States) 

• Sorvall RC 6+ Centrifuge (Thermo Fisher Scientific, Waltham, MA, United States) 

• SR7500DC 2 Channel Surface Plasmon Resonance Spectrophotometer (Ametek 

Riechert 

• Technologies, Depew, NY, United States) 

• Water Bath 6L EX-111 (Neslab Instruments Inc., Newington, NH, United States) 

2.5. Materials 

• Avanti. Lipid Mini-Extruder (Avanti, Alabaster, AL, United States) 

• BD PrecisionGlide™ Needle (Becton Dickinson, Franklin Lakes, NJ, United States) 

• Econo-PacÒ 10DG desalting prepackaged gravity flow column (Bio-Rad, 

Mississauga, ON, Canada) 

• Econo-ColumnÒ chromatography columns, 1.0 x 10 cm (Bio-Rad, Mississauga, ON, 

Canada) 

• Luer-Lok™ 3mL syringe (Becton Dickinson, Franklin Lakes, NJ, United States) 

• Mini-PROTEANÒ Tetra Cell System (Bio-Rad, Mississauga, ON, Canada) 

• Mini-PROTEANÒ TGX (12% acrylamide) Precast Gel (Bio-Rad, Mississauga, ON, 

Canada) 

• Model 1001 Gastight RN SYR 1mL Hamilton Syringes (Hamilton, Reno, NV, United 

States) 

• Polycarbonate membranes, 100 nm (Avestin, Ottawa, ON, Canada) 
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• SR7000 Gold sensor slide (Ametek Riechert Technologies, Depew, NY, United 

States) 

• SuporÒ-450 membrane filter (Pall Corporation, Ann Arbor, MI, United States) 

• Fisherbrand™ Premium Microcentrifuge Tubes: 1.5mL ( Fisher Scientific, Waltham, 

MA, United States) 

2.6. Software 

• GraphPad Prism, version 6.0 (GraphPad Software, CA, United States) 

• Image Lab, version 4.1 (Bio-Rad, Mississauga, ON, Canada) 

• Integrated SPRAutolink, version 1.1.14-T (Depew, NY, United States) 

• TraceDrawer, version 1.6.1 (Ridgeview Instruments AB, Vänge, Sweden) 

• PyMol (Schrödinger, Inc, New York, New York, United States) 

• ChemDraw (PerkinElmer, Waltham, MA, United States) 
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2.7. Methods 

2.7.1. Protein Expression 

Wild-type a-TTP and K217A a-TTP were both expressed following a three-day 

expression procedure. Day-1 of protein expression began with the inoculation of pre-cultures 

in which 7 mL of autoclaved LB media were supplemented with 100 µg/mL ampicillin. These 

tubes were inoculated with a small amount of frozen BL21(DE3) E. coli cell culture containing 

the pGEX 4T-3 vector and our TTP gene of interest. Once completed, the pre-cultures were 

placed in a shaker-incubator at 37°C rotating at 260 rpm to grow. On Day-2 the contents of the 

pre-culture tubes were added to 1 L baffled flasks containing 500 mL of LB media with 100 

µg/mL ampicillin. The cultures were placed back into the shaker-incubator at 37°C and 260 

rpm to grow until the optical density, measured at 600 nm, was between 0.4-0.8. Once 

achieved, 200 µL of a 100mM stock of IPTG were added to each flask to induce protein 

expression and were grown overnight at 28°C and 260 rpm On Day-3 the cells were harvested 

by centrifugation of the bacterial cells using the Allegra X-30R benchtop centrifuge and rotor 

SX 4400 for 20 minutes at 4700 rpm. The supernatant was decanted and 7 mL of 1X PBS was 

used to combine the two pellets from each flask. The combined pellets were then centrifuged 

again for 20 minutes at 4700 rpm. Lastly, the supernatant was decanted, and 7 mL of Buffer A 

was used to transfer the pellets into suitable storage containers and stored at -80°C for future 

use. 
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2.7.2. Protein Purification by Glutathione S-Transferase (GST) affinity Chromatography 

 A frozen pellet stored in -80°C in a Falcon tube was thawed in a beaker of water at 

room temperature. The thawed pellet was transferred into a centrifuge tube from its storage 

container. The storage container containing residual pellet was rinsed with 3 mL of Buffer A 

and added to the centrifuge tube (10 mL of Buffer A in total, 7 mL before freezing and 3 mL 

for transfer). Following transfer, 400 µL of 100 mg/mL lysozyme was added to the centrifuge 

tube and the mixture was incubated on ice for 30 minutes. To test the viscosity and to disturb 

the cells during the incubation a 18G x 1½ inch needle attached to a 3 mL syringe was used. 

Following the incubation, the subsequent materials were added to the E. coli mixture; 20 µL 

of 5M MgCl2, 10 µL of 100% Triton X-100, 3 µL DNase (1000 units), and 50 µL of 10 mg/mL 

RNase. This mixture was mixed with the 18G x 1½ inch needle attached to a 3 mL syringe and 

incubated on ice for 30 minutes. The lysate was sonicated on ice for two times 45 seconds each, 

with pulses 1 second on, 1 second off at 500 W, 20 kHz, and Amp 35%. The cellular debris 

was removed by centrifugation at 17500 rpm for 25 minutes at 4°C using rotor F21-8X50Y of 

Sorvall RC6+ centrifuge. The supernatant was collected for further purification of the protein 

and the pellet was discarded.  

 The Glutathione-Sepharose column was prepared by hydrating 250 mg of lyophilized 

glutathione-agarose powder in 50 mL of milli-Q water overnight at 4°C. The beads were then 

transferred into the 1.0 x 10 cm column and washed with 10 column volumes of 1X PBS and    

10 mL of Buffer B. Once the wash was completed, the supernatant was added to the column 

and disturbed by a pipette to allow maximum contact with the beads and allowed to flow 

through. After the supernatant passed through the column, the beads were washed with 15 mL 

of Buffer B and 10 mL of Buffer C. The beads were never dried out since enough Buffer C 

was left to just cover them. For on-column digestion 50 µL of thrombin (50 units) were diluted 

in 950 µL of 1X PBS and added to the beads.  
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The beads were disturbed by shaking the column to allow maximum contact with 

thrombin, this was repeated 3 times. The thrombin digestion was done overnight in 4°C. The 

following day the thrombin digested fraction was collected (E1) followed by elution of the rest 

of the protein by 5 mL of SPR buffer. A total of 6 elution fractions were collected (E1-E6) and 

stored in 4°C. The GST-column was washed with 10 mL of Buffer C and discarded. The GST 

tags were eluted with 5 mL of Glutathione Elution Buffer and were collected into five 1 mL 

fractions or discarded. Further washing of the GST-column consisted of 5 column volumes of 

Cleansing Buffer 1, 10 column volumes of milli-Q water, 5 column volumes of Cleansing 

Buffer 2, and 5 column volumes of milli-Q water. The column was stored in 2.5 M NaCl at 

4°C. The same GST-column was reused for future purifications up until its 14th use then a new 

affinity column was produced as described previously.  

2.7.3. Protein Quantification by Bradford Assay 

The protein concentration both pre- and post-buffer exchange was carried out using a 

Bradford Assay. A standard curve of absorbance at 595 nm versus concentration of bovine 

serum albumin (BSA) was created first. A range of 0.0-0.8 mg/mL BSA standards were created 

from diluting a 1 mg/mL BSA stock with 1X PBS each with a total volume of 50 µL. Added 

to each standard was 1 mL of Bradford reagent and after 8 minutes of incubation, the 

absorbance values were checked at 595 nm. The unknown protein samples were prepared the 

same way as the standards in 50 µL solutions using 5 µL to 50 µL of the elution fractions. The 

protein solutions were supplemented with 1 mL of Bradford reagent and allowed to react for 8 

minutes before absorbance was taken. The concentration of the unknown protein samples was 

calculated based on the standard curve and its absorbance at 595 nm. The appropriate dilution 

factors were used to accurately determine the concentration of protein in E1 through E6 

respectively. The Bradford assay was done twice every week to reassess the concentration of 

the protein stock solutions to ensure accuracy of dilutions for SPR runs.  
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2.7.4. SDS-PAGE  

A 12% acrylamide precast gel from Bio-Rad was obtained from the 4°C fridge and 

placed into the Mini-PROTEAN® Tetra Cell System submerged in 1X Tris-glycine running 

buffer. Samples were mixed with 5X sample buffer to achieve 20% of the original volume of 

the sample. This equates to a final mass of 5 µg of purified protein and 50 µg of crude sample 

to be loaded in the gel not exceeding a volume total of 30 µL. The samples were incubated in 

a 90°C water bath for 5 minutes to allow for denaturation and SDS binding. The samples were 

loaded onto the gel and electrophoresed at 125V until the gel front passed the three-quarter 

mark on the gel. The gel was then stained with Colloidal Coomassie G-250 stain and left on a 

rocker overnight. The next day the stain was poured off and the gel was destained with distilled 

water. Once all bands were visible, images were taken using the Gel DocTM EZ Imager and 

Image Lab software.  

 

2.7.5. Preparation of 1mM lipid vesicles 

 
Plasma and endosomal membrane lipid vesicles were composed of six individual lipid 

types and were prepared based on their mole percent composition of the 1 mM final 

concentration. The six unique lipid composition recipes can be found in Table 2. 

 

Table 2. Endosomal and plasma membrane lipid compositions. 

Type of lipid 
membrane Lipid Mole percent 

composition 

Plasma membrane 

1,2-dioleoyl-sn-glycero-2-
phosphocholine (DOPC) 44 

1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) 20 

Cholesterol 19 
Sphingomyelin (SM) 10 
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1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS) 5 

1,2-dioleoyl-sn-glycero-3-
phosphate (DOPA) 2 

Plasma membrane + 2% 
PI(4,5)P2  

 

1,2-dioleoyl-sn-glycero-2-
phosphocholine (DOPC) 

42 

1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) 

20 

Cholesterol 19 
Sphingomyelin (SM) 10 

1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS) 

5 

1,2-dioleoyl-sn-glycero-3-
phosphate (DOPA) 

2 

Phosphatidylinositol 4,5-
bisphosphate [PI(4,5)P2] 

2 

Plasma membrane + 2% 
α-Toc 

 

1,2-dioleoyl-sn-glycero-2-
phosphocholine (DOPC) 

42 

1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) 

20 

Cholesterol 19 
Sphingomyelin (SM) 10 

1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS) 

5 

1,2-dioleoyl-sn-glycero-3-
phosphate (DOPA) 

2 

α-Tocopherol (α-Toc) 2 

Endosome (10 % BMP) 

1,2-dioleoyl-sn-glycero-2-
phosphocholine (DOPC) 

45 

1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) 

20 

1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS) 

15 

Bis(monoacylglycero)phosphate 
(BMP) 

10 

Sphingomyelin (SM) 5 
Phosphatidylinositol (PI) 5 

Endosome (10 % BMP) 
+ 2% PI(4,5)P2 

1,2-dioleoyl-sn-glycero-2-
phosphocholine (DOPC) 

43 

1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) 

20 

1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS) 

15 
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Bis(monoacylglycero)phosphate 
(BMP) 

10 

Sphingomyelin (SM) 5 
Phosphatidylinositol (PI) 5 
Phosphatidylinositol 4,5-
bisphosphate [PI(4,5)P2] 

2 

Endosome (10 % BMP) 
+ 2% α-Toc 

1,2-dioleoyl-sn-glycero-2-
phosphocholine (DOPC) 

43 

1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) 

20 

1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS) 

15 

Bis(monoacylglycero)phosphate 
(BMP) 

10 

Sphingomyelin (SM) 5 
Phosphatidylinositol (PI) 5 

α-Tocopherol (α-Toc) 2 
 
 

The necessary volumes of the lipid stocks were measured into a small glass vial. The 

mixture was vortexed and then the solvent was evaporated by a stream of nitrogen gas. The 

glass vial was then placed into a high vacuum apparatus for approximately 1 hour to ensure the 

solvent had completely evaporated. The dried unextruded lipid mixtures were then resuspended 

to its desired final volume in SPR running buffer. These lipid mixtures were stored at 4°C and 

used within 1 month of creation if unextruded. All injections done on the SPR used 100 nm 

unilamellar vesicles prepared by extrusion using the Avanti Lipid Mini-extruder.  

The water bath was heated to 50°C and a desired amount of lipids to be extruded were 

put into a glass vial and placed into the water bath for 5 minutes. The lipid mixture was then 

passed through the Avanti Lipid Mini-extruder with a 100 nm polycarbonate membrane filter. 

The extruded lipids were placed into a glass vial and stored at 4°C. The extruded lipids were 

used the next day for injections on SPR. 
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2.7.6. Pre-coating microcentrifuge tubes with BSA  

1000 µl of the 0.5 mg/mL BSA solution was incubated in the 1.5 mL microcentrifuge 

tubes overnight in room temperature. The solution was then removed, and the tubes were dried 

with air. The tubes were then washed twice with 1 mL of distilled water. The microcentrifuge 

tubes were dried and pre-incubation with proteins.  

 
2.7.7. Pre-incubation of protein 

α-Tocopherol transfer protein bound to α-tocopherol (wtTTP + α-toc) was prepared by 

incubating 0.5 μM solution of α-TTP in a 10:1 mol ratio of free α-tocopherol to α-TTP at 4°C 

overnight. For a 1 mL sample of 0.5 μM wtTTP + α-Toc , 10 μL of 5 mM α-tocopherol was 

added to microcentrifuge tube with 90 μL of absolute ethanol and the solvent evaporated off 

with nitrogen gas. This covers the sides of the microcentrifuge tube with α-tocopherol and then 

the 0.5 μM solution of wtTTP was added. Mutant K217A α-TTP preincubated with α-

tocopherol was accomplished with the same α-tocopherol to TTP ratio.  

The same protocol was followed with wtTTP bound to PI(4,5)P2 with the exception that 

the ratio of free PI(4,5)P2 to α-TTP was 2:1. This led to only 10.96 μL of PI(4,5)P2 mixed with 

89.04 μL of absolute ethanol to be evaporated off and then the 0.5 μM solution of α-TTP was 

added. Mutant K217A α-TTP preincubated with PI(4,5)P2 was accomplished with the same 

PI(4,5)P2 to TTP ratio. These mixtures were all vortexed to ensure proper mixing than 

transferred to a BSA coated microcentrifuge tube and left rotating at 4°C overnight to be used 

for SPR runs the next day.  
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2.7.8. SPR Chip Derivatization with Phytosphingosine 

A brand new SR7000 gold sensor chip modified with 500 kDa carboxymethyl dextran 

was obtained from the 4°C fridge and placed in an open petri dish on top of a protective sheet. 

A 1:1 solution of phytosphingosine:DMSO was made by dissolving 5 mg of phytosphingosine 

in 5 mL of 100% DMSO. 500 μL of this solution was put into a sterile 1.5 mL microcentrifuge 

tube and the remaining stock solution was stored in a -20°C freezer. 500 μL of 20 mM sodium 

acetate was added by dropwise addition. Dropwise addition was necessary to avoid heating the 

solution and to prevent precipitation. If this occurred, the solution was centrifuged at 14500 

rpm for 3 minutes and supernatant was put into a new sterile tube and left at R.T. A solution 

of 40 mg EDC and 10 mg of NHS was dissolved in 1 mL of milli-Q water in a glass vial. Five 

to six drops of this solution were pipetted on the gold surface of the sensor chip using a Pasteur 

pipette and the preparation allowed to react for 12 minutes. The EDC/NHS solution was 

carefully rinsed off by a generous amount of milli-Q water and dried by a stream of nitrogen 

gas. Immediately after drying, five to six drops of the phytosphingosine:DMSO:sodium acetate 

solution were added and let to react for 1.5 hours. The chip was washed with a generous amount 

of milli-Q water and dried with a stream of nitrogen gas. Five to six drops of 1 M ethanolamine 

HCl solution then was added to the sensor chip to react for 10 minutes. This was washed off 

with milli-Q water, dried with nitrogen gas and placed into the SPR immediately following the 

completion of the derivatization.  The SPR was run overnight in running buffer to equilibrate 

the new derivatized chip to be used for the injections presented in this work. 
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2.7.9. SPR Injection protocol  

The experiments conducted were performed on a two channel Reichert SR7500DC 

Surface Plasmon Resonance (SPR) system containing a phytosphingosine modified 

carboxymethyl dextran chip. When not in use, the machine flowed milliQ water over the chip 

at an infuse rate of 5 μL/min. When beginning an experiment, a new SPR Autolink file was 

created by pressing start on the ‘SPR Instrument Direct Control’ window of the SPR Autolink 

program and saving the file in the desired location with the desired name. Before continuing, 

it was confirmed that the system was ready by ensuring there was one X and three green circles 

on the bottom right of the SPR Autolink window. Any components that were not ready were 

restarted before continuing. Once the system was ready, the running buffer was changed from 

milliQ water to SPR buffer. This was done by transferring the cap containing the tube on the 

milliQ bottle to a bottle of SPR buffer and increasing the infuse rate to 25 μL/min. Then, in the 

SPR Autolink window, ‘Run Table Editor’ was selected under the ‘Form’ drop-down menu, 

and ‘Prime with Semi-Automatic- Wizard’ was selected under ‘Factory Defined Runs’. ‘Run’ 

was selected in the top right corner. Once this run was completed and the baseline (as seen on 

the Data Plot, seen by selecting ‘Data Plot’ under the ‘Form’ drop-down) was steady, the 

baseline value was recorded in the SPR logbook. 

 Before beginning the next step, the detector scan data was checked by stopping data 

collection, then clicking ‘Detector Scan Data’ under the ‘Maintenance’ drop-down menu. Once 

it was confirmed that the data from both channels aligned with each other, the experiment 

continued. If not, the infuse rate was increased to 300 μL/min for 10 minutes, or until the 

detector scan data was acceptable. During these preparatory steps, the syringes to be used for 

the experiment were cleaned, as listed in table 3. 
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Table 3: Syringe cleaning protocol. 

Syringe contents Rinse with 
SPR buffer SPR buffer, 3 times 

Lipid 80 % ethanol, 1 time 
SPR buffer, 3 times Protein 

50 mM NaOH 
milliQ water, 3 times 0.5 % SDS 

50 mM Glycine 
80 % ethanol 80 % ethanol, 2 times 

 

Once cleaned, the syringes for NaOH, SDS, glycine, and ethanol were each filled with 

their respective reagent to approximately the 2 mL mark and were then degassed by pulling on 

the plunger with the syringe tip covered until there were no bubbles remaining in the syringe. 

Before each run on the machine, the sample loop was cleaned with the general loop cleaning 

procedure (one 10 mL syringe of air pushed through the loop, followed by a loop-full of SPR 

buffer, followed by another syringe full of air).  

The first 4 runs of an experiment were the chip surface regeneration runs. First, 50 mM 

NaOH was injected until one was certain that the loop was full (i.e., until at least one drop of 

solution came out of the tube on the opposite side of the loop), and the syringe was left attached 

to the machine for the duration of the run. The program ‘Regeneration’ was selected under the 

‘User Defined Runs’ heading on the ‘Run Table Editor’. The index was set to 3 (for NaOH) 

and the program was started. Once finished, the sample loop was cleaned using the general 

cleaning procedure (air, buffer, air). This process was repeated for the next 3 regeneration 

reagents (0.5 % SDS, 50 mM glycine, 80 % ethanol), using the same program but changing the 

index number to 4, 5, and 6, respectively. Following the ethanol regeneration step, the general 

loop cleaning procedure was repeated 3 times. 
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Before moving on to the vesicle capture protocol, the detector scan data was checked 

and confirmed to be regular. Then, approximately 0.5 mL of extruded lipid solution was drawn 

into the designated syringe, which was then degassed. This was injected into the machine until 

it was apparent that the loop was full, and the syringe was left attached to the machine for the 

duration of the run. Next, the program ‘Vesicle Capture’ was selected under ‘User Defined 

Runs’, and the ‘Run’ button was clicked. Once the run finished, the extensive loop cleaning 

procedure was conducted: one 10 mL syringe of air pushed through the loop, followed by a 

loop-full of SPR buffer, air, SPR buffer, air, 50 mM NaOH, air, 80 % ethanol, air, milliQ water, 

air, SPR buffer, air, SPR buffer, and air. Any remaining lipids within the syringe were returned 

to the vial containing the rest of the extruded lipids. 

0.5 mL of the desired concentration of protein was drawn into the designated syringe, 

which was then degassed. This was injected into the machine until it was apparent that the loop 

was full, and the syringe was left attached to the machine for the duration of the run. Next, the 

program ‘Protein Injection’ was selected under ‘User Defined Runs’, and the ‘Run’ button was 

clicked. Once the run finished, the general loop cleaning procedure was conducted. This 

sequence of regeneration, vesicle capture, and protein injection was repeated as necessary, 

ending with a final regeneration step. Once complete, all syringes were rinsed once with 80 % 

ethanol, followed by 2 rinses with milliQ water. The machine was turned off, the cap with the 

input tube was removed from the bottle of SPR buffer, placed on the bottle of milliQ water, the 

infuse rate was set to 5 μL/min, and the pump direct control was started again. The same 

protocol was used for every combination of lipid and protein sample tested, see Table 4 for a 

summary of these experiments. Lastly, BSA runs were performed at four different 

concentrations (0.5mg/mL. 1.2mg/mL, 10mg/mL, 50 mg/m)L with the SPR to get an indication 

of what would the ideal concentration of BSA should be used to precoat the microcentrifuge 

tubes. 
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Table 4: Summary of unique reaction mixtures completed on SPR. Abbreviations shown 

below translate into the following: Wild-type alpha-tocopherol transfer protein (wtTTP), 

K217A alpha-tocopherol transfer protein (K217A), plasma membrane (PM), endosomal 

membrane (Endo), α-tocopherol (α-Toc), phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2], 

phosphatidylinositol-3,4-bisphosphate [PI(3,4)P2], phosphatidylinositol-4-phosphate [PI(4)P], 

and bis(monoacylglycero)phosphate (BMP),  

 

Wild type TTP K217A TTP 

wtTTP on PM lipids K217A TTP on PM lipids 

wtTTP on PM + 2% PI(4,5)P2 K217A TTP on PM + 2% PI(4,5)P2 

wtTTP + α-Toc on PM  K217A TTP + α-Toc on PM + 2% PI(4,5)P2 

wtTTP on PM + 2% α-Toc K217A TTP on Endo + 10% BMP 

wtTTP + PI(4,5)P2 on PM lipids 
K217A TTP + PI(4,5)P2 on Endo + 10% 

BMP + 2% α-Toc 

wtTTP + α-Toc on PM + 2% PI(4,5)P2  

wtTTP + PI(4,5)P2 on PM + 2% α-Toc  

wtTTP on Endo + 10% BMP  

wtTTP on Endo – 10% BMP  

wtTTP on Endo + 10% BMP + 2% α-Toc  

wtTTP + PI(4,5)P2 on Endo + 10% BMP  

wtTTP + PI(4,5)P2 on Endo + 10% BMP 

+2% α-Toc  
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2.7.10. Collection runs to test ligand retrieval from tethered lipid vesicles 

The collection runs were performed similarly to the normal run (see section 2.7.9), the only 

differences being: 

• That the concentration of both the protein and the ligand were increased to get a 

visualization of the interaction between them (table 5).  

• Ligands used in the vesicles for these runs were fluorescently labeled i.e., BODIPY FL-

Phosphatidylinositol-4,5-bisphosphate [BO- PI(4,5)P2] and BODIPY-Tocopherol (BO-

Toc).  

•  The protein injection was collected at the output of the device as soon as the injection 

was started.  

The absorbance was taken for each condition (see table 5) to get an idea about the how much 

of the ligand was picked up by the protein. These samples were lyophilized and sent to 

McMaster Regional Centre for Mass Spectrometry (MRCMS) for liquid chromatography- 

mass spectrometry (LCMS).  

 

Table 5: Summary of unique reaction mixtures for collection runs. Abbreviations shown 

below translate into the following: Wild-type α-tocopherol transfer protein (wtTTP), K217A 

α-tocopherol transfer protein (K217A), plasma membrane (PM), endosomal membrane (Endo), 

BODIPY FL-Phosphatidylinositol-4,5-bisphosphate [BO-PI(4,5)P2], BODIPY-Tocopherol 

(BO-Toc) and Bis(monoacylglycero)phosphate (BMP),  

Wild type TTP K217A TTP 

2.5 μM wtTTP on PM + 6.5% BO-PI(4,5)P2 2.5 μM K217A on PM + 6.5% BO-PI(4,5)P2 

2.5 μM wtTTP + Toc on PM + 6.5% BO-
PI(4,5)P2 

2.5 μM K217A + Toc on PM + 6.5% BO-
PI(4,5)P2 

2.5 μM wtTTP on Endo + BMP +6.5% BO-
Toc 

2.5 μM K217A on Endo + BMP + 6.5% BO-
Toc 

2.5 μM wtTTP + PI(4,5)P2 on Endo + BMP 
+ 6.5% BO-Toc 

2.5 μM K217A + PI(4,5)P2 on Endo + BMP 
+ 6.5% BO-Toc 
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2.7.11. SPR Data Analysis  

Once all runs were completed, ‘Post-Processing’ was selected under the ‘Form’ drop-

down. On this page, the data from each protein injection run was added to the bottom graph by 

selecting the run on the upper graph and clicking ‘Add’. The runs for the right channel were 

deleted, by selecting them on the table and clicking ‘Delete’. Once all protein injection runs 

(left channel data only) were on the bottom graph, ‘TraceDrawer’ was clicked, opening a new 

window. All necessary information was input into the ‘Name’ and ‘Description’ boxes on this 

window, and ‘OK’ was clicked. On the main TraceDrawer page, ‘New Overlay’ was selected, 

under the ‘Overlays’ section on the left side of the window. The graph depicted under the 

‘Runs’ section of the page was dragged onto the new overlay. The file was saved in the desired 

folder, and the curves were exported as a text file by right-clicking on the graph in the middle 

of the TraceDrawer window and clicking ‘Export Curves’. 

  

On a computer running Prism software, the text file was opened as an Excel document. 

The x-axis data were copied from the Excel document and pasted into the ‘X’ column of a new 

Prism data table. The y-axis data from each run was copied from the Excel document and 

pasted into columns A, B, et cetera in the Prism data table. The graph automatically generated 

by prism was modified, if needed, by double clicking on the graph and selecting the desired 

colour and shape of the points for each curve. Additionally, the graph and axis titles were 

modified by double clicking on the title in question and re-naming it.  
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Since 0.5mg/mL of BSA was used to pre-coat the microcentrifuge tubes, the BSA data 

was subtracted from all the pre-incubation runs to get the ‘real’ curve. The data were than 

divided in two temporal sections, association and dissociation, in order to obtain the ‘observed’ 

association and dissociation rates for all the runs. The association phase of wild type and 

K217A TTP was recorded between t » 30 seconds and t » 580 seconds. Data before t = 30 

seconds contained fluctuating baseline and data after t = 580 seconds the samples were 

dissociating and hence were cut. Using GraphPad Prism, the association data was fit to a 

nonlinear two-phase association model except the run ‘wtTTP + α-Toc on PM + 2% PI(4,5)P2’ 

since this curve did not display two phase characteristics. The rates are reported as Kfast and 

Kslow. Even though doing the two-phase association gave a value for the Kslow, due the 

ambiguity and complexity when fitting the data for Kslow we decided to solely focus on Kfast. 

Dissociation for all wild-type or mutant TTP runs all start at t = 580 seconds and end at t = 867 

seconds and the dissociation data to a nonlinear one-phase decay model. 
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3. Results and Discussion 

3.1. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 19: SDS-PAGE purification gel for a-TTP. Prestained protein ladders PiNK PLUS 

and BLUeye were used for lanes 1 and 10 respectively with the size of each marker listed on 

the sides. Lane 2: wild-type TTP whole cells. Lane 3: unpurified wild-type TTP supernatant 

lysed. Lane 4: flow through from glutathione affinity column. Lane 5 and 6: Buffer B washes 

of the glutathione affinity column. Lane 7: purified wild-type TTP fraction from affinity 

column before buffer exchange (in Buffer C). Lane 8: GST elution fraction eluted off 

glutathione affinity column. Lane 9 (red): purified α-TTP (in SPR buffer). Image produced 

using Image Lab software. 
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To verify that pure protein was recovered from this process, SDS-PAGE was used for 

α-TTP and K217A α-TTP. In order to demonstrate the effectiveness of the purification 

technique, the successfully isolated proteins were then compared to discoveries in the literature. 

The use of pure proteins in the SPR investigations is also guaranteed by the SDS-PAGE 

purification gels. To demonstrate the gradual but efficient purification from whole cells to pure 

protein, the purification protocol's many phases were displayed on gels in Figures 19 and 20. 

 

 

 

 

 

 

 

 

 

 

 
Figure 20: SDS-PAGE purification gel for K217A α-TTP: Prestained protein ladders PiNK 

PLUS and BLUeye were used for lanes 1 and 10 respectively with the size of each marker 

listed on the sides of the figure. Lane 2: K217A α-TTP whole cells. Lane 3: unpurified K217A 

α-TTP supernatant lysed. Lane 4: K217A α-TTP flow through from glutathione affinity 

column. Lane 5 and 6: Buffer B washes of the glutathione affinity column. Lane 7: purified 

K217A α-TTP fraction from affinity column before buffer exchange (in Buffer C). Lane 8: 

GST elution fraction eluted off glutathione affinity column. Lane 9: purified K217A α-TTP (in 

SPR buffer). Image produced using Image Lab software. 
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Figure 19 depicts the progressive purification of α-TTP on an SDS-PAGE gel, while  

Figure 20 depicts the purification of K217A α-TTP from whole cells (lane 2) to isolated protein 

(lane 9). According to the literature, the molecular weights of α-TTP and K217A α-TTP are 

31749 Da and 31692 Da, respectively. These values are in good agreement with the purification 

gels (Arita et al. 1995). The protein bands of α-TTP and K217A α-TTP were found to be within 

predicted range of ~32 kDa, indicating that the purification was successful. The intensity of the 

bands also shows a significant amount of α-TTP and K217A α-TTP were purified and used for 

the SPR experiments.  This intensity translates to a total mass of roughly 1 mg and 0.8 mg of 

pure α-TTP and K217A -TTP from a half-liter culture, respectively. The predicted 

concentration of the wild-type α-TTP in purified form was 29.7 µM. (obtained through 

Bradford Assay). The predicted concentration of the purified mutant K217A α-TTP was 26.2 

µM. (obtained by Bradford Assay). 

 

In order to verify that the expressed protein (α-TTP) was present in the sample, the 

SDS-PAGE gels contained the lysate supernatant (lane 3) and the flow through (lane 4) from 

the glutathione affinity column. This was also seen in Figure 20 with K217A α-TTP present in 

the sample. This confirmation proved the purification of protein is accurate and reliable. 

Unpurified but present wild-type and mutant K217A α-TTP are seen in the lower intensity 

band, which first emerges at 32 kDa. Most of the bands in lanes 3 and 4 originate from other 

proteins that are present in large amounts in bacterial cells and that were released at this step 

of the process (Figures 19 and 20). Lanes 5 and 6 of the Buffer B washes demonstrate the 

removal of contaminants from the glutathione affinity gel. When compared to lane 5, lane 6 

exhibits a significant loss in band intensity and band number, although not all impurities are 

removed (Figures 19 and 20).  
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The Buffer C wash, which would have eliminated the remaining contaminants after the 

two Buffer B washes, is absent from the purification gel in Figures 19 and 20. One high 

intensity band with a molecular weight of about 32 kDa is visible in lane 7 of Buffer C for 

purified wild-type a-TTP. It is likely that the two weak bands in lane 7 with molecular weights 

of ~63 kDa and ~72 kDa are made up of proteins with modest glutathione affinities. Following 

size exclusion chromatography, lane 9 in both gels displays an equally or somewhat less 

intense band for each individual protein in SPR buffer. While mutant K217A α-TTP displays 

the same two faint bands of ~72 and ~63 kDa, wild-type α-TTP only displays one band of pure 

protein. Wild-type α-TTP has a relative purity of ~98 percent, while mutant K217A α-TTP has 

a relative purity of ~95 percent, with proteins of 72 and 63 kDa representing the 2% and 3% 

impurities, respectively. 

 

Finally, lane 8 in both gels shows typical results from glutathione elution buffer 

cleaning of the affinity chromatography. The elution buffer was used to elute the GST proteins 

bound to the affinity column after TTP was eluted off. Future uses are made possible by this 

renewal of the affinity column. The molecular weight of the monomeric GST protein that was 

eluted from the affinity column is consistent with 27.5 kDa (Smith and Corcoran 1994). 

Additionally, lane 8 of both gels contains the GST-TTP fusion protein, which has a molecular 

weight of about 59.5 kDa (31.7 kDa + 27.5 kDa). This resulted from thrombin's inability to 

fully digest the GST-TTP fusion proteins, which left them adhered to the walls of the affinity 

column.  
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3.2.  Association analysis of wild-type ⍺-TTP on endosomal and plasma 

membrane lipids 

 

Figure 21: wtTTP association on tethered vesicles composed of unique endosomal and 

plasma membrane lipid compositions. The curves shown are mean replicate measurements 

for fourteen unique experimental parameters tested. Curves were fit to a two-phase association 

trace. Association lasted for 9 minutes at a flow rate of 10 μL/min with SPR Buffer. 

 
 

The fourteen unique experiments of wild-type TTP binding on various endosomal and 

plasma membrane compositions are shown in Figure 21. The relative adsorption maxima seen 

in Figure 21 are meant to provide ease of comparison between the runs that will be discussed 

in the upcoming sections. In order to draw conclusions and for ease of visualization, the above 

graph will be divided into groups based on the vesicles and whether wtTTP was preincubated 

or non-preincubated.  
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3.2.1. Non-preincubated wild-type a-TTP on plasma membrane lipids  

 

 

Figure 22: Non-preincubated wtTTP, in the ligand-free unbound form, on 6 distinctive 

plasma membrane compositions. Means of 3 replicates were fit to a two-phase association 

model to. Protein association with tethered vesicles lasted for 9 minutes at a flow rate of 10 

μL/min of SPR Buffer. 

 
The concentration of protein used for all injections using wild-type TTP was 0.5uM 

and the concentration of 100 nm lipid vesicles injected over the SPR chip was 1 mM, this was 

consistent for all trials. A smooth red curve was produced from wild type α-TTP (wtTTP), 

without any bound ligands, when exposed to vesicles comprised of plasma membrane lipids 

(Figure 22). Since α-TTP is not attached to its ligand(s) and is just exposed to "normal" plasma 

membrane lipids, i.e., with no exchangeable ligands like PIPs or tocopherol, this curve will be 

used as a baseline to compare all other injections. Compared to other wild type α-TTP 

experiments, the association of wtTTP with PM lipids has one of the quickest initial rates of 

association and achieves the highest maximum value (BMAX) (Table 6). A BMAX of 1010 μRIUs 

is reached near the 400 second mark where eventually the curve then reaches a plateau. Of all 

the trials conducted for non-preincubated wtTTP, the amount of protein bound towards plain 

plasma membrane lipids is the highest.  
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Table 6: Summary of two-phase association fits for non-preincubated wtTTP. The 

maximum signal in μRIUs obtained for each set of conditions is depicted as the BMAX value. 

The rate constant (Kfast & Kslow) and number of are all listed for each condition. 

Experiment 
Title 

wtTTP on 
PM 

wtTTP on PM + 
2% PI(4,5)P2 

wtTTP on PM + 
4% PI(4,5)P2 

wtTTP on PM 
+ 2% Toc 

Number of 
Trials 3 3 3 3 

Trace Colour Blue Green Brown Pink 
@BMAX 

(μRIUs) 
1010 ± 
1.636 774 ± 1.369 562 ± 1.236 171 ± 0.4842 

Kfast (s-1) 0.1150 ± 
0.094 0.0719 ± 0.011 0.0516 ± 0.001 0.1092 ± 0.029 

Kslow (s-1) 0.0080 ± 
0.001 0.0063 ± 0.002 0.0043 ± 5.351e-

005 0.0034 ± 0.001 

 

3.2.2. Presence of PI(4,5)P2 in the plasma membrane 

The presence of PI(4,5)P2 in the membrane showed some unique results. PI(4,5)P2 is 

known to be a plasma membrane resident lipid and signaling molecule to which TTP, and many 

other proteins are attracted (Chung et al., 2016; Kono et al., 2013). The interaction between 

wild-type TTP with increasing molar percentages of PI(4,5)P2 produced association curves  

that resulted in lower BMAX values compared to “model” PM lipids (Figure 22). This interaction 

was surprising since PI(4,5)P2 is said to be a secondary ligand to TTP, and we anticipated that 

as the percentage of PI(4,5)P2 in the PM increases the affinity towards the membrane would 

also increase. Nevertheless, it is also asserted that PI(4,5)P2 induces a conformational change 

in TTP from the closed to the open state, followed by its dissociation from the membrane 

(Chung et al., 2016; Kono et al., 2013). This observation agrees with our finding as seen in 

figure 22, as we think that that the BMAX is lower due to PI(4,5)P2 inducing conformation 

change from closed to open once bound to TTP allowing it the protein to leave the membrane.  
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Another important aspect are their association rates, where wtTTP interacting with 

plasma membranes containing 4% PI(4,5)P2 exhibited a slower apparent rate constant 

compared to when only 2% PI(4,5)P2 is present (Table 6). The binding of TTP to PI(4,5)P2 is 

known to include an intermediate binding conformation between the closed and open states 

(Kono et al., 2013). This conformation is unfavorable for TTP because it partially exposes the 

hydrophobic binding pocket (Kono et al., 2013). It can be supposed that after the first cluster 

of injected TTP sees and extracts PI(4,5)P2 from the plasma membrane, the subsequent portions 

of TTP in the flowing sample stream will be in a better position to reassociate with the bilayer 

and shield its partially exposed hydrophobic core which might be the reason behind the 

association rates being low.  

 

3.2.3. Presence of α-tocopherol in the plasma membrane 

By introducing 2% α-tocopherol in the plasma membrane vesicles (pink trace), the 

affinity of TTP dropped by almost half when compared to wtTTP on PM lipids (blue trace) 

(Figure 22). Even though the BMAX is low, the Kfast (0.1150 s-1) is almost twice as high as it is 

when PI(4,5)P2 is incorporated in the membrane (green trace). This is due to α-TTP adhering 

to the plasma membrane and withdrawing α-tocopherol, which causes it to spend less time on 

the sensor ship compared to when there is no ligand present (wtTTP on PM lipids). As 

demonstrated by Zhang et al., 2011, the closed state is induced and stabilized relative to the 

open state by the presence of α-tocopherol in the membrane. The binding of α-tocopherol, 

which caused the formation of closed state TTP, was found to have a DGtransf of -13.6 kcal/mol, 

while the DGtransf for the open state TTP binding to the membrane was determined to be -19.8 

kcal/mol (Zhang et al., 2011).  The data shown in Figure 22 show the decrease in affinity 

brought on by the stabilization of the closed state by α-tocopherol, which is consistent with the 

behavior of this protein as described in the literature.  
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3.2.4. Using BSA to mitigate protein loss 

Past members of the Atkinson group collected data about the interaction of wild-type and 

K217A α-TTP with plasma membranes and endosomal membranes, however, performing pre-

incubations of protein with ligand revealed complications related to protein loss on the sides 

of reaction vessel (microcentrifuge tubes), when samples were at dilute concentrations. This 

turns out to be an important factor that can greatly impact pre-dilutions intended to produce 

ligand-bound protein (Figure 23).  

 

 

 

 

 

 

Figure 23: PI(4,5)P2 + K217A α-TTP and controls on 10 % BMP endosomes. The curve in 

red, depicting K217A α-TTP pre-incubated with PI(4,5)P2, is the average of triplicate runs, 

while only single runs were conducted for the two controls, figure was obtained from Cassie 

Bergwerff, a former student in the Atkinson group. 

 

The results demonstrated a 49 % decrease from the freshly diluted control to the pre-

diluted control, indicating that any difference between the curve produced by the pre-incubated 

protein samples and the curve produced by freshly diluted protein samples cannot be attributed 

solely to the effect of the ligand. The loss in SPR signal seen here was concluded to be due to 

protein loss on the sides of the Eppendorf tubes, when samples are under dilute conditions. An 

approach to mitigate this protein loss is to coat the microcentrifuge tubes with another protein, 

such as BSA (Bovine Serum Albumin), before utilizing the tubes to store α-TTP; the BSA 
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could block most or all of the surface area to which α-TTP would typically bind. A test was 

performed to determine the right concentration to use to coat the microcentrifuge tube that 

could have no or negligible impact on the actual injection.  

 
 

 
Figure 24: Varying concentration of BSA injected on 1mM plasma membrane lipids. The 

curves in blue, red, green, and black show direct injection of BSA for their respective 

concentration on PM lipids. Concentration range: 0.07uM to 7.5uM. 

 

The traces show the data collected when tubes were coated overnight with the stated 

amount of BSA, then rinsed with deionized water, brought up in SPR buffer and injected on 

the system.  This figure suggests that for BSA to have an impact on the SPR the concentration 

has to be significantly high, hence it was concluded that the ideal concentration to use to coat 

the Eppendorf tubes would be 0.07uM since it demonstrated the lowest Bmax.  
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In order to validate the if 0.07uM of BSA can be used to coat the microcentrifuge tubes, 

A final injection was needed to be performed where a BSA coated microcentrifuge tube was 

used to carry out the preincubation. Therefore, wild-type α-TTP was pre-incubated with 

PI(4,5)P2 overnight at a ratio of 1:2 in a BSA coated tube which was compared against a control 

where a sample that was diluted to the desired concentration immediately before use.  

 

 

 

 

 

 

 

 

Figure 25: wtTTP + PI(4,5)P2 injected and freshly diluted control on PM lipids. The curve 

in red, depicting mean of replicates for wtTTP pre-incubated with PI(4,5)P2 injected on PM 

lipids. The curve in blue showing the freshly diluted control.  

 

Based on the values seen at 578s, there is 4.51% decrease from the preincubated to the 

freshly diluted control. This suggested that there is clearly more protein available following 

treatment of the microcentrifuge tube with BSA. Therefore, it was concluded that 0.07uM of 

BSA would be the ideal concentration to coat the microcentrifuge tube before doing the 

preincubation. 
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3.2.5. Preincubated wild-type a-TTP on plasma membrane lipids  

 

Figure 26: Preincubated wtTTP, in ligand bound form, on 2 different plasma membrane 

compositions. Means of 3 replicates were fit to a two-phase association model to. Protein 

association with tethered vesicles lasted for 9 minutes at a flow rate of 10 μL/min of SPR Buffer 

The blue trace “wtTTP on PM” shown here for comparison purposes. Star represents one of 

the conditions that is essential to explain the proposed mechanism. 

 

3.2.6. The effect of α-Tocopherol & PI(4,5)P2 on α-TTP binding ability to plasma membrane 

lipids 

The affinity of the TTP for the phospholipid bilayer is known to be lower when it is 

bound to α-tocopherol than when it is unbound (Chung et al., 2016; Morley et al., 2008). This 

claim was made on the basis of the anticipated alteration in protein conformation brought on 

by ligand binding, which would change α-TTP's affinity for membranes (Morley et al., 2008). 

If this observation is accurate, the predicted values of wild-type or mutant-TTP runs 

preincubated with either of its ligand should have lower plasma membrane affinities than TTP 

carrying no bound ligand. Our results show this to be true, with one exception for the run, 

‘wtTTP + PI(4,5)P2 on PM’ (red trace, Figure 26).  This apparent increase in the affinity of the 

TTP + PI(4,5)P2 run does not reflect the findings in literature from Morley et al (2008). 
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 In our experiment, this run showed increased BMAX for plasma membranes when 

compared to unbound TTP showing that higher affinity for PM membrane. This changed when 

α-tocopherol was introduced in the membrane. Preincubated “wtTTP + PI(4,5)P2 on PM + 

Toc” (purple trace) produced an association curve very similar to “wtTTP on PM” (blue trace), 

both having almost the same BMAX (Figure 26 and Table 7). When TTP is preincubated with 

PI(4,5)P2 and injected on plasma membranes containing α-tocopherol it behaves in the same 

way as unbound TTP injected on PM. This may be explained if there occurs formation of TTP-

PI(4,5)P2 bound tetramers. The work by Kono et al. 2013 shows that the tetramer consists of 

PI(4,5)P2-bound α-TTP, suggesting that α-TTP can bind both α-Toc and 

PI(4,5)P2 simultaneously (Kono et al., 2013). Bound PI(4,5)P2 induces the intermediate 

binding conformation exposing solvent to binding pocket of α-TTP, which may be the driving 

force for tetramer formation (Kono et al., 2013). This has been determined using gel filtration 

experiments of α-TTP and [3H]-PI(4,5)P2 (Kono et al. 2013). This formation of tetramer in the 

case of “wtTTP + PI(4,5)P2 on PM” might be the reason behind such a high BMAX as the TTP-

PI(4,5)P2 bound tetramers would stay on the membrane and not leave the system. Another 

likely explanation would be that the bound PI(4,5)P2 leads to an open conformation that would 

be expected to bind more easily and abundantly to the membrane. Further experiments will be 

required to confirm the reason behind this. However, In the case when α-tocopherol is present 

in the membrane (wtTTP + PI(4,5)P2 on PM + Toc) α-TTP is more likely to pick up its natural 

ligand and leave the system thus giving a lower BMAX (purple trace) relative to when no α-

tocopherol is present “wtTTP + PI(4,5)P2 on PM” (red trace). 
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Table 7: Summary of two-phase association fits for preincubated wtTTP. The maximum 

signal in μRIUs obtained for each set of conditions is depicted as the BMAX value. The rate 

constant (Kfast & Kslow) and number of are all listed for each condition. Trial wtTTP on PM 

shown here for comparison reasons as a ‘model curve’. 

Experiment 
Title 

wtTTP on 
PM 

wtTTP +  
Toc on PM 

wtTTP +  
PI(4,5)P2 on 

PM 

wtTTP + 
Toc on PM 

+ 2% 
PI(4,5)P2 

wtTTP + 
PI(4,5)P2 on 

PM + 2% 
Toc 

Number of 
Trials 3 3 3 3 3 

Trace Colour Blue Brown Red Green Purple 

@BMAX (μRIUs) 1010 ± 
1.636 347 ± 0.754 1265 ± 

1.488 734 ± 0.5215 1015 ± 
1.484 

Kfast (s-1) 0.1150 ± 
0.094 

0.0473 ± 
0.013 

0.0712 ± 
0.002 

0.0723 ± 
0.003 

0.0625 ± 
0.014 

Kslow (s-1) 0.0080 ± 
0.001 

0.0037 ± 
2.055e-004 

0.0050 ± 
6.159e-005 * 0.0062 ± 

0.003 
*Kslow not applicable as 100% of data is fitted for Kfast . 

The main trace on figure 26 is decorated with a star, which represents one of the 

conditions that is essential to explain the proposed mechanism for the transport of α-tocopherol 

by α-TTP. This experiment was done with both of α-TTP preferred ligands (PI(4,5)P and α-

tcopherol)where they were provided at equal percentage compositions. The association curve 

of wtTTP preincubated with α-tocopherol injected on plasma membrane lipids containing 2% 

PI(4,5)P2 had the fastest association rate, 0.0723 s-1, of all preincubated runs and the second 

lowest BMAX 734 μRIUs (Table 7). This supports the forward movement of ligands when TTP 

is bound to α-tocopherol and sees a PI(4,5)P2 containing membrane. It can be speculated that 

the head group of PI(4,5)P2 interacts with the positively charged cleft on the exterior of α-TTP, 

facilitating lid opening and allowing α-tocopherol to be deposited into the membrane, from 

here PI(4,5)P2 remains bound to α-TTP and leaving the system leading to a lower BMAX (when 

compared to wtTTP on PM). This is in accordance with the research done in 2013 by Kono et 

al, who discovered that the presence of PI(4,5)P2 mediates α-tocopherol’s transport by α-TTP 
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to the plasma membrane they also showed the addition of PI(4,5)P2 increased the transfer of α-

tocopherol by the wild type which again agrees with our finding of the highest association rate 

for the starred curve.  

 

Wild-type TTP preincubated with tocopherol and injected over plasma membrane 

lipids gave the lowest BMAX of 347 μRIUs and the slowest association rate of 0.0437s-1 (Table 

7). The presence of tocopherol in TTP’s binding pocket led to a minimum degree of protein 

association with tethered vesicles. In essence, due to TTP already containing a ligand, it has no 

incentive to bind to the membrane (no PI(4,5)P2 present for TTP to interact with) and 

tocopherol stays bound even when TTP comes in contact with the membrane. As we have 

stated previously, TTP with an occupied ligand binding cavity shows minimal affinity for 

phospholipid bilayers. 

 

3.2.7. Wild-type a-TTP on endosomal membrane lipids  

 
 

 

 

 

 

 

 

Figure 27: wtTTP injections on 4 distinctive endosomal membrane compositions. Means 

of 3 replicates were fit to a two-phase association model to. Protein association with tethered 

vesicles lasted for 9 minutes at a flow rate of 10 μL/min of SPR Buffer. Star represents one of 

the conditions that is essential to explain the proposed mechanism. 



 73 

 

Table 8: Summary of two-phase association fits for all wtTTP injected on endosomal 

lipids. The maximum signal in μRIUs obtained for each set of conditions is depicted as the 

BMAX value. The rate constant (Kfast & Kslow), and number of are all listed for each condition. 

Experiment 
Title 

wtTTP on 
Endo 

wtTTP  on 
Endo + 10% 

BMP 

wtTTP on 
Endo + 10% 
BMP + 2% 

Toc  

wtTTP + 
PI(4,5)P2 on 

Endo + 
10% BMP 
+ 2% Toc 

wtTTP + 
PI(4,5)P2 on 

Endo + 
10% BMP 

Number of 
Trials 3 3 3 3 3 

Trace Colour Green Purple Yellow Red Blue 

@BMAX (μRIUs) 254 ± 
0.5850 

453 ± 
0.4820 230 ± 0.2342 229 ± 1.543 759 ± 

0.2312 

Kfast (s-1) 0.0744 ± 
0.029 

0.1007 ± 
0.009 

0.0637 ± 
0.009 

0.0619 ± 
0.014 

0.0699 ± 
0.013 

Kslow (s-1) 0.0048 ± 
0.002 

0.0048 ± 
3.681e-4 

0.0181 ± 
0.019 

0.0088 ± 
0.003 

0.0053 ± 
0.002 

 

3.2.8. The effect of BMP on α-TTP binding 

Late endosomal membranes contain the highly specific lipid 

bis(monoacylglycero)phosphate (BMP). In order to establish the impact of BMP on the binding 

of α-TTP to endosomal membranes, endosomal lipids were prepared with 10% BMP and used 

in SPR runs with 0.5 μM of protein (purple trace). When comparing these results to those 

obtained using endosomal lipids containing no BMP (green trace), based on the average values 

seen at 520s, there is an approximately 50% increase in BMAX from endosomal lipids containing 

no BMP to those containing 10% BMP (Figure 27). The association rates for the run “wtTTP 

on Endo + 10% BMP” was determined to be 0.1007 s-1 which was arounds 26.12% quicker 

than the run containing no BMP whose association was 0.0744 s-1 (Table 8). This suggest that 

since BMP is a curvature inducing lipid, the introduction of BMP to the endosomal membrane 

increases membrane curvature, increasing α-TTP binding affinity to more highly curved or 

curvature stressed membranes.  



 74 

This conclusion is supported by work conducted by Baptist et al., 2015b and Zhang et 

al., 2009 . This trend may be seen because curvature stress promotes exposure of hydrophobic 

sites between the lipid head groups which allows for easier access of proteins to bind to the 

bilayer (Baptist et al., 2015a). Furthermore, the binding of proteins to a highly curved 

membrane helps to relieve curvature stress by allowing lipids that are within close proximity 

of the protein to spread out (Baptist et al., 2015a). This observation is relevant to in vivo 

phenomena as it may be linked to the localization of α-TTP to the late endosomes whose 

membranes are quite dynamic, and form small internal vesicles with the aid of the endosome-

specific lipid BMP (Zhang et al., 2009). So, with the purpose to achieve the best data for 

subsequent injections, all experiments utilizing endosomal membranes were conducted with 

vesicles containing10% BMP. 

 

3.2.9. The effect of α-Tocopherol & PI(4,5)P2 on α-TTP binding ability to endosomal 

membrane lipids 

 
The concentration of protein used for all injections using wild-type TTP was 0.5μM and 

the concentration of 100 nm lipid vesicles injected over the SPR chip was 1 mM. A smooth 

purple curve was produced from wild type α-TTP (wtTTP), without any bound ligands, when 

exposed to vesicles comprised of endosomal membrane lipids + BMP (Figure 27). Since α-

TTP is not carrying bound ligand(s) and is just exposed to "ideal" endosomal membrane lipids, 

i.e., with no PIPs or tocopherol, this curve will be used as a baseline to compare all other 

injections. The association  curve for “wtTTP on Endo + 10% BMP”  (purple) has the quickest 

initial rate of association and achieves the second highest BMAX (Table 8).  
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By introducing 2% α-tocopherol in the endosomal membrane vesicles (yellow trace), 

the affinity of TTP dropped by almost half when compared to “wtTTP on Endo + BMP” (purple 

trace) from 453 μRIUs to 230 μRIUs (Figure 27). This is thought to be due to α-TTP 

withdrawing α-tocopherol from the vesicles bilayer, shifting the protein to the closed form 

which causes it to spend less time on the membrane bilayer compared to when there is no ligand 

present (wtTTP on endo + BMP). This can again be linked to the findings of Zhang et al., 2011, 

as they demonstrated that the closed state is induced and stabilized relative to the open state by 

the presence of α-tocopherol in the membrane. The data shown in Figure 27 show the decrease 

in affinity brought on by the stabilization of the closed state by α-tocopherol (yellow trace), 

which is consistent with the behavior of this protein as described in the literature.  

 

Preincubated “wtTTP + PI(4,5)P2 on Endo + 10% BMP” (blue trace) produced an 

association curve with the maximum BMAX, 759 μRIUs (Figure 27 and Table 8). The reason 

behind such a high BMAX might be that the presence of BMP trumps the preincubated PI(4,5)P2 

ligand. wtTTP is thought to bind strongly to an endosomal membrane with BMP even when an 

apparently good ligand like PI(4,5)P2 is present in its binding pocket. This becomes quite 

evident when α-tocopherol is introduced in the membrane. When looking at the red trace 

(Figure 27) for “wtTTP + PI(4,5)P2 on Endo + 10% BMP + 2% Toc”, the BMAX significantly 

decreases to 229 μRIUs when compared to 759 μRIUs for the “wtTTP + PI(4,5)P2 on Endo + 

10% BMP” (Table 8). Suggesting that the introduction tocopherol makes TTP to leave the 

endosomal membrane as the binding a-tocopherol lowers its affinity for the membrane causing 

the BMAX to be lower than "wtTTP + PI(4,5)P2 on Endo + 10% BMP”. 
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Once again, the main trace on figure 27 is decorated with a star, which represents one 

of the conditions that is essential to explain the proposed mechanism for α-tocopherol’s 

transport by α-TTP. This experiment was done with both of TTP’s preferred ligands where 

they were provided at equal percentage compositions. The association curve of wtTTP 

preincubated with PI(4,5)P2 injected on endosomal membrane lipids containing 10% BMP and 

2% α-tocopherol had the lowest BMAX 229 μRIUs (Table 8). This is thought to be because the 

presence of α-tocopherol  in the endosomal membrane attracts TTP-PI(4,5)P2 complex to bind 

to the membrane and pick up α-tocopherol subsequently allowing PI(4,5)P2 to be deposited into 

the membrane and TTP leaves the system carrying α-tocopherol thus leading to less bound 

protein and a lower BMAX. An unexpected result for this experiment (“wtTTP + PI(4,5)P2 on 

Endo + 10% BMP + 2% Toc”)  was that the association rate was the lowest observed (0.0619 

s-1) out of all the runs done with the endosomal membranes. This is thought to be due to there 

being three components affecting the binding of TTP to the endosomal membrane; α-

tocopherol, PI(4,5)P2 and BMP, making the interaction much more complicated than expected. 
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3.3. Association analysis of K217A ⍺-TTP on endosomal and plasma 

membrane lipids 

Figure 28: K217A TTP injections on different endosomal membrane and plasma 

membrane compositions. Means of 3 replicates were fit to a two-phase association model to. 

Protein association with tethered vesicles lasted for 9 minutes at a flow rate of 10 μL/min of 

SPR Buffer. 

 
3.3.1. The effect of α-tocopherol & PI(4,5)P2 on K217A α-TTP binding ability to endosomal 

and plasma membrane lipids 

 
The five unique experiments performed on the mutant K217A TTP binding on various 

endosomal and plasma membrane compositions are shown in Figure 28. The concentration of 

protein used for all injections using K217A TTP was 0.5μM and the concentration of 100 nm 

lipid vesicles injected over the SPR chip was 1 mM, this was consistent for all trials. A smooth 

blue curve was produced from K217A α-TTP (K217A), without any bound ligands, when 

exposed to vesicles comprised of plasma membrane lipids (Figure 28).  
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Table 9: Summary of two-phase association fits for all K217A TTP injected on plasma 

membrane and endosomal lipids. The maximum signal in μRIUs obtained for each set of 

conditions is depicted as the BMAX value. The rate constant (Kfast & Kslow), and number of 

are all listed for each condition. 

Experiment 
Title 

K217A 
on PM 

K217A  on 
PM + 2% 
PI(4,5)P2 

K217A + Toc 
on PM + 2% 

PI(4,5)P2  

K217A on 
Endo + 

10% BMP 

K217A + 
PI(4,5)P2 on 
Endo + 10% 

BMP + 2% Toc 
Number of 

Trials 3 3 3 3 3 

Trace Colour Blue Green Red Yellow Purple 
@BMAX 

(μRIUs) 
471 ± 
1.234 

485 ± 
1.763  233 ± 0.432 459 ± 

1.378 333 ± 1.543 

Kfast (s-1) 0.0637 ± 
0.0016 

0.0982 ± 
0.019 

0.0455 ± 
0.027 

0.0327 ± 
0.009 0.0701 ± 0.018 

Kslow (s-1) 0.0065 ± 
0.019 

0.0050 ± 
0.002 

0.0040 ± 
0.001 

0.0141 ± 
0.001 

0.0033 ± 1.364e-
004 

 

Compared with other injections of K217A on plasma membrane, the association of 

K271A with PM lipids has the second quickest initial rate of association and achieves the 

highest maximum BMAX value (Table 9). A BMAX of 471 μRIUs is reached near the 500 second 

mark where eventually the curve then reaches a plateau, with the association rate of 0.0637s-1. 

By comparison, the injection using wtTTP (“wtTTP on PM”) shows a BMAX  of 1010 μRIUs, 

almost double that of K217A, and a much faster association rate of 0.1150s-1 (Figure 22 and 

Table 6). This suggests that overall wtTTP is has a much better binding ability to plasma 

membrane than the K217A mutant. The association of K217A to plasma membrane lipids with 

or without tocopherol has been documented and the presence of tocopherol does not affect the 

distribution (Chung et al. 2016). 
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When K217A was injected on plasma membrane lipids containing 2% PI(4,5)P2 (green 

trace) a BMAX of 485 μRIUs was achieved which was nearly identical to the BMAX of “K217A 

on PM”. This shows that there is no effect on K217A binding when PI(4,5)P2 is present in the 

plasma membrane, since it behaves the same way as when PI(4,5)P2 is not present in the 

membrane (green vs blue). The K217A mutant has a severely limited PIP-binding 

ability/affinity compared to wtTTP since the mutation occurs in the positive surface patch on 

TTP known to interact with PI(4,5)P2 (Kono and Arai., 2014.; Kono et al., 2013; Chung et al., 

2016). The replacement of a positively charge lysine to a neutral hydrophobic alanine in the 

positive patch was seen to have severe effects on TTP binding ability to PI(4,5)P2 in membranes 

(Kono et al., 2013; Chung et al., 2016). Since the presence of PI(4,5)P2 has no effect on the 

association this shows that K217A TTP is acting as if the vesicles were comprised solely of 

plasma membranes lipids devoid of PI(4,5)P2. The evolution of the association curve for 

“K217A on PM + PI(4,5)P2” follows nearly identical path to that of “K217A on PM” with only 

minor difference in the amount of binding (Figure 28 and Table 9).  

 

K217A preincubated with α-tocopherol experienced the slowest association rate 

(0.0455s-1) when injected onto plasma membrane vesicles containing 2% PI(4,5)P2 (red trace, 

Figure 28). This set of conditions also experienced the lowest binding 233 μRIUs (Table 9). 

Previous research has shown that K217 is instrumental for α-tocopherol delivery by TTP to 

membranes via a proposed mechanism of stimulated dissociation by PI(4,5)P2 (Kono et al., 

2013; Chung et al., 2016). Given this information, the association curve we found is consistent 

because the presence of PI(4,5)P2 does not affect K217A as it loses its ability to drop of α-

tocopherol. The ability for K217A to secrete α-tocopherol is so limited possibly because it 

cannot follow the PI(4,5)P2 driven process suggested by Kono et al. 2013. Therefore, the 

mutation K217A abolishes the α-TTP mediated transfer α-tocopherol.  
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 K217A injected over endosomal lipids with 10% BMP (yellow trace, Figure 28) 

produced a curve similar to the wtTTP injected onto the same lipid mixture (purple trace, 

Figure 27). With almost the same BMAX, 459 μRIUs and 453 μRIUs respectively. However, the 

association rate for the “K217A on Endo + 10% BMP” is significantly slower 77.22%  

(0.0208s-1) than “wtTTP on Endo + 10% BMP”. This suggests that overall wtTTP is faster at 

binding to endosomal membrane compared to K217A although both having equal affinity. 

 
 

Lastly, “K217A + PI(4,5)P2 on Endo + 10% BMP + 2% Toc” (preincubated K217A 

with PI(4,5)P2) experienced the fastest association rate (0.0701s-1) when injected over 

endosomal membrane vesicles containing 2% α-tocopherol (purple trace, Figure 28). The curve 

produced is very similar to that of the wtTTP with the same set of conditions (red trace, Figure 

27). This strongly supports that K217A’s ability to bind to the membrane is only hindered when 

PI(4,5)P2 is present in the membrane. This is consistent with the work of Zhang et al. 2011 

who showed the tocopherol binding ability of K217A is nearly the same as wtTTP, if not better, 

32 nM and 19 nM respectively. Therefore, K217A’s similar binding of endosomal membrane 

containing tocopherol is due to the stabilization of the closed state when bound to α-tocopherol 

(Zhang et al. 2011). 
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3.4. Analysis of the dissociation rates of wild-type ⍺-TTP on membrane lipids 

3.4.1. Non-preincubated wild-type a-TTP injections on plasma membrane lipids 

Figure 29: Wild-type TTP dissociation from tethered vesicles composed of 4 distinctive 

plasma membrane lipid compositions. Means of replicates were fit to a one-phase decay. 

The dissociation phase was collected for 20 minutes at a flow rate of 10 μL/min. 

 
Table 10: Summary of one-phase decay fits and parameters for non-preincubated 

wtTTP. The amount of signal change over the course of the dissociation run is listed as a 

percentage of BMAX  drop. The first order dissociation rate constant, number of trials and 

coefficient of determination (R2) are all listed. 

Experiment 
Title 

wtTTP on 
PM 

wtTTP on PM + 
2% PI(4,5)P2 

wtTTP on PM + 
4% PI(4,5)P2 

wtTTP on PM 
+ 2% Toc 

Number of 
Trials 3 3 3 3 

Trace Colour Blue Green Maroon Pink 
% Of BMAX 

drop 24.90% 51.68% 39.76% 53.21% 

Rate Constant 
(s-1) 0.0126 0.0528 0.0373 0.1542 

R2 0.9906 0.9613 0.9740 0.9698 
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3.4.2. Preincubated wild-type a-TTP injections on plasma membrane lipids 

Figure 30: Preincubated wild-type TTP dissociation from tethered plasma membrane 

vesicles. Means of replicates were fit to a one-phase decay. The dissociation phase was 

collected for 20 minutes at a flow rate of 10 μL/min. 

 

Table 11: Summary of one-phase decay fits and parameters for wtTTP. The amount of 

signal change over the course of the dissociation run is listed as a percentage of BMAX  drop. 

The first order dissociation rate constant, number of trials and coefficient of determination (R2) 

are all listed. 

Experiment 
Title 

wtTTP on 
PM 

wtTTP +  
Toc on PM 

wtTTP +  
PI(4,5)P2 
on PM 

wtTTP + 
Toc on PM 

+ 2% 
PI(4,5)P2 

wtTTP + 
PI(4,5)P2 
on PM + 
2% Toc 

Number of 
Trials 3 3 3 3 3 

Trace Colour Blue Yellow Red Black Brown 
% Of BMAX 

drop 24.90% 70.72% 73.09% 69.51% 60.18% 

Rate Constant 
(s-1) 0.0126 0.0383 0.0459 0.0723 0.0422 

R2 0.9986 0.9866 0.9925 0.9622 0.9951 
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3.4.3. Wild-type a-TTP injections on endosomal membrane lipids 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 31: All wild-type TTP dissociation from tethered endosomal membrane vesicles. 

Means of replicates were fit to a one-phase decay. The dissociation phase was collected for 20 

minutes at a flow rate of 10 μL/min. 

 

Table 12: Summary of one-phase decay fits and parameters for wtTTP. The amount of 

signal change over the course of the dissociation run is listed as a percentage of BMAX  drop. 

The first order dissociation rate constant, number of trials and coefficient of determination (R2) 

are all listed. 

Experiment 
Title 

wtTTP on 
Endo 

wtTTP  on 
Endo + 10% 

BMP 

wtTTP on 
Endo + 10% 
BMP + 2% 

Toc  

wtTTP + 
PI(4,5)P2 on 

Endo + 
10% BMP 
+ 2% Toc 

wtTTP + 
PI(4,5)P2 on 

Endo + 
10% BMP 

Number of 
Trials 3 3 3 3 3 

Trace Colour Green Purple Yellow Red Blue 
% Of BMAX drop 89.45% 89.44% 95.44% 71.88% 74.19% 
Rate Constant 

(s-1) 0.0533 0.0730 0.0402 0.0295 0.0582 

R2 0.9180 0.9547 0.9403 0.9736 0.9552 
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3.4.4. Analysis of the dissociation rates for wild-type a-TTP injected on plasma membrane 

vesicles  

Overall, the dissociation rates of adsorbed protein showed little significant differences, 

however some of the main ones are discussed in this section. Data for wtTTP injected over 

plasma membrane vesicles also containing 2% a-tocopherol (pink trace, Figure 29) gave the 

quickest dissociation rate of 0.1542s-1 out of all the experiments done for plasma membrane 

lipids. Suggesting that as wtTTP flows over the tethered vesicles it recognizes a-tocopherol 

immediately and readily extracts it, showing how good wtTTP’s affinity is towards its natural 

ligand. The percentage drop in the BMAX for all non-preincubated runs, seen in figure 29 and 

table 10, fall between 24% to 54% suggesting that not all of the ligands are taken out of the 

membrane by wtTTP. This is particularly prominent for “wtTTP on PM” (table 10) as it has 

the lowest % drop of 24.90% and the slowest dissociation rate of 0.0123s-1. This is likely due 

no extractable ligands being present in the plasma membrane as it can be assumed that wtTTP 

in the open conformation would remain bound on the plasma membrane as it has no incentive 

to leave.  

Conversely, when wtTTP was preincubated with either a-tocopherol or PI(4,5)P2 the 

range for percentage of drop in the BMAX increases compared to ligand free wtTTP injections, 

60% to 74% (Table 11). For the two experiments that gave the largest drops, namely “wtTTP 

+ Toc on PM” and “wtTTP + PI(4,5)P2 on PM” (Figure 30 and Table 11), the precent drop in 

BMAX was found to be 70.27% and 73.09% respectively. This drop was thought to be because 

there are no ligands present in the membrane and since wtTTP was already preincubated with 

a ligand it had no motivation to stay attached to the membrane and hence preferred to leave the 

membrane resulting is such high drop. Moreover, for “wtTTP + PI(4,5)P2 on PM” (red) which 

showed the highest drop in the BMAX (73.09%), preincubation of wtTTP with PI(4,5)P2 is 

known to induce tetramer formation, reducing the binding ability of TTP to bind vesicles (Kono 
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et al., 2013). Assuming this is correct, TTP tetramers would just flow over the lipid layer, which 

was seen giving a bigger drop in BMAX (Table 11). 

 The main experiment that represents the plasma membrane side of the model (Figure 

18) is shown in black for “wtTTP + Toc on PM + 2% PI(4,5)P2” on figure 30. This run gave 

the highest dissociation rate of all the preincubated run, 0.0723s-1, and the 3rd highest overall 

percent of BMAX drop. This supports the forward movement of ligands when TTP is bound to 

α-tocopherol and sees a PI(4,5)P2 containing membrane, it can likely be presumed that the 

ligands are exchanged and wtTTP-PI(4,5)P2 complex leaves the plasma membrane leading to 

a quick and large drop in BMAX. 

 
3.4.5. Dissociation analysis for wild-type a-TTP injected on endosomal membrane vesicles  

Similar to the plasma membrane lipids, overall, the dissociation rates showed few 

significant differences, however some of the main ones are discussed in this section. For all the 

injections performed on endosomal membrane lipids the percent drop in BMAX was much 

higher compared to the injection done on plasma membrane lipids, i.e., 71% to 96% (Table 

12). With the highest drop in the BMAX being for “wtTTP on Endo + 10% BMP + 2% Toc” at 

95.44% (yellow trace, Figure 31) which can be attributed to the presence of a-tocopherol in 

the endosomal membrane, suggesting that wtTTP picks up much of the ligand present on the 

membrane. The dissociation rate for this experiment was found to be 0.0402s-1. Comparatively, 

when there is no a-tocopherol present i.e., “wtTTP  on Endo + 10% BMP” (purple), even 

though its % drop was found to be somewhat lower, 89%, its dissociation rate was the quickest 

of all the experiments done on endosomal membrane lipids, 0.0730s-1. Suggesting that since 

wtTTP has to pick a-tocopherol (yellow trace) it takes considerably longer but it is able to 

dissociate much more than when no a-tocopherol is  present (purple trace Figure 31). 
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Lastly, the main experiment that represents the endosomal membrane side of the model 

(Figure 18) is shown in red for “wtTTP + PI(4,5)P2 on Endo + 10% BMP + 2% Toc” on figure 

31. This run gave the lowest dissociation rate of all the preincubated run, 0.295s-1. This was 

unexpected as it was thought that this run would be the fastest as it has both the ligands present 

and since it would support the model better. However, a likely explanation for this might the 

presence of three component, PI(4,5)P2, BMP and tocopherol that influence the binding of TTP 

to endosomal lipids, making the interaction much more complicated and slower than expected. 

Another explanation being that the presence of BMP in the endosomal membrane trumps the 

other ligands. This would mean that TTP would be slow to leave the endosome for a second 

round of a-tocopherol delivery, but eventually does when bound a-tocopherol lowers its 

affinity for the membrane. 

3.5. Dissociation analysis of K217A ⍺-TTP on endosomal and plasma 

membrane lipids 

Figure 32: All K217A TTP dissociation from tethered plasma and endosomal membrane 

vesicles. Means of replicates were fit to a one-phase decay. The dissociation phase was 

collected for 20 minutes at a flow rate of 10 μL/min. 
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Table 13: Summary of one-phase decay fits and parameters for K217A TTP. The amount 

of signal change over the course of the dissociation run is listed as a percentage of BMAX  drop. 

The first order dissociation rate constant, number of trials and coefficient of determination (R2) 

are all listed. 

Experiment 
Title 

K217A 
on PM 

K217A  on 
PM + 2% 
PI(4,5)P2 

K217A + Toc 
on PM + 2% 

PI(4,5)P2  

K217A on 
Endo + 

10% BMP 

K217A + 
PI(4,5)P2 on 
Endo + 10% 

BMP + 2% Toc 
Number of 

Trials 3 3 3 3 3 

Trace Colour Blue Purple Red Yellow Green 
% Of BMAX 

drop 47.98% 66.01% 29.25% 58.21% 42.93% 

Rate 
Constant (s-1) 0.0118 0.0389 0.0351 0.0270 0.0715 

R2 0.9602 0.9343 0.9194 0.9822 0.9503 
 
 

As with the dissociation rates of wtTTP on differing endosomal and plasma membranes 

lipids, the dissociation showed no significant differences, however some of the main ones are 

discussed in this section. “K217A on PM” (Figure 32) showed the slowest dissociation rate at 

0.0118s-1. Likely due to no ligands being present in the membrane. The main curves to look at 

are shown as red and purple traces on figure 32.  “K217A + Toc on PM + 2% PI(4,5)P2” 

presented the lowest % drop in the BMAX of 29.25% (Table 13) this can likely be attributed to 

K217A having a lesser ability to interact with PI(4,5)P2 leading to a much lower drop as K217A 

would remain bound to tocopherol and “stuck” along the plasma membrane. Whereas, looking 

at “K217A + PI(4,5)P2 on Endo + 10% BMP + 2% Toc” (green trace, Figure 32), it gave the 

quickest dissociation rate of 0.0715s-1, proving the K217A’s ability to bind to the membrane is 

only hindered when PI(4,5)P2 is present in the membrane. This is consistent with the work of 

Zhang et al. 2011 who showed the tocopherol binding ability of K217A is nearly the same as 

wtTTP.  
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3.6. Kfast and Kslow 

 

 

 

 

 

 

 

 

 

 

Figure 33: Two-phase association rates and it’s corresponding percent fits for wtTTP and 

K217A injection on tethered vesicles composed of endosomal and plasma membrane 

lipids. Histogram shows the mean replicate measurements for Kfast (light grey) and Kslow 

(dark grey) rates for 19 different experimental tested.  

A two-phase model is used when the outcome measured is the result of the sum of a 

fast and slow exponential association. The curves acquired from all the SPR protein injection 

do agree with this aspect as they are made up of essentially two components a fast rate and a 

slow rate. The 19 unique experiments of wild-type TTP and mutant K217A binding on various 

endosomal and plasma membrane compositions are shown in Figure 33. The histogram shows 

a graphical representation for the rates discussed in previous sections. Light grey shows the 

Kfast, and dark grey shows the Kslow rates acquired from two-phase association fits. The 

percentage of data fitted to get the Kfast (light grey) and Kslow (dark grey) are shown in the 

Figure 34. This shows what percentage of data corresponds to the Kfast and what percentage 

corresponds to Kslow. 
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Figure 34: Percent fits for the rates shown in Figure 33. Histogram for the percentage of 

data fitted for Kfast (light grey) and Kslow (dark grey) corresponding to the two-phase 

association rates shown in figure 33. 

The main conditions to be focus on are for both of these figures are marked with an 

asterisk. These conditions represent the main runs that describe the model show in Figure 18. 

The run wtTTP + Toc on PM + PI(4,5)P2 showed no Kslow characteristic hence suggested that 

100% of the data contributed towards the Kfast which was 0.723s-1 which is also the fastest 

association rate of all preincubated runs. As mentioned previously this supports the forward 

movement of ligands when TTP is bound to α-tocopherol and sees a PI(4,5)P2 containing 

membrane. It can be speculated that the head group of PI(4,5)P2 interacts with the positively 

charged cleft on the exterior of α-TTP, facilitating lid opening and allowing α-tocopherol to be 

deposited into the membrane, from here PI(4,5)P2 remains bound to α-TTP and leaving the 

system. This is in accordance with the research done in 2013 by Kono et al, who discovered 

that the presence of PI(4,5)P2 mediates α-tocopherol’s transport by α-TTP to the plasma 

* 

* 
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membrane they also showed the addition of PI(4,5)P2 increased the transfer of α-tocopherol by 

the wild type which again agrees with our finding of the highest association rate for the starred 

curve. The other main run to look at in Figure 33 & 34 is wtTTP + PI(4,5)P2 on Endo + BMP 

+ Toc which represents one of the conditions that is essential to explain the proposed 

mechanism for α-tocopherol’s transport by α-TTP. The Kfast acquired from this fit was 

0.0619s-1 which as mentioned previously was an unexpected result as the it was the lowest out 

of all the runs done with the endosomal membranes. This is thought to be due to there being 

three components affecting the binding of TTP to the endosomal membrane; α-tocopherol, 

PI(4,5)P2 and BMP, making the interaction much more complicated than expected. 

Overall, the association rates are faster for wtTTP vs the mutant specifically for 

PI(4,5)P2 containing membranes i.e., K217A + Toc on PM + PI(4,5)P2. The Kfast for this run 

was 0.0455s-1 which is slower than the Kfast for wtTTP + Toc on PM + PI(4,5)P2 which was 

0.0723s-1. This suggests that since K217A loses the ability to bind to PI(4,5)P2, it in turn leads 

to slower association to the membrane. However this is not the case when looking at wtTTP 

and K217A injection on to endosomal lipids contain tocopherol (i.e., wtTTP + PI(4,5)P2 on 

Endo + BMP + Toc and K217A + PI(4,5)P2 on Endo + BMP + Toc in Figure 33), for these 

runs the Kfast is almost the same for both proteins which suggests that the association rate for 

K217A is impacted only when PI(4,5)P2 is present in the membrane.  

Lastly, the Kslow showed no discernable differences for all the experiments (Figure 

33) hence is not discussed in this thesis. Moreover it was concluded that the Kslow is hard to 

define since the data is much more complicated previously thought since SPR is a flow 

technique the protein is injected in group so the first few groups of protein see a different chip 

compared to the following groups that is injected. Aspects such as this along with others make 

fitting the data for the Kslow ambiguous and complicated hence Kslow is not discussed in this 
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thesis, however for future studies a new approach to fit the data can be found that takes in to 

all the aspects and gives accurate Kslow rates. 

 

3.7. Collection run 

Figure 35: wtTTP and K217A injection on tethered vesicles composed of endosomal and 

plasma membrane lipid with florescent analogues of PI(4,5)P2 or a-tocopherol. The 

curves shown are mean replicate measurements for four unique experimental parameters tested 

and collected for further analysis.  

 
 

The four unique experiments of wild-type and mutant K217A a-TTP binding on 

specific endosomal and plasma membrane compositions are shown in Figure 35. These 

experiments were done to verify if the exchange of ligands is happening or not. Unlike the 

normal runs presented previously, ligands used in the vesicles for these runs were fluorescently 

labeled i.e., BODIPY FL-Phosphatidylinositol-4,5-bisphosphate [BO-PI(4,5)P2] and 

BODIPY-Tocopherol (BO-Toc). Here the protein (wtTTP or K217A) was preincubated with 

either of its “normal” ligand (PI(4,5)P2 or a-tocopherol) and was injected over endosomal or 

plasma membrane vesicles containing fluorescent analogue of the other ligand. The 

flowthrough from these injections were collected for further analysis by UV-Vis 
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spectrophotometer and liquid chromatography-Mass spectrometry (LCMS). Our prediction for 

these experiments were based on the finding seen in previous results that wtTTP is capable of 

carrying out the exchange of ligands for both the plasma membrane and the endosomal 

membrane. Whereas the mutant K217A, because of its inability to interact with PI(4,5)P2, 

would be incompetent in carrying out the exchange for both membranes especially for the 

plasma membrane.  

 

The trace in red is for wtTTP preincubated with a-tocopherol injected on plasma 

membrane with Bodipy-PI(4,5)P2 and the trace in blue is for wtTTP preincubated with 

PI(4,5)P2 injected on endosomal membrane with Bodipy-tocopherol (Figure 35). Both of these 

curves gave a trend identical to each other such that once the plateau is reached there is a 

decline from 150s to 600s  We believe this decline likely represents the exchange of ligands 

that we expect to happen for wild-type TTP. wtTTP would exchange a-tocopherol with the 

BO-PI(4,5)P2 for the red trace, and for the endosomal side, it would exchange PI(4,5)P2 with 

BO-Toc (blue trace). One can see this visually where wtTTP showed the presence of the 

florescent analogue in the collected flowthrough represented by the colour pink for Bodipy-

PI(4,5)P2 (Figure 36A) and neon/yellow for Bodipy-Tocopherol (Figure 36B).  

 

In contrast, the trace in purple is for K217A preincubated with a-tocopherol injected 

on plasma membrane with Bodipy-PI(4,5)P2 and the trace in green is for K217A preincubated 

with PI(4,5)P2 injected on endosomal membrane with Bodipy-tocopherol (Figure 35). Both of 

these experiments produced curves that reached its saturation point at a much higher BMAX 

compared to wtTTP. K217A experiments were not expected to carry out the exchange, 

particularly for “K217A + Toc on PM + BOPI(4,5)P2” due its inability to interact with 

PI(4,5)P2. This was true as the collected flowthrough was not colored pink (Figure 36A). 
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wtTTP  

K217A 

However, for the experiment “K217A + PI(4,5)P2 on Endo + BOToc” the collected 

flowthrough did have a slight hint of the neon/yellow (Figure 34B).  

 

 

Figure 36: Collected flowthrough from wtTTP and K217A injection. A) Preincubated 

wtTTP and K217A with a-tocopherol collected flowthrough from their injection onto plasma 

membrane vesicles containing Bodipy-PI(4,5)P2. Yellow colour indicates the presence of 

Bodipy-PI(4,5)P2. B) Preincubated wtTTP and K217A with PI(4,5)P2 collected flowthrough 

from their injection onto endosomal membrane vesicles containing Bodipy-tocopherol. Pink 

colour indicates the presence of Bodipy-tocopherol 

 

Table 14: Concentration calculated from absorbance values for collected samples and 

controls. The absorbance and concentration values are both listed for Bodipy-PI(4,5)P2 and 

Bodipy-tocopherol. 

Experiment Title Number of 
replicates 

Avg 
Absorbance 

Avg Concentration 
(µmol/L) 

wtTTP + Toc on PM + 
BOPI(4,5)P2 5 0.171 1.900 

wtTTP + PI(4,5)P2 on Endo 
+ BOToc 5 0.124 1.376 

K217A + Toc on PM + 
BOPI(4,5)P2 5 0.013 0.153 

K217A + PI(4,5)P2 on Endo 
+ BOToc 5 0.065 0.728 

No Protein Control on PM + 
BOPI(4,5)P2 5 0.004 0.444 

No Protein Control on Endo 
+ BOToc 5 0.006 0.071 

A B 
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Negative control BSA on  
PM + BOPI(4,5)P2 3 0.002 0.022 

Negative control BSA on  
Endo + BOToc 3 0.001 0.004 

 

 Concentration was calculated using a UV-Vis spectrophotometer for the collected 

samples in order to better support these findings. This is represented in table 14 and shows the 

average of multiple replicates for the absorbance and concentration of each sample injection, 

no protein control and a negative control (BSA). By looking at the data presented in table 14 it 

can be seen that wtTTP carried out the exchange both for Bodipy-PI(4,5)P2 and Bodipy-

tocopherol as average concentrations of collected ligands for them for 1.9 µmol/L and 1.376 

µmol/L respectively. K217A on the other hand was not as efficient in carrying out the 

exchange, particularly when injected on to PM with Bodipy-PI(4,5)P2 as the average 

concentration collected for Bodipy-PI(4,5)P2 was 0.153 µmol/L. This is likely because of 

K217A’s inability to interact with PI(4,5)P2. However, when K217A + PI(4,5)P2 is injected 

over Endo + BOToc, the average concentration collected for Bodipy-Toc was much higher at 

0.728 µmol/L proving the K217A’s ability to bind to the membrane is only hindered when 

PI(4,5)P2 is present in the membrane.  No protein and the negative controls further help our 

argument that the model shown in Figure 18 is correct as a-TTP is needed to complete the 

ligand exchange. Even though UV-Vis spectrophotometer provides quite decent understanding 

and quantification of the collected samples LCMS analysis is expected to give a much better 

and deeper interpretation, we are still waiting on these results.   
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4. Conclusion 

 
The protein-lipid interactions investigated in this study gave an overview of how α-

tocopherol transfer protein functions when exposed to one or both of its two main ligands, a-

tocopherol, and PI(4,5)P2 as presented in tethered vesicles membranes. More protein available 

following treatment of the microcentrifuge tube with BSA, hence it did mitigate the protein 

loss. The affinity of wild-type a-TTP towards plasma membranes with/without its ligands was 

greater than that of the mutant K217A a-TTP. The introduction of  2% and 4% of PI(4,5)P2 in 

the plasma membrane led to expected behavior where the interactions with wild-type TTP 

recognized and picked up PI(4,5)P2 normally. The doubling of the proportion of PI(4,5)P2 

yielded better binding and protein dependent extraction of P(4,5)P2 from the plasma membrane 

as hypothesized. For K217A, the substitution of the basic lysine for the hydrophobic alanine 

along with the hydrophobic gating helices interacting with the plasma membrane stabilized the 

binding of K217A a-TTP to a “normal” plasma membrane. However, when K217A a-TTP 

was presented with increasing mole percentages of PI(4,5)P2 a greater amount of adsorbed 

protein (higher BMAX) was not observed, in reality, the protein acted as though it was binding 

to “normal” plasma membrane vesicles.  

 

Similarly, when looking at the experiments done for endosomal membrane, the 

introduction of BMP in the endosomal membrane increased membrane curvature and indicated 

that both wild-type and mutant K217A α-TTP both have increased binding affinity to more 

highly curved or curvature stressed membranes. Here again, the affinity of wild-type a-TTP 

towards endosomal membranes with/without its ligands was greater than that of the mutant 

K217A a-TTP. Unlike the experiments done on plasma membrane lipid membranes, wtTTP 

and K217A produced similar curves when ligands were introduced. Thus, proving that 
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K217A’s ability to bind to the membrane is only hindered when PI(4,5)P2 is present in the 

membrane. This is consistent with the work of Zhang et al. 2011 who showed the tocopherol 

binding ability of K217A is nearly the same as wtTTP.  

 
Collection of the effluent from injections provided some evidence for the model shown 

in figure 18. The TTP-α-tocopherol complex partitions to the plasma membrane where 

concentrations of PI(4,5)P2 are high. Here α-tocopherol is deposited into the plasma membrane 

bilayer and PI(4,5)P2 extraction by α-TTP. The TTP-PI(4,5)P2 complex then departs to the 

cytosol and returns to the endosomal compartment where the PI(4,5)P2 is dropped off. Also 

proving that Lys217 is critical for this discriminatory binding behavior. K217A a-TTP is 

known to severely limit the extent of a-tocopherol delivery (Kono et al., 2013; Chung et al., 

2016). Thus, the K217A mutant seems to have lost the ability to complete the ligand exchange 

reaction; it therefore retains appreciable affinity for tocopherol even when preincubated 

PI(4,5)P2. The mutant protein therefore remains bound to both ligands and remains “stuck” 

along the membrane in cells (i.e., cannot complete step 4 in the model shown in Figure 18). 

Future studies will focus on the liquid chromatography-mass spectrometry analysis for the 

collected samples to validate the finding on this study and offer solid indication of the ligand 

exchange. Aspects of this delivery has been described to some extent however there are still 

some questions that remain. Is the PI(4,5)P2 actually extracted from the plasma membrane in 

vivo? Which phosphatase is responsible for turnover of the extracted PI(4,5)P2 and where does 

this hydrolysis occur? Answers to these questions will likely require tools for altering PIP 

metabolism  as well as fluorescent and bio-conjugated forms of phosphoinositides to enable 

tracking and identification of potential protein binding partners. 
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6. Appendix 

Appendix 1: Table containing the one phase, two phase association and dissociation data collected from 19 different condition tested on the SPR. 

 


