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ABSTRACT 

This thesis describes the synthesis of two phosphatidylcholine (PC) derivatives 

that are capable of coupling with each other from the alkyl chain through click reaction to 

form bola-PC. Successful coupling of monomeric phosphatidylcholine derivatives would 

lead to synthesis of corresponding phosphatidylinositol molecules as future work. PC 

derivatives that were synthesized in this work were phosphatidylcholine containing 

terminal azide and terminal alkyne on the alkyl chain of sn2 position. Sn-glycero-3-

phosphocholine (GPC) was used as glycerol back bone with two available hydroxyl 

groups for esterification. The first esterification was done using dibutyltin oxide as catalyst 

and palmitoyl chloride as acylating agent on the primary hydroxyl group, sn1 position. 

Secondary hydroxyl group in the sn2 position of GPC was esterified by terminal alkyne 

and terminal azide fatty acids through Steglich esterification. PC analogues with suitable 

functional groups for click chemistry were, then, incorporated in the 100 nm-vesicles in 

buffer solution and exposed to copper catalyst/L-histidine complex and sodium ascorbate 

solution at room temperature. Formation of bola-PC were observed in the hydrophobic 

core of lipid bilayer and this was the main objective of this study.  
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 Introduction 

Lipids are poorly soluble compounds in cells that need transport mechanisms to 

maintain intracellular membrane dynamic composition. Lipid Transfer Proteins (LTPs) are 

known to contribute toward one of the non-vesicular lipid transfer mechanisms. 

Phosphatidylinositol transfer protein (PITP) is a family of LTPs that transfer two types of 

lipids, phosphatidylinositol (PtdIns/PI) and phosphatidylcholine (PtdCho/PC) between 

intracellular membranes. Sec14 protein, the major PITP in the yeast Saccharomyces 

cerevisiae, is used to study the mechanism of mammalian PITPs. Sec14 proteins are 

thought to be more than simple transfer proteins. It is hypothesized that Sec14 might turn 

the PI into a better substrate for Pik1 in the phosphorylation process. The phosphorylation 

process involves the production of PI(4)P from the PI. This hypothesis introduces the 

presentation model in which Sec14 raises the PI molecule from lipid membrane bilayer 

and makes it accessible to Pik1. The presentation model has not been studied in 

molecular levels so far. To study the function of Sec14 as PI presenter to Pik1, we 

suggested to generate a PI analogue, such as bolalipid, for Sec14 that cannot be 

extracted from membrane and presented to Pik1. This will lead to a lower enzyme activity 

in comparison with the normal lipids. This change in the enzyme activity can be detected 

using Transcreener ADP2 kinase assay. The goal of this work is to generate a monomeric 

form of PC analogues with terminal azide and alkyne that are capable of crosslinking 

through click reaction when they are placed in the lipid bilayer membrane. PI analogues 

will be generated as a future step to this project and can be used in the enzyme assay to 

study the function of sec14. 
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1.1 Lipids Transfer Proteins (LTPs) 

There are many different lipid species in a typical eukaryotic cell mostly distributed 

among membranes of organelles. In theory, about 180,000 different lipid species could 

exist that reflect their diverse function.1 Lipid distribution in a cell is not homogeneous and 

the occurrence and amount of lipids varies with the organelle's characteristics and 

function.2 The distribution of lipids from sites of biosynthesis to other membranes is thus 

quite complex. Different forms of intermembrane lipid transfer mechanisms are needed 

to maintain dynamic membrane composition. Although the delivery of lipids to their target 

membrane is not yet fully understood, vesicular and non-vesicular transport are the two 

mechanisms that have been suggested.2-4 In the vesicular transport mechanism, 

membrane-enclosed sacs, known as transport vesicles, move between organelle.2 It was 

thought vesicular transport should be the major way of transporting lipids between 

organelle since the lipids are the basic constituents of transport vesicles,3 but remarkably, 

when driving forces for vesicular transport are removed by ATP depletion, temperature 

decrease, or treatment with pharmacological drugs (such as brefeldin A and colchicine), 

did not stop lipid transfer.5-6 In addition, the transfer of lipids between organelles that have 

no vesicular transport machinery is further evidence of the existence of non-vesicular lipid 

transfer mechanisms in the cell.7-8 Two other observations suggest the presence of non-

vesicular lipid transfer mechanisms. First, the speed of lipid transfer between the 

endoplasmic reticulum (ER) and the plasma membrane is higher than lipid transfer by the 

vesicular mechanism.9-11 Second, disruption of the secretory pathway does not have a 

major effect on the transfer of lipids between the endoplasmic reticulum (ER) and the 

plasma membrane.6, 12-14  
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Lipid transfer proteins (LTPs) are postulated to facilitate non-vesicular lipid transfer 

between membranes. Lipid transfer proteins are usually small and plasma soluble with 

molecular sizes of usually between 14-15 kDa. LTPs are not enzymes, so their 

mechanism of action is hard to discover based on the biological outcome.15-16  

Lipid transfer proteins can be specific, bispecific, and non-specific for transferring 

lipids. Specific LTP can bind to specific types of lipids. An example of specific LTP is the 

phosphatidylcholine (PC) transfer protein, which specifically transfers PC. Bispecific LTPs 

can bind to two lipids with different head groups but can only move lipids one at a time. 

An example of bispecific LTP is phosphatidylinositol (PI) transfer protein that transfers 

both PI and PC. Non-specific LTPs may catalyze the transfer of phospholipids, 

glycolipids, and cholesterols.3-4, 17  

Regardless of LTP types, they facilitate lipid transfer across the cytoplasm by 

extracting the lipid from a membrane, mobilizing it across the aqueous cytoplasm, and re-

inserting it to another membrane.18 Figure 1.1 presents this process in eight steps: 1) 

docking to donor membrane, 2) lipid extraction, 3) membrane undocking, 4) diffusion, 5) 

docking to acceptor membrane, 6) lipid deposition, 7) undocking from acceptor 

membrane, 8) further diffusion.4 
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Figure 1-1 - Schematic representation of lipid transfer via LTP. Figure is reprinted with permission 4 

1.2 Phosphatidylinositol Transfer Proteins (PITPs) 

Phosphatidylinositol transfer protein (PITP) and Sec14 protein are two families of 

LTPs that can transfer phosphatidylinositol (PI) and phosphatidylcholine (PC) molecules 

from one intracellular membrane to another. PITPs and Sec14 proteins are approximately 

the same size but structurally unrelated. Sec14 isoforms are present in eukaryotes. 

Soluble PITPs are found in many organisms, including mammals, Caenorhabditis elegans 

(worms), Drosophila melanogaster (flies), and Dictyostelium discoideum (slime molds), 

but are absent in yeasts or plants.19  

Sec14 and PITPs have distinct biological roles and should not be confused.19 

PITPs are found in multicellular organisms but not in the bacteria. The most studied PITPs 

are PITPα and PITPβ in mammals.20 PITPα localizes to the cytoplasm and nucleus while 

PITPβ localizes to the Golgi complex.21 

PITPs are cytosolic proteins that specifically bind to lipid molecules from the 

membrane and form lipid-protein complexes that are stable in solution.22 Each PITP has 
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only one binding site for a phospholipid, which is more suitable for PI than PC 

monomers.22 In a model cycle of ligand pick-up and delivery, PITPs begin their work by 

loading PI molecules in the endoplasmic reticulum. Higher affinity to PI than other lipids 

is the reason for this preferred loading.23 Although PITPs prefer to bind to the PI than the 

PC, the countermovement of PC is required to transfer PI between membranes (Figure1-

2).24 While the affinity of Sec14 for PI is about 16 fold higher than for PC, higher PC 

concentration (40-50% of total cellular phospholipids) compensates for a more favorable 

equilibrium of binding.25-26 A phospholipid bilayer is not mandatory for PITPs action since 

PITPs abstract phospholipid molecules from monolayers without disturbing the luminal 

leaflet.22 PITPs are divided into two classes of classical PITPs and non-classical PITPs. 

The classical type of PITPs are able to bind and transfer both PI and PC while the non-

classical do not contribute to PC binding or transfer activities in cell.27-28 Interestingly, the 

number of non-classical PITPs are significantly higher than the classical PITPs.29 From 

the point of structural folds, PITPs are categorized as the Sec-14 like PITPs and the 

START-like PITPS.29 START-like PITPs belong to StAR-related lipid transfer protein 

superfamily. The prototype is the steroidogenic acute regulatory protein (StAR), which 

transfers cholesterol to mitochondria in steroid hormone-producing cells.30-31 START-like 

PITPs are all classical types, while Sec-14 Like PITPs can be both classical and non-

classical.29 While START-like PITPs are rather sparse,21, 32 Sec14-like PITPs are found 

in fungi, plants, metazoans, and apicomplexa.29 The founding member of the Sec14-PITP 

class is yeast Sec14.33 Simple eukaryotes such as yeast express multiple Sec14-like 

proteins, The yeast Saccharomyces cerevisiae expresses six Sec14-like proteins, and 
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higher eukaryotes such as humans, mice, Drosophila melanogaster, Caenorhabditis 

elegans, Arabidopsis thaliana, each express more than 20 proteins from this family.22, 29 

 

Figure 1-2 - PITP exchanging phospholipids between two membranes in vitro based on the concentration 
gradient. Figure is reprinted with permission.22 

The study of the PITPs reaction mechanism is important because of several compelling 

reasons. First, PITPs exchange phospholipids without consuming energy.23 Second, a 

variety of mammalian diseases are associated with the phospholipid exchange property 

of PITPs.29 Third, the biological disorder that is related to PITPs insufficiencies shows 

unique PITP-dependant mechanisms for regulating phosphatidylinositol kinase activity.34  

1.2.1 Phosphatidylinositol (PI) and Phosphoinositide (PIPs)  

Phosphatidylinositol (PI) constitute less than 10% of total cellular phospholipids in 

eukaryotic cells.35 Phosphatidylinositol is composed of glycerol esterified by two fatty acid 

chains in positions sn1 and sn2 and the inositol ring in position sn3 by a phosphate 

group.36 Phosphatidylinositol is principally synthesized in the endoplasmic reticulum (ER) 

then transferred to other membranes by either vesicular or non-vesicular ways.37 
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Phosphatidylinositols are unique among phospholipids since they are involved in cell 

signaling through phosphorylation of the inositol head group.38 The inositol head group is 

polyol cyclohexane that has five free hydroxyl groups and can be reversibly 

phosphorylated in positions 3, 4, and 5 by cytoplasmic phosphoinositide kinases (PIKs). 

This process will generate seven possible phosphoinositide phosphates (PIPs), PI(3)P, 

PI(4)P, PI(5)P, PI(3,4)P2, PI(3,5)P2, PI(4,5)P2 and PI(3,4,5)P3.36 These phosphorylated 

forms of phosphatidylinositol are named phosphoinositide phosphates, which can be 

converted to each other when the appropriate enzyme (kinase or phosphatase) is 

available in the organism.36 Each of these PIPs defines a specific chemical code that 

causes a distinct regulatory function involved in many cellular processes.39 PIPs will 

change the intracellular membrane surface into a high-definition lipid signaling screen.23 

PI(4)P and PI(4,5) P2 representing the major portion of these lipids in mammalian cells.36-

37 

 

Figure 1-3- PtdIns(PI) molecule and the metabolic reactions that result in the seven PIP species. Figure is 
reprinted with permission.37 



8 

PIPs are one of the least abundant phospholipids in a cell, comprising less than 

1% of phospholipids.36 Although phosphoinositide phosphates occur at low 

concentrations in total membrane lipids, they play an important role in a variety of cellular 

signaling pathways such as membrane trafficking, cytoskeleton rearrangement, and ion 

channel in eukaryotic organisms.40  

The different PIPs have different signaling roles. Some phosphoinositide 

phosphates play intrinsic signaling roles in the cell that activates proteins which read 

positional phosphorylation patterns of the inositol headgroup.41 Also, some PIPs are 

precursors for second messengers. As an example, PI(4,5)P2 is cleaved by  hydrolytic 

activity of phospholipase C (PLC) to produce either diacylglycerol (DAG) or inositol 1,4,5-

trisphosphate (IP3) that act as second messengers.42 These second messengers are 

involved in a variety of activities in cells that regulate nuclear functions, the cell cycle and 

protein folding, etc.43-44 Interestingly, from a small number of chemically distinct PIPs, 

defined by headgroup chemistry, a variety of biological outcomes associated with PIP 

signaling are achieved.42  

1.2.2 Pik1 (Phosphatidylinositol 4-kinase) 

Kinases are among the largest enzyme families in the cell and they control many 

biological processes by phosphorylating a variety of chemical substrates such as 

proteins, lipids, and sugars.45 The Saccharomyces cerevisiae genes encode three 

isoforms of PI 4-kinases (PI4K) that phosphorylate PI at the D-4 position of the inositol 

ring, Pik1 (120 KD), Stt4 (215 KD), and Lsb6 (70 KD). All of these are conserved from 

yeast to humans. The analogous proteins of Pik1 and Stt4 in humans are PI4KIIIβ, 

PI4KIIIα respectively, and the analogues of Lsb6 in humans are PI4KIIα, and PI4KIIβ.  
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While the disfunction of Lsb6 is not essential for normal cell growth of S. cerevisiae, Pik1 

and Stt4 are necessary for cell viability with nonoverlapping roles.46 While Pik1 and Stt4 

produce the same secondary messenger, PI(4)P and appear to have non-overlapping 

roles, they are necessary for cell viability since increased expression of either kinase 

cannot compensate for the loss of the other.47 This suggests these kinases contribute to 

two essential and independent pools of PI(4)P and consequently regulate distinct 

intracellular functions.47 Researches have shown a correlation between the crucial 

functions of Pik1 with the generation of PI(4)P pools at both the Golgi and the nucleus.46  

1.3 Sec14-like PITPs  

Phosphatidylinositol transfer proteins were originally identified because of their 

ability to mobilize PI and PC between the intracellular membrane based on the 

membranes’ PI/PC ratio.48 Due to the lack of a robust analytical approach to study  PITPs 

function in vivo, most of our knowledge is from in vitro studies and may not reflect the 

actual function of these proteins.17 Sec14, as the major yeast Saccharomyces cerevisiae 

phosphatidylinositol transfer protein, shows similar properties to mammalian PITPs in the 

in vitro experiments 17, so it is a reliable system to study PITP function23.  

The solved x-ray crystal structure model of Sec14 shows a two-lobed global shape 

protein composed of 280-amino acids. The structure of this protein consists of 12 α-

helices (A1-A12), six β-strands (B1-B6), and 8 310 (T1-T8) helices that form C and N 

domains of Sec14.49 An N-domain helps Sec14 to reach yeast Golgi membrane and C-

domain to provide a hydrophobic pocket of this protein.49 All six β-strands constitute the 

floor of the binding pocket, and one side of the cavity is formed from α-helices A8 and A9, 

and the other side from A10/T4 and A11 (Figure 1-4).49 The volume of the hydrophobic 
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pocket is ~3000 Å3, which is large enough to accommodate one phospholipid at a time. 

There is a string-like motif consisting of residues extending behind the β-sheet floor of the 

hydrophobic pocket and wraps around it to improve its stability.49 

 

Figure 1-4-Sec14 structure. Figure is reprinted with permission.49 

The structural and dynamic properties of proteins can be studied using the Electron 

Paramagnetic Resonance (EPR) spectroscopy. In the EPR spectroscopy technique, the 

absorption of microwave radiation is measured that is corresponding to the splitting 

energy of unpaired electrons inside a strong magnetic field. Smirnova et al.50 have 

compared the EPR spectra of Sec14-bound n-doxyl-PC to those of n-doxyl-PC 

incorporated into dimyristoylphosphatidylcholine (DMPC) bilayers. Authors have 

concluded that the local polarities of PC are very similar in both systems.50 The 
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comparison of polarity between these two systems confirms the efficient partitioning of 

PC from the bilayer into the Sec14 phospholipid-binding pocket and vice versa.50 

The ‘open’ form and the ‘closed’ form are the two major forms of Sec14 protein in 

the cell. These two conformers of Sec14 are key to the suspected mechanism of the lipid 

exchange function of this protein. The ‘open’ form associates with the membrane 

providing the ligand for lipid exchange, and the ‘closed’ form is understood to have lower 

affinity for membranes and to desorb from them, moving to the cytoplasm while containing 

a single bound phospholipid molecule. The transition between these two modes, which 

provides access to the binding pocket for the phospholipid, is done by a helical substrate 

that acts as a gate for the protein and is essential for the lipid exchange reaction.23, 29, 51 

Residue F231 shows  large displacement of 18 Å during the transition between ‘open’ 

and ‘closed’ conformations (Figure 1-5 B).42 

 

Figure 1-5: (A): PI (in green) and PC(in purple) binding locations in the ‘closed’ conformation of Sec14 
hydrophobic pocket. (B): the ‘open’ and ‘closed’ conformational forms of Sec14 are shown in red color 

and overlapped to illustrate the displacement of this helical gate during lipid exchange reaction. Figure is 
reprinted with permission.42  

An interesting characteristic of the Sec14 molecule is the ability to separately bind 

to PI and PC headgroups (Figure 1-5 A). The PI headgroup is placed near the protein 



12 

surface by a wide H-bond network, while the PC headgroup is stabilized by the cation-π 

interactions with the side chains of three-walled tyrosine cage in the deep part of the 

interior hydrophobic pocket.23 PI and PC have different volumes, but the shape of the 

protein surface is not changed when these lipids are placed in the hydrophobic cavity of 

Sec14 during the heterotypic exchange.15 Heterotypic exchange is the term that implies 

complete transition, in one cycle, of a Sec14-PC complex to Sec14-PI complex or vice 

versa.52 The difference in unoccupied positions of Sec14-PI and Sec14-PC complexes 

are filled by five and two ordered water molecules, respectively.53 The difference in 

binding energy between Sec14 and PI and PC can be compensated by the water flux into 

and out of the hydrophobic pocket during heterotypic lipid exchange.15, 53 

1.3.1 Lipid transfer model 

The lipid transfer function of Sec14 in vitro can be explained using two 

mechanisms. These mechanisms are known as the net phospholipid transfer and 

phospholipid exchange (Figure1-6). In the net phospholipid transfer mechanism, Sec14 

transfers PI or PC through the cytosol from the endoplasmic reticulum (ER) to the outer 

leaflet of the target membrane and discharges the bound phospholipid then dissociates 

from the membrane in a ligand free form. In the phospholipid exchange mechanism, 

Sec14 transfers PI from ER to the membranes where PI signaling is happening, refilling 

PI supplies.15, 17 When the Sec14 discharges the PI to the target membrane, it dissociates 

in a PC-bound form, and delivers it to the ER to close the cycle.15, 17 In 1991, two models 

were proposed for Sec14 activity by Bankaitis et al.24 The first model describes the Sec14 

as PI / PC transfer protein that only mobilizes PI and PC between intracellular 

membranes. This will provide lipid balance among different membranes or generate 
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appropriate lipid environments in specific organelle membranes. This model is, however, 

postulated from in vitro experiments of Sec14 lipid transfer activity.24 The phospholipid 

exchange mechanism makes possible another function for Sec14 in vivo that has not 

been recognized.24 In fact, some researchers believe that in vitro determined models are 

too simple to accurately reflect what is actually happening in vivo. The lipid transfer model 

is not particularly convincing for the true function of any PITP.15 This is highlighted in yeast 

by the fact that Sec14 deficient cells have much lower amounts of PI(4)P. So, our 

understanding of PITPs function in vivo has remained incomplete.15 

 

Figure 1-6 - Net phospholipid transfer and phospholipid exchange, two transfer mechanisms based on in 
vitro observation. Figure is reprinted with permission.17 
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There are several pieces of evidence that suggest that lipid transfer between 

membranes is not the in vivo function of Sec14. The first evidence in yeast is that PI is 

the most abundant phospholipid in yeast, consisting of 20-25 mol% of total 

glycerophospholipid comparing to only about 5 mol% in mammalian cells.54 In this 

physiological condition where PI is highly abundant, it’s hard to imagine how monomeric 

PI transfer would be critical. Interestingly, when yeasts undergo genetic manipulation in 

which the yeast membrane become plentiful of PI,  the requirement of the cell for Sec14 

is not relieved.17, 23 Another interesting fact is the biological threshold (minimum cellular 

concentration) for Sec14 activity, which is lower than expected if Sec14 acts as majority 

monomeric PI carrier. In addition, PI can be synthesized in the plasma membrane since 

PI synthesizing activities are detected in secretory vesicles generated at the Golgi.55 The 

second evidence is the fact that the disfunction of some specific and non-essential PC 

lipid biosynthetic genes could bypass the Sec14 requirement for cell viability, which is not 

easily reconciled with the Sec14 transfer model.23 The third piece of evidence is that the 

transfer models rely on the transfer of free PI from the site of biosynthesis in the ER, 

through the Golgi, to the plasma membrane. This transfer is driven by concentration 

gradients. For this purpose, the higher affinity of PITP to PI versus PC is essential to 

account for this PI gradient. Nevertheless, Sec14 that is defective in PI transfer, will 

maintain substantial biological activity.56-57 

Sec14 loss in a cell is lethal. There are five genes that when mutated diminishes 

this effect and these genes include enzymes that are involved in PC synthesis: choline 

kinase (CKI1), choline phosphate cytidyl transferase (PCT1), 1,2-sn-diacylglycerol 
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choline phosphotransferase (CPT1), and PI turnover/trafficking: Sac1p (Sac1), PIP 

phosphate, and Kes1p/Osh4p (KES1) an oxysterol binding protein.58 

Sterols and PI(4)P are transported between the ER and the Golgi by Kes1p 

(Osh4p). Sterols and PI(4)P are mutually exclusive ligands   which means they compete 

to be extracted by Kes1p when existing in the same membrane.59 Kes1p transfers sterols 

from the site of synthesis in the ER, and releases it to the Golgi and extracts PI(4)P in 

exchange.60 PI(4)P is returned to the donor membrane (ER) to be dephosphorylated to 

PI by Sac1P. This cycle continues with the assistance of Sec14, which returns PI 

molecules from the ER to the Golgi to be phosphorylated again by Pik1.61 PI(4)P could 

be returned to Golgi if it does not undergo a dephosphorylation reaction. So, net sterol 

transfer to the Golgi is  a result of the interplay between Kes1p, Sac1p.59 Compromising 

either protein's function could bypass the lack of Sec14 in a cell.62 PI(4)P transport from 

the Golgi to ER is eliminated when Kes1p is compromised. Compromising Sac1p results 

in PI(4)P not being dephosphorylated to PI. So Kes1P will selectively return PI(4)P over 

sterols to the Golgi. These two routes lead to maintenance of the PI(4)P concentration in 

the Golgi membrane, which avoids the need for Sec14 to provide PI substrate for the PI-

4 kinase, Pik1.59  

Mutation of genes for PC synthesis via the CDP-choline route, the most important 

PC synthesis method in a cell, will lead to a bypass of the Sec14 requirement. However, 

mutation of the PC synthesis route via methylation route has no effect on cell requirement 

of Sec14. This observation can be explained by the Sec14 function as maintaining PI / 

PC ratio in the Golgi membrane.17 In the CDP-choline pathway, PC synthesis is impaired, 

and the need for removing PC from the Golgi membrane by Sec14 can be bypassed.17 
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Considering all these discoveries, fresh ideas concerning Sec14 specifically and 

PITPs function in general, are required. A promising alternative perspective is described 

by the “nanoreactor” models of PITP function.23 

1.3.2 Presentation (or Nanoreactor) model 

PI-4-OH kinases are inefficient interfacial enzymes because they poorly recognize 

PI as a substrate in the membrane. Enzyme inefficiency can be due to the lack of subunits 

that are essential to enzyme activity. The intrinsic inefficiency of PI 4-OH kinases is solved 

by the assistance of Sec14 to maintain physiologically sufficient activities. Sec14 will also 

provide significant advantages for regulating lipid signaling.15 Thus, Sec14 may serve to 

connect membrane trafficking with intracellular signaling pathways. The dual function of 

Sec14 gives them new descriptions as elements of nanoreactors for PIP synthesis.15 

Based on the nanoreactor model, Sec14 are involved in the mechanism that 

makes the phosphatidylinositol molecules a better substrate for the phosphatidylinositol 

kinase in the phosphorylation process. In other words, Sec14 increase the activity of 

phosphatidylinositol kinase.23, 29, 53 This mechanism relies on the lipid exchange 

characteristic of Sec14. Therefore, PITPs binding ability to another lipid, 

phosphatidylcholine in this case, is essential for this process. The difference between the 

binding regions of the two phospholipid molecules with the Sec14 will lead to the capability 

of the protein to bind/exchange to PI and PC. The head group of PC binds to the deeper 

part of the Sec14 hydrophobic pocket while the inositol headgroup of PI binds to a region 

close to the protein surface. These distinct but overlapping sites of lipid binding are 

essential features of the presentation mechanism.23, 29, 53 When Sec14 PITPs containing 

PC reach a PI-containing membrane, the PI molecule wants to interact with the PITP’s 
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hydrophobic pocket. During this heterotypic exchange reaction (the protein swaps PC for 

PI and PI for PC over and over) a series of abortive incorporations of PI into Sec14 

hydrophobic pocket occurs. This is mainly due to the fact the PC egress from the Sec14 

lipid-binding pocket is much slower than the PI. In each abortive lipid exchange, there is 

a time that PI molecule is trapped in a transitory state between the membrane and the 

PITPs' hydrophobic pocket. So, the PI molecule, which is neither fully bilayer-incorporated 

nor incorporated in the Sec14 lipid-binding pocket may provide a superior substrate for 

the enzymes that have poor  interfacial activity like PI4K.23, 29, 53 

In a lipid transfer model, there is one cycle of lipid exchange, while in the 

presentation model, this cycle is incomplete, so any PI molecule that is successfully 

incorporated into the Sec14 binding pocket could not be a substrate for phosphorylation 

by the kinase.23 

Sec14 is unable to stimulate PI kinase activity without the presence of a sufficient 

amount of PC in a cell since PC molecules are essential for heterotypic exchange 

reaction.15 So, there is a correlation between PC biosynthesis and PIP signaling.15 As PC 

levels rise through CDP-choline biosynthetic pathway, Sec14 is activated for heterotypic 

PC/PI exchange, which stimulates PI 4-OH kinases to produce PI(4)P.15 Increased level 

of PI-4-phosphate promotes vesicle budding from TGN/endosomes, which consume DAG 

supplies that are involved in PC synthesis (Figure 1-7).15 
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Figure 1-7 - Sec14 and its associated lipid metabolism. Figure is reprinted with permission.15 

As can be seen in figure 1-7, PC synthesized from the CDP choline pathway is 

used for heterotypic exchange by Sec14. Sec14 will transfer PC to the Golgi to exchange 

for PI during the heterotypic exchange reaction. Sec14 presents PI to Pik1 to produce 

PI(4)P that is involved in promoting vesicle budding. Diacylglycerol (DAG) is also needed 

for vesicle budding. As DAG is the substrate for Cpt1 in PC synthesis, by decreasing DAG 

pools, the PC synthesis will decrease.15  

1.4 Bolalipids  

Normally, lipids like phospholipids or glycolipids are monopolar; composed of one 

polar head group, and two nonpolar tails.63 Bolalipids are formed when the tails on two 

conventional lipids form a covalent bond with each other. The name of these dimeric 

molecules is given from ancestral weapon “bolas”, which is a rope with two weights at 
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each end.64 Bolalipids can be cyclic or acyclic based on how the tails are connected. In 

acyclic bolalipid, only one of the tails is connected, while in cyclic bolalipid, both tails are 

connected, as shown in figure 1-8.65 Bolalipids can be found in the membrane of certain 

species of archaea such as thermoacidophiles. Bolalipid will give these species notable 

stability against harsh living conditions.66 Bolalipids can be incorporated into bilayers with 

classical monopolar phospholipids and be used for a variety of applications. Bolalipids 

can either be synthesized or obtained from natural sources such as isolation from 

archaeal lipids. The natural resource approach is expensive since it is difficult to obtain 

the lipids in the pure form. The alternative is to synthesize bolalipids and methods for this 

have been developed in recent decades.65 The first artificial bolalipids were produced by 

Kakinuma et al.67, which was the analogue of archaeal membrane lipid.67 A variety of 

single or double chain bolalipids have since been synthesized.68  

 

 

 

 

Figure 1-8 - Schematic of Bolalipid orientations. Figure is reprinted with permission.65 

There are two conformations for bolalipids: O-shaped and U-shaped. In the O-

shaped conformation, polar heads of bolalipid are located in a trans position with a head 

group occupying both leaflets of the lipid bilayer; while in U-shaped conformation, polar 

heads are at the same leaflet.66 Several studies indicated that extracted bolalipids from 
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archaebacterial membranes prefer O-shaped conformer to form a monolayer 

membrane.69 Solid-state 2H NMR spectroscopy is a powerful technique to study 

membrane structure and dynamics.70 This technique has been used to determine the 

relative population of preferred conformation of bolalipids. The study of C28 bolalipids 

shows the relative O-shaped population to U-shaped is 9:1.71 Bolalipid configuration in 

the bolalipid-monopolar lipid mixture depends on concentration of bolalipid. In bolalipid-

reach phase the majority of bolalipid conformation is O-shaped, while in monopolar lipid-

rich phase the majority of  bolalipid conformation is U-shaped.71 

Given natural bolalipids are rare and difficult to extract, and few synthetic bolalipids 

analogues are available, computer simulations offer an effective and low cost method to 

study them.65 Bulacu et al.65 performed self-assembly simulation by molecular dynamics 

(MD) simulations to study preferred conformations of bolalipids. The bolalipids are 

modeled as di-DPPC (dipalmitoyl phosphatidylcholine) lipids connected either at one pair 

of chains (acyclic di-DPPC) or at both pairs (cyclic di-DPPC).65 The results show that 

trans conformation is more preferred than U-shaped conformation and the fraction of 

trans conformers is related to the linker flexibility. As the flexibility of the linker is 

increased, the ability of bolalipid to bend and adopt a U-shaped configuration is increased. 

This is more visible when the cyclic bolalipid is used.65 

 Bolalipids have applications in various fields such as drug delivery, gene delivery, 

template for fabrication of nanomaterials, electronics, sensors, medical imaging, catalytic 

reactions, membrane.72 
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1.4.1 Previous Applications of Bola-amphiphilic Probes  

In 1988, Runquist 73 synthesized the bis-phosphatidylcholine, a dimeric 

phospholipid comprised of two glycerophosphocholines linked together by a disulfide 

bond at the terminal ends of the sn1 fatty acyl chains (Figure 1-9).73 This bola-PC was 

used as probe to investigate the catalytic activity of phosphatidylcholine transfer protein.73 

Vesicles that are formed from this bola- PC were about six times larger than the normal 

PC vesicles. This can be explained by the inability of bola- PC to compose small 

monolayers with a highly curved structure.73 This bola- PC could bend at the disulfide 

function, so both the trans and cis conformations of bola- PC were observed in the 

membrane. This study showed that the bola-PC was not a transferable substrate for PC 

transfer protein supporting the earlier observation that claimed the binding site of PC 

transfer protein has space for only one PC molecule.73-74 

 

Figure 1-9 - Structure of 1-(17.18-dithiathetratriacenotandioyl)-bis(2-hexadecanoyl-sn-glycerol-3-
phosphocholine). 

Studies of biomembranes is challenging because of their heterogeneous and 

insoluble nature. Photoaffinity labeling is a promising alternative to other analytical 

methods such as X-ray crystallography and NMR analysis to study biomembrane 

proteins, lipid-protein interactions and dynamic processes such as ligand binding, ion-

channel gating, signal transduction, cell adhesion and other biological events occurring 
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in biomembranes.75 It is possible to label the hydrophobic part of the membrane 

regioselectively because of the spanning nature of the bolalipids.75 Since bolalipids can 

span the membrane, the photosensitive groups located in the middle of the fatty acyl 

chain can be in the center of hydrophobic biomembrane. This is not the case for the 

normal fatty acid chains that can easily fluctuate especially in thermal conditions.75 

In 1993, Delfino76 introduced a photochemical probe named DIPETPD.76 Bis-

phosphatidylethanolamine (trifluoromethyl) phenyldiazirine (DIPETPD) is a long chain 

bipolar phospholipid with a photolabeling group (trifluoromethyl) phenyldiazirine (TPD) in 

the center (Figure 1-10).76 The synthesized probe could span the membrane for labeling 

deep regions of the hydrophobic core in the membrane. Distribution of trans and cis 

conformation of DIPETPD was roughly equal because of the flexibility of the TPD group.76 

In both cases, the TPD group was in the middle of a lipid bilayer. Because of the “double 

anchor” nature of the DIPETPD, its exchange between membranes does not occur 

easily.76  

 

Figure 1-10 - Structure of Bis-phosphatidylethanolamine (trifluoromethyl)phenyldiazirine. 

Xia75 reported the synthesis of similar photoactivable bola-phospholipids to 

biomembranes in a photolabeling in 2013.75 This probe contains a tetrafluorophenylazido 
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moiety  as a chromophore and photoreactive group at the center of the diacyl chain and 

forms stable and uniform massive vesicles (ranging from 10 to 30 microns), which are the 

exceptional features of bola-lipids.75 Spanning the mentioned probe across the lipid-

bilayer could regioselectivity label the biomembrane core and avoid the non-specific 

labeling of the lipid–water interface region.75 

 

Figure 1-11 - Structure of Photoactivatable phospholipid probes. 

 Another area of interest where bola-lipids could play a part is in the study of lipid 

dynamics. Flip-flop is one of the lipid movements in the bilayer in which the lipid is 

transferred from one leaflet of the bilayer to the other in the same bilayer. This lipid 

behavior is modulated by many factors, including the structure of the head group, the 

chain length of the alkyl groups, the connecting function of alkyl chain-head group, and 

chain unsaturation.77 In this regard, Moss 77 reported the synthesis of a bolaamphiphilic 

probe to study this behavior.77 This bola-lipid contains fluorescent groups that could be 

detected when the lipid is hydrolyzed. This process will produce p-nitrophenyl benzoate 

esters in pH 8 buffers that could be monitored by NMR spectroscopy at 400 nm. Under 

these conditions about 40% of bolalipids in the membrane had taken U-shaped 

conformations with both head groups in the outer leaflet of the membrane as expected 
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from the larger size of bolaamphiphilic head groups compared to normal lipids and from 

lack of rigidity in the hydrocarbon chain. The existence of rigid units in the middle of the 

hydrocarbon chain avoids the U-shaped form of bolaamphiphiles.77 

 

Figure 1-12. Structure of fluorescent Labeled Bolaamphiphilic Probe. 

1.5 Monitoring kinase activity 

There are a variety of assays to characterize enzymatic properties of lipid kinases 

in vitro. Phosphorylation of lipid is the process in which phosphate group transfer from the 

adenosine triphosphate (ATP) to lipid and adenosine diphosphate (ADP) is produced. 

Monitoring changes in ATP and ADP is one of the ways to track this process.  

To study the effect of Sec14 on Pik1 activity, the conversion of ATP to ADP will be 

detected in-vitro with the use of the Transcreener ADP2 kinase assay developed by 

BellBrook Labs.78 In this assay, a highly sensitive antibody is conjugated to IRDye® QC-

1 quencher, and an ADP Alexa Fluor® 594 Tracer is used as the fluorophore. During lipid 

kinase activity, ATP is consumed, and ADP is produced. Produced ADP displaces the 

ADP from the Alexa Fluor® 594 Tracer on the antibody. Released ADP Alexa Fluor® 594 

Tracer is no longer quenched with IRDye® QC-1 quencher. This results in an increased 
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fluorescence intensity that can be detected by fluorescence readers. So, by using this 

method,  the ADP that is produced during the kinase reaction can be measured.78 

 

 

 

 

Figure 1-13. Schematic of the Transcreener ADP2 kinase assay.78 

The change in fluorescence activity can be demonstrated in the fluorescence-time 

profile. To determine the effect of Sec14 on Pik1 activity on PI phosphorylation, an assay 

containing only Pik1 will be tested. In this assay, it is expected to see little fluorescence 

activity due to the expected low enzymatic activity. In another assay, Sec14 will be added, 

and if the protein makes this process more efficient, it should increase the fluorescence 

intensity more rapidly. This is due to the Sec14 ability to present PI as a better substrate 

to pik1, which results in an increased rate of phosphorylation and ADP production. We 

are expecting the fluorescence profiles to resemble those presented in Figure1-14, for 

this assay.  

 

 

 

 

fluorescence activity 
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Figure 1-14 - Fluorescence intensity-time profile. 

It should be noted that these assays are not part of objectives of this study. Assays 

are under development in the Atkinson’s group and the diagram in Figure1-14 is just a 

sketch to illustrate our hypothesis. 

1.6 Project overview 

Although genetic and biochemical evidence validate Sec14 assistance in lipid 

metabolism79, the direct molecular level evidence does not exist to prove the mechanism 

of Sec14 as a PI-presenter protein for Pik1 enzyme activity. As a test of the function of 

Sec14, we suggested making a form of the PI-substrate that cannot be accepted by 

Sec14 to be presented to Pik1 for phosphorylation. Bola-PI can be used for this purpose, 

since it has two polar head groups. It is expected that when one head group of the bola-

PI is lifted from the membrane by Sec14, the other polar headgroup will resist entering 

the hydrophobic core of the bilayer. As a result, the inositol headgroup of the bola-PI will 
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not be accessible for Pik1 phosphorylation activity. This will lead to a decrease in the Pik1 

enzymatic activity. 

An excellent test of the Sec14 presentation model is to turn a good substrate into 

a bad one or vice versa for Pik1 in the middle of the enzyme assay. The goal is to show 

that phospholipids that cannot be extracted/presented from the membrane by either 

Sec14 or Pik1 are poor substrates. This would provide evidence that Sec14 can assist 

the kinase action and thus expand its presently understood role as a simple transfer 

protein.  

To achieve this goal, we need to generate substrates that can begin as monomers 

and then be made to crosslink. We have designed phospholipids that can be coupled to 

each other to make bolalipids under the proper chemical conditions. The conversion of 

the good substrate to the bad one can easily be detected through changes in the 

fluorescence activity in the enzyme assays as explained in section 1.4.  

To test the function of Sec14, we need the PI analogues that can be used in the 

enzyme assay. These PI analogues are embedded in the lipid bilayer membrane and can 

be converted to bad substrates by changing the chemical environment. This process 

could happen in presence of Sec14 and Pik1 during the enzyme assay (Figure 1-15). 

The synthesis of bola-PI was attempted by one of the former students of Atkinson’s 

group. This synthetic method is outlined in Figure 1-16. Due to the challenges of making 

PI analogues, we decided to take the easier approach of PC analogues synthesis as a 

proof of concept. 
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The objective of this work is to synthesize PC analogues containing terminal alkyne 

and azide functional groups. The click-compatible PCs can crosslink through Huisgen 

cycloaddition reaction by forming the triazole ring in the presence of copper ions as the 

catalyst. By making a functional PC analogue and inserting these PC analogues into the 

lipid bilayer, we are going to make a model system to test the bola-PC production and 

examine the rate of bola-PC formation. 

Future work will be to generate PI analogues from the PC analogues, using the 

phospholipase D (PLD), if the chemical reaction is fast enough. Enzyme assay 

experiments will be possible by PI analogues in hand. 
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Figure 1-15- Schematic of turning a good substrate to a bad one. (A) Sec14 lifts the PI from the 
membrane to present it to Pik1 to be phosphorylated. (B) formed triazole ring as a product of click 

chemistry attach two PI molecules that results in making bolalipid. Sec14 cannot extract bolalipid from the 
membrane since the polar head group resists entering to hydrophobic part of the membrane. 

Consequently, cannot be detected by Pik1 to be phosphorylated.  
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Figure 1-16- Proposed synthesis of PI bolalipid.80 
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 Result and Discussion 

2.1 Synthetic objectives 

The synthetic methods that are used in this project are outlined in Schemes 1, 2, 

and 3. The first objective of this work, outlined in Scheme 1, was to synthesize fatty acids 

containing a terminal azide or alkyne functional group. The second objective, outlined in 

Scheme 2, was to synthesize an analogue of phosphatidylcholine (PC) that incorporates 

the new fatty acids. Scheme 3 presents the third objective of this study, which was to 

synthesize bola-PC analogue in solution and vesicles’ lipid bilayer. 
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Scheme 1 - Synthesis of fatty acids containing terminal azide (4), alkyne (6). 
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Scheme 2 – Synthesis of PC analogues (9) and (10). 
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Scheme 3 - Synthesis of bola-PC analogue (11). 
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2.2 16-Hydroxyhexadecanoic acid (2) 

 

Scheme 4 - Synthesis of 2. 

16-Decanolide (1) was used as the starting material to make functional fatty acids. 

16-Decanolide is a lactone that undergoes ring-opening under basic hydrolysis conditions 

with sodium hydroxide solution. In one attempt 16-hexadecanolide was dissolved in 

ethanol in the presence of NaOH solution and refluxed for 2 hours. Then HCl was added 

to the mixture and was left in the fridge (4℃) to be crystallized.81 However, crystal 

formation was not observed. In another attempt toluene was used as the solvent and 

tetrabutylammonium hydrogen sulfate (TBAHS) as the phase transfer catalyst in this 

reaction. The conversion was not sufficient within the 6 hours of reaction time that was 

reported in literature.82 Therefore longer time (30h) was used to increase the yield of the 

reaction. The product was an insoluble white solid, which first was acidified and then 

filtered off from the solvent system. The formation of compound (2) was visualized on 

TLC plate stained with 10% H2SO4 in MeOH. The purification of compound (2) was not 

necessary since the unreacted lactone can also be used to synthesize compound (3). So, 

compound (2) was used in its crude form to generate compound (3).  
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2.3 16-Bromohexadecanoic acid (3) 

 

Scheme 5 - Synthesis of 3. 

As the starting point, the synthesis of 16-bromohexadecanoic acid was attempted 

using a direct reaction from the 16-decanolide (1).84 However, the yield of this reaction 

was too low. 16-Hydroxyhexadecanoic acid was converted to 16-bromohexadecanoic 

acid to facilitate the nucleophilic substitution reactions. Hydrogen bromide was used as a 

source of bromine in the presence of acetic acid. The reaction mixture was refluxed for 

three days since the yield was observed to be lower in the shorter periods of time. The 

product was precipitated readily in cold water and separated by filtration.83 The crude 

material was subjected to silica gel column chromatography. A solvent gradient of 10:1 

to 6:1 (hexane/diethyl ether) eluted compound (3) just before unreacted starting material 

with an overall yield of 70%. The successful synthesis of compound (3) was confirmed by 

NMR and MS.  

2.4 16-Azidohexadecanoic acid (4) 

 

Scheme 6 - Synthesis of 4. 
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16-Azidohexadecanoic acid was synthesized by treating bromo fatty acid with 

sodium azide. Azide ion is a strong nucleophile that can undergo an SN2 reaction with an 

alkyl halide. Bromide ion in compound (3) is substituted by azide ion in a polar aprotic 

solvent such as DMF. Three equivalents of sodium azide was used with respect to bromo 

fatty acid, and the reaction mixture was refluxed for 48 hours. DMF was removed using 

rotary-evaporator. Hydrochloric acid was then added to the mixture to create the 

protonated form of the fatty acid. Ethyl acetate was used to extract the azido fatty acid 

from the acidic solution.85 This reaction has a high yield and further purification was not 

needed. This reaction was examined at 60 ℃ and 80 ℃ with no significant difference in 

the resulting yield. Traces of DMF were removed by evaporation under high vacuum. The 

successful synthesis of compound (4) was confirmed by NMR and MS.  

2.5 Octadec-17-ynoic acid (6)   

 

Scheme 7 - Synthesis of 6. 
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A terminal alkyne fatty acid synthesis was accomplished in two steps by 

methodology reported by Graves et al.86 To add a carbon-carbon triple bond, trimethyl 

silylacetylene was used as the source of triple bond. To make the carbon-carbon bond 

between the terminal carbon of the fatty acid and acetylene group, an organo-lithium 

approach was taken. In one attempt, commercially available lithium acetylide 

ethylenediamine complex was used to produce compound (5) following literature 

procedures,86 but product formation was not observed. So, the organo-lithium reagent 

was prepared freshly in the flask of reaction. In this reaction, BuLi was reacted with 

trimethylsilane at -78 ℃ to produce lithium trimethylsilyl acetylide. Due to the moisture 

sensitivity of the reactants, all glassware was oven dried, dry solvent was used and the 

reaction was carried out under nitrogen atmosphere. 

 

Scheme 8 - Synthesis of lithium trimethylsilyl acetylide. 

N,N′-dimethylpropyleneurea (DMPU) was added in the next step as the co-solvent that 

acts as an ion separating agent in this reaction. The DMPU was dried using activated 3Å 

molecular sieves. After preparing lithium trimethyl silyl acetylide, the solution of bromo 

fatty acid in anhydrous THF, was added to the mixture dropwise. Bromo fatty acid was 

dried by evaporation under high vacuum to remove traces of water. 18-(Trimethylsilyl) 

octadec-17-ynoic acid was produced by nucleophilic addition of lithium TMS-acetylide to 

16-bromohexadecanoic acid. The acidic hydrogen of the fatty acid reacts with the 

organolithium reagent first, then the bromide can be attacked by the carbanion of the 
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TMS-acetylide only after all the acidic hydrogen is consumed. So, lithium (trimethylsilyl) 

acetylide was produced and used in higher molar amounts than the bromo fatty acid to 

minimize all the other side reactions. The solution was stirred for 48 hours and, then, 

quenched with HCl. The reaction mixture was extracted with Et2O, washed with brine 

solution, and dried over MgSO4 and filtered. The crude product was subjected to column 

chromatography (Hex/EtOAc, 9:1 + 0.1% acetic acid). Compound (5) eluted as the first 

fraction just before residual bromo fatty acid. 

Finally, trimethylsilyl group was removed under mild basic conditions using K2CO3 in 

methanol. The reaction mixture was stirred for 24 hours at room temperature and then 

the solvent was removed. The residue was dissolved in HCl and extracted with EtOAc. 

The residue was then washed using brine solution and dried over MgSO4 and filtered. 

The product formation was observed by TLC. Column chromatography was used to purify 

the crude material (Hex/EtOAc (9:1) + 0.1% acetic acid) and compound (6) eluted just 

after compound (5).  

2.6 1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (8) 

Lyso-PC is a phospholipid in which only one of the hydroxyl groups on the glycerol 

backbone is acylated. This molecule can be used for acylation on the other hydroxyl group 

to make PC molecules with a desired functional group on one of the acyl chains. The 

synthesis of lyso-PC was accomplished using methods previously described by Fasoli et 

al.87 In this synthesis sn-glycero-3-phosphocholine (GPC) was used as the starting 

material, palmitoyl chloride as acylating agent, and dibutyltin oxide (DBTO) as the 

catalyst. The method consists of the formation of a stannylene derivative (7a) in 2-

propanol followed by an acylation reaction, resulting in the exclusive formation of 1-acyl-
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2-lyso-phospholipid. 2-Propanol was used as the solvent since the non-acylated glycerol 

phospholipid is only soluble in protic organic solvent. Tin-mediated mono-acylation of this 

diol allowed us to achieve high regioselectivity of acylation on sn1 position (95%).87 

 

Scheme 9 - Synthesis of 8. 

sn-Glycero-3-phosphocholine (7) is a diol with one primary and one secondary 

hydroxyl groups. The hydroxyl group on the sn1 position is more reactive than the sn2 

position, so 1-acyl LPC is the more abundant product than 2-acyl LPC. D’Arrigo et al.88 

reported that the tin-catalyzed synthesis of LPC always leads to a single regioisomer.88  
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DBTO can be used either in catalytic or stochiometric amount.87 In this work 

stochiometric amount of DBTO was used. Compound (7) and DBTO were suspended in 

2-propanol and refluxed to form a stannylene ketal (7). The reaction mixture was then 

cooled to room temperature for the second step. Triethylamine (TEA) and palmitoyl 

chloride were added to the mixture and stirred overnight at room temperature. Despite a 

15 minute reaction time that was reported to be enough for 90% conversion,87 a longer 

time was used to increase the yield of reaction. In this work palmitoyl chloride was used 

as the acylating agent at 1.8 equivalents with respect to the starting material to increase 

the yield of reaction.89 The reaction mixture was then treated with water. Heptane was 

used in the next step to extract the catalyst and isopropyl palmitate. Isopropyl palmitate 

is the product of the reaction between excess palmitoyl and the 2-propanol, from the 

mixture. In one attempt hexane was used for the extraction, but the extraction was not as 

successful in comparison with using heptane. Heptane gave much cleaner extraction than 

hexane. Water and alcohol were removed from the mixture using a rotary evaporator and 

lyophilizer respectively. It was not possible to use the rotary evaporator to remove both 

alcohol and water since the mixture would start foaming even in slow and gradual 

increase of vacuum at room temperature. This would lead to loosing of product in rotary 

evaporator. Also, mixture containing alcohol could not be lyophilized since the amount of 

alcohol must be minimal to be able to use the lyophilizer. So, it was important to first 

remove the alcohol from the mixture using rotary evaporator and then to put the mixture 

in the lyophilizer to remove the water. Triethylammonium chloride was the byproduct of 

the reaction that was removed mostly by recrystallization of the crude material. 

Recrystallisation was done using a binary solvent system of ethanol and acetone 
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(EtOH/AcOH,1:4) at -10 °C. The GPC that was observed by UV could not be observed 

after recrystallization. NMR and MS spectra confirmed the synthesis of the lyso-PC.  

2.7 1-Palmitoyl-2-(16-azidohexadecanoyl)-sn-glycero-3-
phosphocholine (9)  

 

Scheme 10 - Synthesis of 9. 

Synthesis of compound (9) was accomplished through coupling of compound (8) 

and compound (4). this reaction was done using the Steglich esterification.90 In this 

reaction 16-azidohexadecanoic acid was used to esterify the sn2 position which was the 

only available hydroxyl group of the lyso-PC. N,N’-dicyclohexylcarbodiimide (DCC) was 

used along with 4-dimethylaminopyridine (DMAP) in order to accomplish this esterification 

reaction. This reaction is sensitive to moisture since water can compete with alcohol for 

the esterification. Molecular sieves (3 Å ) were used to dry the chloroform solvent for this 

reaction and compounds (4) and (8) were put under high vacuum to remove any moisture 

from the samples. Two equivalents of fatty acid to lyso-PC was used in this reaction. 
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Mixing of all reagents was done under nitrogen atmosphere. A glass stopper was used to 

seal the reaction flask while being stirred for 48 hours at room temperature. 

Dicyclohexylurea (DCU) is the biproduct of the reaction of DCC. The majority of DCC and 

DCU were separated from the mixture by filtration and precipitation with cold hexane in a 

-10 ℃ cooling bath of ice and acetone. The cooling bath, in this step, increases the 

efficiency by reducing the time of the precipitation of DCU and DCC. The PC formation 

was detected by TLC using dipalmitoylphosphatidylcholine (DOPC) as the standard. 

Compound (9) was detected on the TLC at approximately same Rf as standard PC. 

Column chromatography was used to purify the product. Although, systems of 

chloroform/methanol or chloroform/methanol/water solvents are reported to be effective 

for this separation, separately, neither of them led to a proper separation of the product. 

The chloroform/methanol system did not elute the product from the column, even using 

high ratio of methanol to chloroform. The chloroform/methanol/water system would elute 

all the products, biproducts, and starting materials together. Therefore, the column was 

first washed with chloroform and then chloroform/methanol (gradient from 95:5 to 75:25) 

to elute the free fatty acid, DMAP, and any remaining DCC and DCU. The 

chloroform/methanol/water system (65:25:4) was, then, used to elute compound (9) from 

the column.91-92 UV light and iodine vapour were used to detect the DMAP and other 

spots, respectively. Existence of starting material, GPC, was observed to lead to 

esterification of an azide fatty acid on both sn1 and sn2 positions (9a). This undesired 

biproduct could be detected on TLC at a higher Rf  just above compound (9). As the Rf of 

(9a) is very close to the compound (9), it was not possible to separate them using column 

chromatography. The more convenient way was to purify the starting material from GPC 
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to avoid formation of compound (9a). So, the remaining GPC was removed from Lyso-

PC (8) by recrystallization. 

 

2.8 1-Palmitoyl-2-(octadec-17-ynoyl) -sn-glycero-3-phosphocholine 
(10)  

 

 

Scheme 11 - Synthesis of 10. 

 

Synthesis of compound (10) was accomplished through the same procedure as 

compound (9). 
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2.9 Synthesis of bola-PC analogue (11) 

 

 

Scheme 12 - Synthesis of 11. 

 

2.9.1 General procedure for click reaction 

Synthesis of compound (11) was accomplished by coupling of compounds (9) and 

(10). This reaction was done through copper-catalyzed azide/alkyne cycloaddition 

(CuAAC). In this reaction copper sulfate pentahydrate (CuSO4.5H2O) and L-histidine 

were used as catalyst and ligand for copper ions, respectively. As the objective of this 

study was to perform click chemistry in the hydrophobic core of membrane bilayer, L-

Histidine was chosen as the ligand. The CuAAC reaction requires copper ions to be in 
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the +1-oxidation state. Sodium ascorbate was used to reduce Cu(II) to Cu(I) in the 

reaction mixture. Sodium ascorbate solution should be prepared freshly just before 

starting the reaction as it can be oxidized by the atmospheric oxygen. Synthesizing 

compound (11) was done in both aqueous and vesicles lipid bilayer. 

2.9.2 Bola-PC analogue in solution 

The first click chemistry to synthesis compound (11) was done in the buffer 

solution. Mono sodium hydrogen phosphate solution with the pH adjusted to 7 was used 

as the buffer. It should be noted that the click reaction can, generally, proceed over a 

broad range of pH values. However, the pH of the buffer solution in this study was 

adjusted to 7, since the neutral pH will lead to the best results for the click reaction.94 

Compound (9) and compound (10) were used at the equivalent amounts. Several minutes 

of sonication was needed to disperse the PC analogues in the buffer solution since both 

compounds (9) and (10) have low solubility in aqueous phase. Copper sulfate and L-

histidine were mixed in separated vials and then the premixed complex was added to the 

mixture. The ratio of L-histidine to copper sulfate was 5 to 1.94 Copper sulfate was used 

at the catalytic amount which was 10 mol% of the compound (10).95 Sodium ascorbate 

was the last reagent that was added to the mixture which initiates the reaction by reducing 

copper (II) ions to copper (I). After adding sodium ascorbate, the color of the mixture 

started to change to yellow which is a good sign of oxidation of ascorbate and production 

of copper(I) ions. Rotator mixer was employed to mix the reaction mixture at room 

temperature. Chloroform/methanol (1:1) was used to extract lipids from the aqueous 

phase. However, this extraction could not go to completion since the chloroform/methanol 

system is partially miscible in water. Therefore, the phase separation will not happen after 
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several rounds of extraction. Formation of compound (11) was confirmed by MS. 1H NMR 

of the residual after extraction showed the only hydrogen on triazole ring at 7.24 ppm just 

beside CHCl3 (solvent) peak at 7.26 ppm. 

 

Figure 2-1 - H NMR spectra of single triazole Hydrogen. 

2.9.3 Bola-PC analogue in vesicles 

Vesicles were used to perform click reaction in phospholipid bilayer environment. 

These vesicles were prepared from 70% egg PCs and 15% compound (9) and 15% 

compound (10). Vesicles were solubilized in sodium hydrogen phosphate buffer solution 

at pH=7. The size of vesicles was controlled by using Avanti Lipid Mini-Extruder 

containing a 100 nm filter. Vesicle preparation was done by Vansh Mehta, MSc student 

in Dr. Atkinson’s group. Click reaction in vesicles was tested at different reaction times of 

1, 6, 24 and 48 hours. In these experiments stochiometric and excess amount of copper 

complex was used. The mixture was colorless at the beginning of the reaction and 

changed to a yellowish color as more ascorbate was oxidized by the copper ions. The 
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mixture was extracted using chloroform/methanol (1:1). Further purification and yield 

calculation were not possible due to the very small scale of this reaction. Bola-PC 

formation was confirmed by mass spectroscopy at 24 and 48 hours of the reaction time 

and using stochiometric amount of catalyst. Bola-PC formation was not observed at 1 and 

6 hours of the reaction time even with excess amount of catalyst. 
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 Conclusions and Future Work 

Phosphatidylcholine (PC) analogues containing terminal azide and acetylene 

functional groups were synthesized. PC analogues were exposed to copper/L-histidine 

complex and sodium ascorbate for CuAAC reaction. The CuAAC reaction was done in 

catalytic amount of copper/L-histidine in the buffer solution. Vesicles containing PC 

analogues and egg-PC at the ratio of 30:70 in buffer solution were prepared, to test the 

reaction in the lipid bilayer environment. CuAAC reaction was tested in the vesicle at four 

reaction timescales of 1, 6, 24, and 48 hours. The bola-PC formation was observed at 24 

hours (and 48 hours) of reaction time in the presence of the stochiometric amount of 

catalyst. However, the bola-PC was not detected after six hours (and one hour) of the 

reaction time even with the excess amount of catalyst. Fast CuAAC reaction is important 

to perform the enzyme assay successfully. The slow formation rate of bola-PC will likely 

make this chemistry inappropriate for use as originally intended by interrupting the 

enzyme assay midway. However, the successful formation of bola-PC gave us standards 

for future works. 

Future work should be focused on the optimization of the reaction condition to 

synthesize bola-PCs as fast as possible. This could include increasing the concentration 

of PC analogues in vesicles, which leads to a higher chance of azide and alkyne to meet 

each other in the lipid bilayer. Increasing the reaction temperature (compatible with the 

enzyme assay condition) could also help since it increases the kinetic energy of lipids 

which leads to a faster coupling reaction.  
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Another alternative that could be used instead of CuAAC reaction would be the 

inverse electron-demand Diels–Alder reaction (IEDDA) for faster bola-lipid formation. In 

this reaction azide functional group is replaced by tetrazine which can react with either 

alkene or alkyne to couple lipid molecules (Figure 3-1).96 In IEDDA reaction, in contrast 

with normal electron-demand Diels-Alder reaction, electron rich dienophile reacts with 

electron-poor diene. The reaction rate of IEDDA is much higher than CuAAC reaction.96  

 

 

Figure 3-1 - Schematic reaction between a tetrazine and a dienophile. Figure is reprinted with 
permission.96 

Another approach as a future work is to turn a bad substrate to a good substrate 

in the middle of the enzyme assay. This can be achieved using a bolalipid containing 

disulfide bond. Disulfide bond in this type of bolalipid can be cleaved to thiol-PC using a 

reducing agent. The advantage of this approach is that the reaction is reversible, and the 

bolalipid can be generated again using an oxidizing agent. 
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Figure 3-2 - Reducible bola-PC analogue. 
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 General Methods 

Reagents were purchased from Sigma – Aldrich, Alfa Aesar and Toronto Research 

Chemicals and used without further purification. All the air and moisture sensitive 

reactions were performed under nitrogen atmosphere. Cooling baths were prepared with 

dry ice/acetone for -78 ºC and ice/acetone for -10 ºC. Thin-layer chromatography (TLC) 

was performed on Merck 0.25 pre-coated silica gel 60 A F-254 on aluminum sheets. TLC 

plate stains were visualized either using a solution of sulfuric acid and methanol (1:9) 

followed by heating, or other approaches such as Iodine powder and UV light. Flash 

column chromatography was performed on silica gel from SiliCycle® SilicaFlash® P60 

(particle size of 40-63 μm, the pore size of 65 Å and pore volume of 0.80 mL/g). 1H and 

13C nuclear magnetic resonance (NMR) spectra were measured using a Bruker Avance 

III HD 400 Digital NMR spectrometer with a 9.4 Tesla Ascend Magnet in deuterated 

chloroform (CDCl3) as a solvent and with residual chloroform as an internal reference. 

Chemical shifts were reported as δ values and coupling constants (J) were reported in 

Hertz (Hz). The following abbreviations were used for a multiplicity of signals: s (singlet), 

d (doublet), t (triplet), q (quartet), m (multiplet), br (broad). FT-Infrared spectra were also 

obtained with a Cary 630 FTIR spectrometers. Mass spectra (MS) were recorded using 

low-resolution electrospray ionization (LRESI) on a Bruker HCT Plus ion-trap mass 

spectrometer using a direct infusion technique and high-resolution electrospray ionization 

(HRESI). 
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4.1 Synthetic Methods 

4.1.1 Synthesis of 16-hydroxyhexadecanoic acid (2) 

 

16-Hexadecanolide (1) (5000 mg, 19.65 mmol) was mixed with aqueous NaOH 

50% solution (17 mL), toluene (25 ml) and tetrabutylammonium hydrogen sulfate (200 

mg, 0.59 mmol). The mixture was refluxed at 95°C for 30 hours. After cooling the mixture, 

the formed precipitate was filtered off, rinsed several times with ether, placed in 200 ml 

of distilled water and acidified to the pH 1 using concentrated HCl. The obtained 

precipitate was filtered off, rinsed several times with distilled water and dried. 82 16-

hydroxyhexadecanoic acid (2) was obtained in the form of white solid.  

Rf: 0.3 (Hex/ Et2O, 1:1) 

MP: 90-91 °C (lit.97 MP: 93-94 °C) 

MS (LRESI-): 271.1 m/z ([M-H] -)  

NMR data are comparable to the reported NMR in the literature.81 

1H NMR: (400 MHz, CDCl3, 25°C) δ 3.64 ppm (t, J = 6.64 Hz, 2H), δ 2.34 ppm (t, J = 7.5 

Hz, 2H), δ 1.63 ppm (m, 2H), δ 1.56 ppm (m, 2H), δ 1.26 ppm (br, 22H). 

13C NMR: (400 MHz, CDCl3, 25°C) δ 179.53 ppm, δ 63.1 ppm, δ 33.7 ppm, δ 32.8 ppm, 

δ 29.5 ppm, δ 29.5 ppm, δ 29.4 ppm, δ 29.3 ppm, δ 29.2 ppm, δ 29.0 ppm, δ 25.7 ppm, 

δ 24.7 ppm.  
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4.1.2 Synthesis of 16-bromohexadecanoic acid (3) 

 

16-Hydroxyhexadecanoic acid (2) (5000 mg, 18.35 mmol) was dissolved in a 

mixture of glacial acetic acid (92 ml) (5.00 mL per mmol of 16-hydroxyhexadecanoic acid) 

and 48% HBr aq. (92 ml) (5.00 ml per mmol of 16-hydroxyoctadecanoic acid). The mixture 

was refluxed at 95 °C for 72 h. The mixture was cooled to 0 °C and filtered, then washed 

with water until the filtrate was no longer acidic.83 The residue was purified by column 

chromatography on silica gel, eluting with Hex/Et2O (gradient from 90:10 to 85:15). The 

appropriate fractions were concentrated to afford the 16-bromohexadecanoic acid (3) as 

a white solid. (Yield: 70 %) 

Rf: 0.4 (Hex/ Et2O, 1:1) 

MP: 68-70 °C (lit.98 MP: 70-71 °C) 

MS (LRESI+): 335 m/z ([M+H] +), 357 m/z ([M+Na] +), 373 m/z ([M+K] +).  

NMR data are comparable to the reported NMR in the literature.83 

1H NMR: (400 MHz, CDCl3, 25°C) δ 3.40 ppm (t, J = 6.88 Hz, 2H), δ 2.34 ppm (t, J = 7.52 

Hz, 2H), δ 1.85 ppm (m, 2H), δ 1.63 ppm (m, 2H), δ 1.42 ppm (m, 2H), δ 1.25 ppm (br, 

20H).  

13C NMR: (400 MHz, CDCl3, 25°C) δ 179.8 ppm, δ 34.1 ppm, δ 34.0 ppm, δ 32.9 ppm, δ 

29.6 ppm, δ 29.6 ppm, δ 29.5 ppm, δ 29.4 ppm, δ 29.2 ppm, δ 29.1 ppm, δ 28.8 ppm, δ 

28.2 ppm, δ 24.7 ppm.  
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4.1.3 Synthesis of 16-azido hexadecenoic acid (4) 

 

16-Bromohexadecanoic acid (3) (712 mg, 2.12 mmol) was dissolved in DMF (3 

mL), and NaN3 (414 mg, 6.37mmol, 3 eq.) was added to this mixture. The mixture refluxed 

at 80 °C for 48 h. Subsequently, the solvent was evaporated and concentrated under 

reduced pressure. Aqueous HCl (20 mL, 0.5 M) was added to the residue and the raw 

product was extracted with EtOAc (3×20 mL). The organic fractions were combined, and 

the solvent was evaporated under reduced pressure.85 16-azidohexadecanoic acid (4) 

was obtained as a white solid. (Yield: 87%)   

Rf: 0.5 (Hex/ Et2O, 1:1)  
 
MP: 44 °C (lit.99 MP: 48-50 °C) 

MS (LRESI-): 296 m/z ([M-H] -), 332 m/z ([M+Cl] -), 593 m/z ([2M-H] -). 

NMR data are comparable to the reported NMR in the literature.85 

1H NMR: (400 MHz, CDCl3, 25°C) δ 3.25 ppm (t, J = 7 Hz, 2H), δ 2.34 ppm (t, J = 7.52 

Hz, 2H), δ 1.61 ppm (m, 4H), δ 1.25 ppm (br, 22H).  

13C NMR: (400 MHz, CDCl3, 25°C) δ 180.1 ppm, δ 51.5 ppm, δ 34.1 ppm, δ 29.6 ppm, δ 

29.6 ppm, δ 29.5 ppm, δ 29.4 ppm, δ 29.2 ppm, δ 29.2 ppm, δ 29.1 ppm, δ 28.8 ppm, δ 

26.7 ppm, δ 24.7 ppm.  
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4.1.4 Synthesis of 18-(Trimethylsilyl) octadec-17-ynoic acid (5) 

 

Trimethylsilyl acetylene (1.44 ml) was added to anhydrous THF (7 ml) in an oven-

dried 2-neck flask under nitrogen at -78 ºC. n-BuLi (6.5 ml, 1.6 M in hexane) was added 

to the mixture, dropwise, and the mixture stirred at -78 ºC for 2 hours. The anhydrous 

DMPU (17ml) was, then, added dropwise to the mixture and stirred for 45 minutes at -78 

ºC. 16-Bromohexadecanoic acid (3) (1000 mg, 2.98 mmol) was dissolved in anhydrous 

THF (33ml) and added dropwise to the mixture at the -78 ºC and stirred for 48 hours at 

the room temperature under nitrogen atmosphere. The reaction was quenched with HCl 

(20 ml, 1M) and then was extracted with ether (8×10 ml), washed with brine solution (3×20 

ml), dried over anhydrous MgSO4, filtered, and concentrated. The crude residue was 

purified by column chromatography, eluting with Hex/EtOAc (90:10) + AcOH (0.1 %) to 

afford the 18-(trimethylsilyl) octadec-17-ynoic acid (5) as white solid.86 (Yield: 46%)   

Rf: 0.6 (Hex/ Et2O, 1:1) 

MS (LRESI-): 351.2 m/z ([M-H] -). 

NMR data are comparable to the reported NMR in the literature.86 

1H NMR: (400 MHz, CDCl3, 25°C) δ 2.35 ppm (t, J = 7.5 Hz, 2H), δ 2.21 ppm (t, J = 7.2 

Hz, 2H), δ 1.63 ppm (m, 2H), 1.51 ppm (m, 2H), 1.26 ppm (br, 22H), 0.14 ppm (s, 9H) 
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13C NMR: (400 MHz, CDCl3, 25°C) δ 179.2 ppm, δ 107.8 ppm, δ 39.9 ppm, δ 29.6 ppm, 

δ 29.6 ppm, δ 29.5 ppm, δ 29.4 ppm, δ 29.2 ppm, δ 29.1 ppm, δ 29.1 ppm, δ 28.8 ppm, 

δ 28.6 ppm, δ 24.7 ppm, δ 19.9 ppm, δ 0.2 ppm.  

4.1.5 Synthesis of Octadec-17-ynoic acid (6) 

 

18-(Trimethylsilyl) octadec-17-ynoic acid (5) (380 mg, 1.12 mmol) and K2CO3 (440 

mg, 3.18 mmol) were added to MeOH (11.6 ml) and stirred at room temperature for 24 

hours. After evaporating the solvent, the residue was dissolved in aqueous HCl (15 ml, 1 

M) and EtOAc (15 ml). The aqueous and organic layers were separated, and the aqueous 

phase extracted with EtOAc (6×10 ml), washed with brine solution (2×10 ml), dried over 

MgSO4 and filtered. The crude residue (250 mg) was purified by columns 

chromatography, eluting with Hex/EtOAc (90:10) + AcOH (0.1 %) to afford octadec-17-

ynoic acid (6) as a white solid.86 (Yield: 66%)  

Rf: 0.5 (Hex/ Et2O, 1:1) 

MP: 69-70 °C (lit.99 MP: 70-72 °C) 

MS (LRESI-): 279.1 m/z ([M-H] -). 

NMR data are comparable to the reported NMR in the literature.86 

1H NMR: (400 MHz, CDCl3, 25°C) δ 2.37 ppm (t, J = 7.5 Hz, 2H), δ 2.18 ppm (td, J = 7.1 

Hz, J = 2.6 Hz, 2H), δ 1.94 ppm (t, J = 2.6 Hz, 1H), 1.7 ppm (m, 2H), 1.5 ppm (m, 2H), 

1.26 ppm (br, 22H). 
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13C NMR: (400 MHz, CDCl3, 25°C) δ 178.9 ppm, δ 84.8 ppm, δ 68.02 ppm, δ 49.4 ppm, 

δ 34.1 ppm, δ 33.8 ppm, δ 30.9 ppm, δ 29.6 ppm, δ 29.6 ppm, δ 29.5 ppm, δ 29.5 ppm, 

δ 29.3 ppm, δ 29.1 ppm, δ 28.8 ppm, δ 28.8 ppm, δ 28.8 ppm, δ 28.5 ppm, δ 26.4 ppm, 

δ 25.6 ppm, δ 24.9 ppm, δ 24.8 ppm, δ 18.4 ppm.   

4.1.6 Synthesis of 1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (8) 

          

sn-Glycero-3-phosphocholine (7) (1000 mg, 3.87 mmol) and DBTO (1060 mg, 4.26 

mmol) were added to anhydrous 2-propanol (43 ml) and refluxed at the 95 ºC for 2 hours. 

After cooling the mixture to room temperature (20 ºC), TEA (1mL, 7.2 mmol) and palmitoyl 

chloride (2.1 mL, 7.2 mmol) were added and the mixture was stirred overnight. Water (40 

ml) was added to the mixture and catalyst was extracted using heptane (6×20 ml). The 

heptane fractions were rejected, and water/alcohol phase was evaporated using rotary 

evaporator and lyophilizer. The residue was dissolved in ethanol (10 ml) and precipitated 

with acetone (40 ml) in -10 ºC cooling bath (acetone+ice). 1-Palmitoyl-2-hydroxy-sn-

glycero-3-phosphocholine (8) was obtained as a white solid. 87 (Yield: 77%)   

Rf: 0.1 (CHCl3/MeOH/NH3, 13:7:1) 

MP: 250-252°C (lit.100 MP: 250-253 °C) 

MS (HRESI+): 496.3397 m/z ([M+H] +), 518.3210 m/z ([M+Na] +), 534.2941 m/z ([M+K] +). 

NMR data are comparable to the reported NMR in the literature.95 
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1H NMR: (400 MHz, CDCl3, 25°C) δ 4.38 ppm (m, 2H), δ 4.1 ppm (m, 2H), δ 3 .96 ppm 

(m, 2H), δ 3.9 ppm (m, 3H), δ 3.4 ppm(s, 9H), δ 2.3 ppm (t, J = 7.6 ppm, 2H), δ 1.6 ppm  

(m, 2H), δ 1.25 ppm (br, 24H), δ 0.9 ppm (t, J = 6.8 ppm 3H). 

13C NMR: (400 MHz, CDCl3, 25°C) δ 173.9 ppm, δ 54.2 ppm, δ 45.8 ppm, δ 34.2 ppm, δ 

29.8 ppm, δ 29.7 ppm, δ 29.6 ppm, δ 29.5 ppm, δ 29.4 ppm, δ 29.3 ppm, δ 24.9 ppm, δ 

22.7 ppm, δ 14.1 ppm, δ 8.6 ppm. 

4.1.7 Synthesis of 1-Palmitoyl-2-(16-azidohexadecanoyl)-sn-glycero-3-
phosphocholine (9) 

 

 

16-Azidohexadecanoic acid (4) (240 mg, 0.807 mmol) was dissolved in anhydrous 

CHCl3 (2 ml) and placed under nitrogen flow. DCC (225 mg, 1.09 mmol) was dissolved in 

anhydrous CHCl3 (2 ml) and added to the solution and stirred for 15 minutes. DMAP (70 

mg, 0.58 mmol) was dissolved in anhydrous CHCl3 (1.5ml) and was added to the solution 

and stirred for 20 minutes. 1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (8) (200 

mg, 0.40 mmol) was dissolved in anhydrous CHCl3 (3 ml) and was added dropwise to the 

solution. Reaction flask was sealed with glass stopper and stirred for 72 hours at room 

temperature. The cold hexane was, then, added to the mixture while placed in -10 ºC 

cooling bath (acetone+ice). White precipitated solid was removed by gravity filtration. The 

crude was purified by column chromatography eluting with chloroform/methanol (gradient 

from 95:5 to 75:25) and chloroform/methanol/water (65:25:4).91-92 1-palmitoyl-2-(16-
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azidohexadecanoyl)-sn-glycero-3-phosphocholine (9) was obtained as a white solid. 

(Yield: 58%)   

Rf: 0.2 (CHCl3/MeOH/NH3, 13:7:1) 

MP: 234-236 °C  

MS (HRESI+): 775.5706 m/z ([M+H] +), 797.5520 m/z ([M+Na] +), 813.5257 m/z ([M+K] +). 

1H NMR: (400 MHz, CDCl3, 25°C) δ 5.2 ppm (m,1H), δ 4.4 ppm (dd, J = 12 Hz, 2.69 Hz, 

1H),  δ 4.3 ppm (m, 2H), δ 4.1 ppm (dd, J = 12 Hz, 7.32 Hz, 1H), δ 3.9 ppm (m, 2H), δ 3.8 

ppm (m, 2H), δ 3.3 ppm(s, 9H), δ 3.2 ppm(t, J = 7 Hz, 2H),δ 2.3 ppm (m, 4H), δ 1.6 ppm 

(m, 4H), δ 1.25 ppm (br, 50H), δ 0.9 ppm (t, J = 6.8 Hz, 3H). 

13C NMR: (400 MHz, CDCl3, 25°C) δ 173.6 ppm, δ 54.5 ppm, δ 51.5 ppm, δ 34.4 ppm, δ 

34.2 ppm, δ 31.9 ppm, δ 29.7 ppm, δ 29.7 ppm, δ 29.6 ppm, δ 29.5 ppm, δ 29.4 ppm, δ 

29.2 ppm, δ 28.8 ppm, δ 26.7 ppm, δ 25 ppm, δ 24.9 ppm, δ 22.7 ppm, δ 14.1 ppm.   

IR: 2918-1cm, 2851 -1cm, 2100 -1cm, 1735 -1cm, 1468 -1cm, 1241 -1cm, 1172 -1cm, 1060 -

1cm, 968.2 -1cm, 817.7 -1cm, 761.3 -1cm, 721.5 -1cm. 

 

4.1.8 Synthesis of 1-palmitoyl-2-(octadec-17-ynoyl)-sn-glycero-3-
phosphocholine (10) 
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Octadec-17-ynoic acid (6) (110 mg, 0.39 mmol) was dissolved in anhydrous CHCl3 

(1ml) and placed under nitrogen flow. DCC (114 mg, 0.55 mmol) was dissolved in 

anhydrous CHCl3 (1 ml) and added to the solution and stirred for 15 minutes. DMAP (34 

mg, 0.27 mmol) was dissolved in anhydrous CHCl3 (1 ml) and added to the solution and 

stirred for 20 minutes. 1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (8) (105 mg, 

0.21 mmol) was dissolved in anhydrous CHCl3 (1.5 ml) and was added dropwise to the 

solution. The reaction mixture was stirred for 72 hours at room temperature. Then, cold 

hexane was added to the mixture while placed in -10 ºC cooling bath (acetone+ice) and 

byproducts was removed by gravity filtration. The crude was purified by column 

chromatography eluting using chloroform/methanol (gradient from 95:5 to 75:25) and 

chloroform/methanol/water (65:25:4). 91-92 1-palmitoyl-2-(octadec-17-ynoyl)-sn-glycero-3-

phosphocholine (10) was obtained as white solid. (Yield: 55%)  

Rf: 0.2 (CHCl3/MeOH/NH3, 13:7:1) 

MP: 239-240 °C  

MS (HRESI+): 758.5672 m/z ([M+H] +), 780.5504 m/z ([M+Na] +), 796.5247 m/z ([M+K] +). 

1H NMR: (400 MHz, CDCl3, 25°C) δ 5.2 ppm (m,1H), δ 4.4 ppm (dd, J = 12 Hz, 2.3 

Hz,1H),  δ 4.26 ppm (m, 2H), δ 4.1 ppm (dd, J =12 Hz, 7.6 Hz,,1H), δ 3.9 ppm (m, 2H), δ 

3.6 ppm (m, 2H), δ 3.3 ppm(s, 9H), δ 2.3 ppm (m, 4H), δ 2.2 ppm(dt, J = 7.1 Hz, 2.6 Hz, 

2H), δ 1.9 ppm (t, J = 2.5 ppm, 1H), δ 1.5 ppm (m, 4H), δ 1.25 ppm (br, 48H), δ 0.9 ppm 

(t, J = 6.8 Hz, 3H). 
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13C NMR: (400 MHz, CDCl3, 25°C) δ 173.69 ppm, δ 68.07 ppm, δ 54.31 ppm, δ 34.33 

ppm, δ 34.17 ppm, δ 31.95 ppm, δ 29.78 ppm, δ 29.70 ppm, δ 29.58 ppm, δ 29.40 ppm, 

δ 29.27 ppm, δ 29.17 ppm, δ 28.81 ppm, δ 28.53 ppm, δ 25.02 ppm, δ 24.92 ppm, δ 

22.71 ppm, δ 18.41 ppm, δ 14.13 ppm. 

IR: 3311 -1cm, 2918 -1cm, 2851 -1cm, 1735 -1cm, 1468 -1cm, 1236 -1cm, 1173 -1cm,1060 -

1cm, 968.7-1 cm, 820.1 -1cm, 760.1 -1cm, 721.2 -1cm. 

4.1.9 Synthesis of bola-PC analogue in solution (11) 

 

1-Palmitoyl-2-(16-azidohexadecanoyl)-sn-glycero-3-phosphocholine (9) (5mg, 

0.006 mmol) and 1-palmitoyl-2-(hexadec-17-ynoyl)-sn-glycero-3-phosphocholine (10) 

(5mg, 0.007 mmol) were suspended in NaH2PO4 solution (1 ml,100 mM, pH=7) in 5ml 

Eppendorf tube. CuSO4.5H2O solution (33 µl, 20 mM) and L-Histidine (66 µl, 50 mM) 

were premixed and added to the mixture. Fresh sodium ascorbate solution (330 µl, 100 

mM) was added to the mixture.94 Closed door Eppendorf was put on the rotator mixer for 

24 hours. The reaction mixture was extracted with CHCl3/MeOH (1:1) and dried to yield 

colorless waxy solid. 1H NMR data is for crude form of (11). 

Rf: 0.9 (CHCl3/MeOH/H2O, 13:5:1) 

MP (crude): 218-220 °C  

MS (HRESI+): 1533.1299 m/z ([M+H] +). 
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1H NMR: (400 MHz, CDCl3, 25°C) δ 7.23 ppm (s,1H), δ 5.2 ppm (m, 2H), δ 4.4 ppm (dd, 

J = 12.0 Hz, 2.8 Hz, 2H), δ 4.3 ppm (m,4H), δ 4.1 ppm (dd, J =12.0 Hz, 7.3 Hz,2H), δ 3.9 

ppm (m, 4H), δ 3.8 ppm (m, 4H), δ 3.36 ppm (s, 18H), δ 2.7 ppm (t, J = 7.5 Hz, 2H), δ 2.3 

ppm (m, 8H), δ 1.6 ppm (br, 12H), δ 1.25 ppm (br, 94H), δ 0.9 ppm (t, J = 6.8 Hz, 6H). 

4.1.10 Vesicle preparation 

Egg-PC (25 mg, 0.033 mmol) was dissolved in CHCl3 (1 ml), compound (9) (13 

mg, 0.017 mmol) dissolved in in CHCl3 (1 ml), compound (10) (14 mg, 0.018 mmol) 

dissolved in in CHCl3. Egg-PC solution (176 µL), compound (9) solution (72 µL) and of 

compound (10) solution (65 µL) were mixed. Then the chloroform was completely 

evaporated using nitrogen flow and followed by putting under high vacuum for one hour.  

The lipids were then resolubilized in the sodium hydrogen phosphate buffer with adjusted 

pH of 7 (4 ml) and left an overnight. Then they were incubated in a 50˚C water bath before 

being extruded using an Avanti Lipid Mini-Extruder containing a 100 nm filter. Once 

extruded, lipids were stored at 4˚C. final vesicle concentration in solution was 2 mM 

containing 70% egg PCs and 15% compound (9) and 15% compound (10).  

4.1.11 Synthesis of bola-PC analogue in vesicle (11) 

 

CuSO4.5H2O solution (15 µl, 20 mM) and L-Histidine (30 µl, 50 mM) were 

premixed and added to the 2ml Eppendorf tube containing vesicles in buffer solution (1ml, 

2 mM). Fresh sodium ascorbate solution (150 µL, 100 mM) was added to the mixture and 
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was put on the rotator mixer for 24 hours at room temperature. The reaction mixture then 

extracted using CHCl3/MeOH (1:1) to yield a compound (11) as a colorless solid.  
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 Appendix 

5.1 1H NMR of 16-hydroxyhexadecanoic acid (2) 
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5.1.1 13C NMR of 16-hydroxyhexadecanoic acid (2) 
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5.2 1H NMR of 16-bromohexadecanoic acid (3) 
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5.2.1 13C NMR of 16-bromohexadecanoic acid (3) 
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5.3 1H NMR of 16-azidohexadecenoic acid (4) 
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5.3.1 13C NMR of 16-azidohexadecenoic acid (4) 
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5.4 1H NMR of 18-(trimethylsilyl) octadec-17-ynoic acid (5) 
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5.4.1 13C NMR of 18-(trimethylsilyl) octadec-17-ynoic acid (5)  
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5.5 1H NMR of Octadec-17-ynoic acid (6) 
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5.5.1 13C NMR of Octadec-17-ynoic acid (6) 
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5.6 1H NMR of 1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine 
(8) 
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5.6.1 13C NMR of 1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (8) 
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5.7 1H NMR of 1-Palmitoyl-2-(16-azidohexadecanoyl)-sn-glycero-3-
phosphocholine (9) 
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5.7.1 13C NMR of 1-Palmitoyl-2-(16-azidohexadecanoyl)-sn-glycero-3-
phosphocholine (9) 
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5.8 1H NMR of 1-palmitoyl-2-(octadec-17-ynoyl)-sn-glycero-3-
phosphocholine (10) 
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5.8.1 13C NMR of 1-palmitoyl-2-(octadec-17-ynoyl)-sn-glycero-3-
phosphocholine (10) 

 

 

 

 

 

  



81 

5.9 1H NMR of bola-PC (11) 
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