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ABSTRACT OF THE DISSERTATION 

 

 

Chemoenzymatic Generation of Lipid Membranes 

By 

 

Satyam Khanal 

Doctor of Philosophy in Chemistry 

University of California San Diego, 2022 

Professor Neal K. Devaraj, Chair 

Professor Michael D. Burkart, Co-chair 

 

The bottom-up generation of lipid membranes from minimal precursors is a key objective in 

synthetic biology research. In living cells, the synthesis of lipid assemblies is ubiquitously coordinated by 

several membrane-bound enzymes. However, these pathways are tough to replicate, owing to the difficulty 

of reconstituting the enzymes in vitro. Lipid membrane synthesis from simple metabolic building blocks 

remains challenging.  
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We demonstrate a chemoenzymatic schematic for lipid membrane generation, utilizing a bacterial 

fatty acid synthase (cgFAS I) to synthesize palmitoyl-CoA in situ from acetyl-CoA and malonyl-CoA as 

precursors. Palmitoyl-CoA spontaneously reacts with a cysteine-modified lysophospholipid via native 

chemical ligation (NCL), generating noncanonical amidophospholipids that self-assemble into micron-

sized membranes. The results demonstrate that combining the specificity and efficiency of a type I fatty 

acid synthase with a selective bioconjugation reaction provides a biomimetic route for the de novo 

formation of membrane-bound vesicles. Utilizing this route, we further investigate the application of non-

amphiphilic, minimal precursor pathway to generate lipid membranes. We explore the use of acetate as the 

carbon feedstock for the chemoenzymatic reaction strategy, generation palmitoyl-CoA in situ and coupling 

it with small molecule head group such as cysteine to form phospholipid analogs. Ubiquitous enzymes 

acetyl-CoA synthetase (ACS) from E. coli was used to generate acetyl-CoA from acetate and human acetyl-

CoA carboxylase (ACC) was used to then synthesize malonyl-CoA from acetyl-CoA. Additionally, cgFAS 

catalyzed the in situ generation of palmitoyl-CoA from acetyl-CoA and malonyl-CoA. Finally, we explore 

the formation of a unique analog of sphingolipid membranes from water-soluble precursors that have 

markedly different biophysical properties to their natural counterparts.  We show that numerous transition 

metal ions, particularly Cu(II), catalyze the selective O-acylation of the biologically occurring single-chain 

amphiphile sphingosylphosphorylcholine using fatty acyl phosphates or thioesters as acyl donors under 

mild aqueous conditions.  

This work demonstrates the value of de novo membrane generation strategies starting from 

minimal, water-soluble precursors. Utilizing such approaches, we can control both the chemical structures 

of the lipid analogs as well as their biophysical properties in aqueous media. This effort contributes towards 

understanding the fundamental requirements for bottom-up generation of lipid membranes, providing 

alternative strategies to those previously shown.
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1. Introduction 

 

1.1 Motivation 

 

An integral part of all living systems is the presence of compartments or boundaries that separate the 

living unit from the outside environment and perform critical functions vital to the proper functioning of 

living systems.1 A form of compartment that we can easily visualize is the skin, which is the outer boundary 

for a lot of organisms, including us humans. The skin is our largest organ, protecting and insulating our 

body, especially our vital organs, from a diverse set of outer forces such as pathogens, UV radiation, excess 

heat and cold, among other things.2 The skin controls what can and cannot enter our body while also 

maintaining homeostasis. Similar to the skin as our macro-boundary, all cells are compartmentalized (which 

we can think of as our micro-boundary). Existing cells utilize phospholipid membranes as the boundary to 

separate themselves from the external environment.3 Membranes define the cell boundary, control exchange 

and transport of materials in and out of the cell, protect and segregate chemical reactions, and maintain ion 

gradients due to their impermeability to ions, among other functions.4 Lipid membranes are extremely 

unique structures that can adopt numerous shapes and sizes depending on the particular requirements of the 

cells. Additionally, lipids can be generated rapidly, and can interact or be coupled with complex biological 

polymers (such as proteins and sugars) that confer transport and signaling functions.5,6 All of these features 

are essential for highly compartmentalized cells to grow and divide.  

In biologically relevant aqueous media, lipids have shown to spontaneously self-assemble into unique 

assemblies depending on the composition of the lipids. Phospholipids in particular assemble into 

membrane-bound structures called vesicles. Since phospholipids are amphiphilic, they self-assemble into 

vesicles in order to segregate the hydrophobic alkyl tails from the aqueous environment while exposing the 

hydrophilic heads to water. This process is driven by the segregation of the nonpolar fatty acyl chains of 

the phospholipid molecules from the aqueous solution to minimize their thermodynamically unfavorable 
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interaction with water molecules. Furthermore, phospholipids are complex amphiphiles and may not have 

evolved without a sophisticated biochemical machinery.7 Previous work has suggested that the membranes 

of the earliest cells were made of single-chain amphiphiles such as fatty acids and fatty alcohols derived 

from geochemical processes and even extraterrestrial sources like meteorites.8 These simple compartments 

are capable of encapsulating prebiotically important molecules and sustaining a few simple biochemical 

reactions.9 Moreover, membrane-forming molecules evolved to be more complex to necessitate the early 

evolution of life. It has been theorized that the phospholipids gave a competitive edge to protocells bounded 

by them.10 The presence of compartments in all forms of life indicates their significance in sustaining far-

from-equilibrium biochemical systems and enabling Darwinian evolution.11,12 Hence, it is vital to gain 

insight into the probable pathways that led to the early biosynthesis of phospholipids and other complex 

amphiphiles. To answer these critical questions about the role of compartmentalization in the evolution of 

life, the complementary methods of top-down and bottom-up synthetic biology explore the role of 

biochemistry in building a unit cell. While top-down synthetic biologists look to build a minimal unit by 

sequentially removing redundant genes in a biological cell,13,14 bottom-up synthetic biologists work on 

using simple chemistries to synthesize components of life and combining them to form life-like matter.13 

Assembling artificial cells from the bottom up is a promising albeit ambitious approach to redefining life 

in chemical terms. The ultimate goal of artificial cell development is not just to explore how life started on 

Earth but also to construct systems that represent models to make sense of ubiquitous biological 

characteristics. In the absence of the limitations of prebiotic conditions, synthetic systems can be controlled 

and manipulated through an extended range of known functional groups and chemistries. Creating and 

assembling cell boundaries from the bottom up provides insight into which physicochemical characteristics 

lead to life-like attributes. 

1.2 In vitro membrane generation strategies 
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In biological systems, membrane-forming lipids are ubiquitously synthesized in the endoplasmic 

reticulum via an enzyme-catalyzed, multi-step process involving several cofactors.15 The diverse 

phospholipid membranes are enzymatically synthesized by membrane-bound acyl-transferases via the de 

novo Kennedy pathway.16 These acyltransferases in part require membranes for correct integration, folding 

and function.17 The fatty acids needed for these biochemical reactions are made by fatty acid synthases 

(FASs).18 These enzymes catalyze these reactions in a highly efficient manner by the modularization of 

reactive domains as well as the use of carrier-mediated substrate shuttling.19 The essential enzymes for 

phospholipid generation pathways are membrane-bound proteins that are difficult to reconstitute in 

functional form in vitro. The necessity of membrane proteins indicates that nascent membranes require pre-

existing membranes for synthesis. Therefore, de novo membrane generation (i.e., the formation of 

membranes without previously existing membranes) is unlikely by reconstitution of native lipid synthesis 

pathways. Additionally, membrane-bound enzyme reconstitution in artificial membrane is an inefficient 

process, as shown by the low yield of synthesized membrane observed in past studies.20,21 For example, 

Martin et. al. show that after incorporating beta-amyloid precursor protein cleaving enzyme (BACE) on 

artificial lipid bilayer surface, the activity of BACE was lower than 16% compared to the native counterpart. 

Typical issues arise from protein stability, proper folding during reconstitution, and correct orientation of 

the protein once integrated.22 For the bottom-up design of an artificial cell, a completely different strategy 

is required. To remove the need for pre-existing membranes, the reactive precursors should not 

spontaneously assemble into membranes but rather react in a chemoselective fashion to form membrane-

forming lipids. This method is known as de novo membrane generation. This approach was inspired by the 

Land's Cycle – a biochemical process used by organisms for phospholipid remodeling.23,24 In this cycle, 

single-chain amphiphiles such as lysophospholipids and fatty acyl-CoA thioesters – react in the presence 

of lysophospholipid acyltransferase (LPLAT).25,26 Membranes have been shown to be reconstituted from 

water-soluble precursors by utilizing the LPLAT activity of solubilized liver microsomal membranes, albeit 

inefficiently. It has been our goal to utilize simple, robust, and high-yielding reactions for this purpose. 
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Owing to the importance of understanding the parameters to set up biomimetic artificial cell systems, 

several groups have explored feasible approaches for the de novo formation of synthetic lipid membranes 

from reactive precursors. Synthetic lipid precursors can react non-enzymatically and assemble into 

biomimetic cell boundaries. By developing mutually compatible bioorthogonal chemistries, multifunctional 

synthetic membranes can be generated. One of the earliest examples based on a bioorthogonal approach 

used the copper(I) catalyzed azide–alkyne cycloaddition (CuAAC) reaction to drive membrane assembly.24 

This system employs a biomimetic coupling reaction to join an alkyne-functionalized lysophospholipid and 

an alkyl azide in the presence of a copper catalyst, which generates a triazole-linked phospholipid analog. 

Neither the alkyne nor azide precursors are capable of forming membranes in aqueous solution, but the 

lipid product, when hydrated, self-assembles to form stable membrane vesicles. Overall, the strategy is 

biomimetic, proceeding in aqueous medium with high specificity and a lack of background reactions.  

Employing a similar strategy, Brea et al. used native chemical ligation (NCL) to chemoselectively 

couple a cysteine-functionalized lysophospholipid and a water-soluble fatty acyl thioester.27 The reaction 

went to near completion under 30 minutes. The amidophospholipids showed physical properties similar to 

their natural counterparts. Brea et al. further showed that histidine ligation (HL) can similarly be utilized to 

generate amide-linked phospholipids.28 The catalytic role of the imidazole ring of a histidine-functionalized 

lysolipid was utilized in particular to drive its coupling to a fatty acyl thioester, leading to unique 

amidophospholipids. The phospholipids thus formed can spontaneously self-assemble into micron-sized 

vesicles. Additionally, the chemoselectivity, and biorthogonality of this approach are key features that make 

it an effective tool for the efficient encapsulation of biomacromolecules like enzymes. Moreover, simple 

but robust chemoselective coupling reactions in mild aqueous media could be utilized to afford 

phospholipids in situ. In recent work, Bhattacharya et. al. also utilized a soluble enzyme FadD10 to activate 

fatty acid tails and generate lipids.29 They used a high-yielding approach for de novo formation and growth 

of phospholipid membranes by forming fatty acyl adenylates that react with amine-functionalized lysolipids 

to afford phospholipids. Adding more precursors needed for lipid synthesis led to the growth of vesicles 
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encapsulating FadD10. Their findings showed that alternate chemistries can produce and maintain synthetic 

phospholipid membranes. These examples let us explore building a diverse toolbox for generating lipid 

membranes chemically.  

1.3 Lipid formation from minimal precursors 

 

In the given examples, the starting precursors are amphiphilic in nature. With these approaches, we 

can only get a partial picture of how lipids were generated. But in order to get a better idea, we need to start 

with even simpler, non-amphiphilic precursors. A key goal of lipid chemists is to reiterate the self-assembly 

of lipid analogs from simple, water-soluble precursors in an artificial cell system. If we think back to early 

protocells, complex biomolecules such as single-chain amphiphiles (fatty acids and monoacylglycerols), 

lipids and multi-domain enzymes were not present. To understand how these protocells evolved to the 

systems we see now, we need to deduct possible mechanisms of such evolution, starting from very minimal 

precursors and building up macromolecular assemblies. Recent examples from the Sutherland, Szostak and 

Powner groups have explored the formation of nucleotides, amino acids and lipids from activated, 

prebiotically plausible precursors.30–32 These prebiotic building blocks, in turn, can be synthesized in 

complex reaction mixtures.33–35 Moreover, utilizing cyanamide and imidazole as catalysts, a dried film of 

ammonium palmitate was reacted with glycerol at high temperatures to generate monopalmitoylglycerols, 

dipalmitoylglycerols and tripalmitoylglycerols.36 Additionally, condensation reactions of lipids can 

similarly occur under hydrothermal conditions. For instance, monoacylglycerols, diacylglycerols and 

triacylglycerols have been made from various medium-chained fatty acids (ranging from C7 to C16) and an 

excess of glycerol under aqueous conditions. Purified monoacylglycerol products can form protocellular 

membrane structures after rehydration. The Deamer group suggested that phospholipids could be 

synthesized in evaporating tide pools containing glycerol, phosphate and cyanamide on hot sand under wet–

dry cycling conditions, simulating a hydrothermal pool scenario of protocell formation. They were able to 

show that ether monoglycerols can be synthesized under wet-dry cycling only when dried completely. The 

resulting ether monoglycerol, was then mixed with various phospholipid precursors as well as clay, 
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generating low yields of phosphatidic acid, phosphatidylglycerol and phosphatidylglycerol phosphate.37 

Using alternative precursors, Oró and colleagues got yields of up to 45% of phosphatidic acid and other 

phospholipids under aqueous conditions evaporated to dryness.38 Furthermore, phosphatidylcholine, one of 

the major phospholipids in eukaryotic cell membranes, was produced in a dry film of phosphatidic acid and 

choline in the presence of cyanamide.39 Following up on this, two additional phospholipids, 

dioleoylphosphatidic acid (DOPA) and dioleoylphosphatidylethanolamine (DOPE), were abiotically 

generated from a racemic mixture of dioleolglycerol (phosphorylated in the presence of cyanamide or urea) 

and ammonium dihydrogen phosphate respectively, by evaporating the reaction mixtures to dryness.40 The 

crude products, containing 30 to 60 mol% DOPA, formed stable giant vesicles that are able to encapsulate 

the water-soluble dye calcein. While these approaches are novel and based on minimal precursors, the 

reaction conditions are more indicative of the early earth with high temperatures. If we aim to understand 

alternative pathways using simple precursors in mid aqueous conditions comparable to more recent earth, 

we need to find approaches that depend on simple reactions that can be done under physiological conditions. 

1.4 Fatty Acid Synthases (FASs) 

 

Lipids consist of fatty acid units as their tails and fatty acids are primarily made by fatty acid 

synthases (FASs). FASs are ubiquitously found in all organisms and are theorized to be the steps of very 

ancient biochemical pathways.41 The basic attributes of the FAS pathway, i.e., its fundamental chemical 

reactions and the identity of the respective component enzymes, were explicated more than three decades 

ago.42–45 Evolutionarily speaking, numerous functionally differentiated FAS variations as well as a large 

family of FAS-related enzymes have been made which generate, by minor alteration of the FAS pathway, 

a broad spectrum of natural compounds. These FAS structural variants can be divided into three general 

classes. The first class consists of the dissociated type II FAS systems, which occur in most bacteria and in 

the organelles of procaryotic descent, such as mitochondria and chloroplasts. The constituent enzymes of 

type II fatty acid synthases are separate proteins which are encoded by a series of distinct genes. The 

individual FAS component enzymes are ac(et)yltransferase (AC), malonyl/acetyl- or malonyl/palmitoyl-
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transacylase (AT, MPT), ketoacyl synthase (KS) ketoacyl reductase (KR), dehydratase (DH), enoyl 

reductase (ER), acyl carrier protein (ACP), and thioesterase (TE). The activities of AT and TE domains and 

those of the MPT domain are mutually exclusive and rely on the particular FAS system. The majority of 

cellular fatty acids generate via type II FAS typically contain 14–18 carbon atoms. In contrast to type II 

FASs, type I FASs are highly integrated multi-domain enzymes, which contain the numerous catalytic 

activities of the reaction sequence as discrete functional domains, either on a single polypeptide chain or, 

sometimes, on two different multifunctional proteins of similar size. Type I FASs are typically found in the 

eukaryotic cytoplasm42,46 and, as a notable procaryotic exemption, also among the mycolic acid producing 

subgroup of the Actinomycetales.47 The type I systems may be further subdivided corresponding to the 

domain organization of the multifunctional proteins and, concurrently, according to their subunit 

stoichiometry. Microbial type I FASs are hexamers with a domain sequence of AC-ER-DH-MPT/ACP-

KR-KS forming either α6β6 (fungi) or α6 (bacteria) oligomers (type Ia).48 On the other hand, animal FASs 

are α2 dimers with the domain sequence KS-AT-DH-ER-KR-ACP-TE (type Ib).18  

Despite there being substantial differences in the molecular structures of FASs from several 

sources, the reaction mechanism of de novo fatty acid synthesis is essentially the same in all living systems. 

Fatty acid biosynthesis is started by the AT, loading the acyl primer, typically acetate, from coenzyme A 

(CoA) to a specific binding site on FAS. By the end of the cycle, termination of chain elongation occurs by 

removing the product from FAS either by transesterification to the correct acceptor or by hydrolysis. The 

respective enzymes are generally MPT and TE. The reaction sequence between initiation and termination 

entails the elongation of enzyme-bound intermediates by numerous iterative cycles of a distinct set of 

reaction steps. Each cycle comprises of malonyl-transacylation from CoA to the enzyme by AT, 

condensation of acyl-enzyme with enzyme-bound malonate to 3-ketoacyl-enzyme by KS, reduction of the 

3-keto- to the 3-hydroxyacyl intermediate by KR, dehydration of 3-hydroxyacyl enzyme to 2,3-trans-enoate 

by DH, and, finally, reduction of the enoate to the saturated acyl-enzyme by ER. A key role in substrate 

binding, processing of intermediates, and communicating of intermediates between the various catalytic 
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centers of FAS is performed by the prosthetic group, 4′-phosphopantetheine. This cofactor is covalently 

bound to a specific serine hydroxyl group of the ACP domain or, depending on the FAS system, to the ACP 

component of FAS. In some bacteria, the iterative sequence of elongation cycles may be interrupted, at a 

chain length of 10 carbons, by one cycle involving an intrinsic isomerase converting the 2-trans- into the 

3-cis-decenoyl intermediate, which is subsequently not reduced but further elongated to long-chain 

monounsaturated fatty acids.49,50 

An essential characteristic of every FAS is the specificity of its chain termination reaction, which 

defines both the chain length and the acceptor of the FAS product. In Escherichia coli, long-chain fatty 

acids are transacylated by specific glycerol phosphate transacylases from acyl-ACP directly to the 

membrane phospholipids. In contrast, certain shorter-chain intermediates may be diverted from the 

elongation process for other reactions such as lipopolysaccharide or coenzyme biosyntheses.50 The type I 

FASs of yeast, mycobacteria, corynebacteria, and Euglena use an integral palmitoyl transferase activity for 

transacylation of palmitate from the enzyme to CoA.42,47 Animal FAS, on the other hand, releases its 

products as free fatty acids after hydrolysis by an intrinsic thioesterase.51,52 Additionally, the chain length 

of FAS products is undoubtedly an inherent property of every individual enzyme, even though the structural 

basis for this characteristic continues to be obscure. Depending on the particular organism and FAS system, 

the chain lengths of FAS products may vary over a wide range. For instance, Mangelsdorf group showed 

that the cell membrane fatty acid composition of Chryseobacterium frigidisoli PB4T changes in response to 

change in temperature as well as pH conditions.53 

1.5 Type I FASs in Bacteria 

 

The bacterial type I FAS enzyme has been isolated and purified from several mycobacterial 

strains47,54,55 and from C. ammoniagenes.56 In all of the cases, the purified enzymes were hexamers of 

identical subunits combining the entire set of catalytic FAS domains within a single polypeptide chain. 

Isolation and sequencing of the respective genes showed a domain organization of these multifunctional 

FAS proteins which was similar to a head-to-tail fusion of the yeast FAS subunits β and α.55,57,58 Thus, the 
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microbial type I FASs, on the one hand, and animal FAS, on the other, represent different patterns of 

intramolecular and supramolecular organization. The size of the bacterial FAS subunits, containing about 

3,000 amino acids, was in between those of animal FAS (about 2,500 amino acids) and the αβ dimer of 

yeast FAS (3,940 amino acids). Contrasting with the yeast FAS, the bacterial apoFAS activating 

phosphopantetheine transferase is encoded by a separate gene rather than being integrated into the FAS 

protein.58,59 Even though this PPT gene is closely linked to the FAS-B reading frame in C. ammoniagenes, 

its product obviously functions as an independent enzyme activating both cellular FAS proteins, FAS-A 

and FAS-B.60 Similarly, it appears that a single PPT coding sequence in the M. tuberculosis genome is 

sufficient for the activation of all pantetheinylated cellular proteins. Corynebacterium glutamicum, in 

particular, is used for the large-scale production of L-glutamate and L-lysine, currently produced in amounts 

of 1.2*106 and 6*105 tons per year, respectively.61 It is established that the lipid content of C. glutamicum 

influences the amino acid excretion properties of this organism.62 For example, an altered phospholipid 

composition of C. glutamicum, as done by overexpression of the cardiolipin synthetase gene cls, results in 

enhanced L-glutamate excretion.63 Moreover, from studies with Mycobacterium species, we know that the 

outer lipid layer, comprising largely of mycolic acids bound to trehalose and the arabinogalactan polymer, 

contributes substantially to the flux properties of the cell envelope.64 

1.6 Acetate as Carbon Feedstock for Membrane Formation 

 

Following up on examples where simple chemical precursors were utilized to build a more complex 

phospholipid membrane system, we wanted to explore more avenues to build an artificial cell system 

starting from non-amphiphilic precursors. A novel and innovative approach would be to generate lipid 

membranes from simple, highly abundant and biologically relevant carbon feedstock such as acetate65 and 

ubiquitous amino acids such as cysteine.66 Using acetate as a carbon feedstock denotes a major departure 

from previous approaches. Moreover, from the point of view of bottom-up synthesis of de novo membranes, 

starting from acetate as feedstock and the sole source of carbon would be a stupendous achievement that is 

unexplored until now. Additionally, these simple precursors are membrane permeable and utilizing them 
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as a feedstock for lipid synthesis would avoid the detergent effect associated with single-chain amphiphilic 

precursors. However, efficiently generating long acyl chains from two-carbon precursors is extraordinarily 

challenging. Previously established systems either need high temperature and chemical reactants or they 

need a continuous addition of long-chain amphiphilic species to sustain the lipid formation. To date, there 

are no examples of such processes, and nearly all studies with synthetic membranes use preformed lipid 

species. In chapter two, we show a partial chemoenzymatic approach for generating synthetic phospholipid 

membranes from simple metabolic precursors. Instead of supplying the system with preformed fatty acid 

tails, we utilize a type I fatty acyl-coenzyme A (CoA) synthase from Corynebacterium glutamicum (cgFAS) 

to generate acyl-CoAs in situ from water-soluble precursor molecules, acetyl-CoA and malonyl-CoA.1 

Subsequently, the activated fatty acids chemically react with lysolipid precursors to form phospholipid 

membranes. By enzymatically generating acyl precursors and replacing the steps normally catalyzed by 

membrane-bound acyltransferases with chemical steps, we generate close analogs of biological 

phospholipids. However, this reaction scheme, while representing an important advance, still requires the 

use of lysolipid detergents. To realize our vision of an artificial membrane that can subsist on simple 

chemical feedstock, in chapter 3, we discuss the generation of phospholipid membranes entirely from non-

amphiphilic, water-soluble precursors.  

To generate the lipid tails, we utilize acetic acid as a carbon feedstock for lipid generation because 

of its simplicity, membrane permeability67, abundance, and its industrial relevance.68 Acetate can be 

enzymatically converted to acetyl-CoA, one of the central metabolic intermediates in living organisms 

participating in key processes such as the Kreb’s cycle and serving as precursors for lipid synthesis, protein 

acetylation, metabolic acetylation, among others. Furthermore, various groups have shown that living 

organisms, especially heterotrophic bacteria, utilize acetate as carbon and energy source.65,69,70 For our 

purposes, we use acetyl-CoA synthetase (ACS) from E. coli to generate acetyl-CoA from acetate. We then 

used human acetyl-CoA carboxylase (ACC) to produce malonyl-CoA from acetyl-CoA. Additionally, we 

utilize cgFAS I to generate palmitoyl-CoA from acetyl-CoA and malonyl-CoA. Once we optimize these 
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enzymatic steps, we reconstitute them into the chemoenzymatic one-pot reaction to generate fatty acyl-

CoAs in situ. Finally, the fatty-acid tails generated in situ reacts with a cysteine to form a two-tailed 

phospholipid analogue. 

1.7 Ion-directed O-acylated Sphingolipid Formation 

 

In chapter 4, we explore the formation of sphingolipids in the presence of diverse metal ions. 

Sphingolipids are an essential class of lipids occurring universally in eukaryotes. They are structural 

components of membranes and are also important in biochemical signaling processes. Sphingolipids are 

made up of a sphingoid base with two hydroxyl (-OH) groups at positions C1 and C3 and an amine (-NH2) 

group at position C2. The amine is normally acylated by a fatty acid chain via an amide linkage. 

Sphingomyelins may be an attractive choice for building blocks for stable synthetic cells thanks to their 

hydrolytic stability. One of the simplest forms of acylated sphingolipids is ceramide, where the OH(C1) 

group remains unmodified. The OH(C1) group of ceramides may be enzymatically altered by addition of 

polar head groups like phosphocholine and phosphoethanolamine to generate sphingomyelins, and with 

sugar moieties to generate glycosphingolipids. Additionally, in sphingolipids, the OH(C3) group on the 

sphingoid base chain typically remains free. However, sphingolipid species where the OH(C3) is acylated, 

but NH2(C2) is free have not been previously reported. Native sphingomyelins having phosphocholine 

headgroups are known to self-assemble into vesicles in aqueous media. Vesicle formation has also been 

reported from N-acylated sphingomyelins containing small structural modifications. Here we show that 

numerous transition metal ions, particularly Cu(II), catalyze the selective O-acylation of the biologically 

occurring single-chain amphiphile sphingosylphosphorylcholine (also known as lysosphingomyelin) using 

fatty acyl phosphates or thioesters as acyl donors under mild aqueous conditions. We further show that the 

O-acylated sphingomyelin analogues self-assemble into vesicles having markedly different physical 

properties as compared to the vesicles formed from N-acylated sphingomyelins.  
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2. Chemoenzymatic Generation of Phospholipid Membranes Mediated by Type I Fatty 

Acid Synthase 

 

2.1 Introduction 

 

All living organisms use phospholipid membranes to control the exchange of materials with the 

extracellular matrix, isolate and protect sensitive chemical reactions, and maintain homeostasis inside cells.4 

Furthermore, cells require phospholipid membranes for energy production, membrane protein synthesis, 

and cell signaling.5,6 Phospholipids are enzymatically generated by membrane-bound acyl-transferases as 

part of the Kennedy lipid synthesis pathway.15,17 The fatty acids needed for these biochemical reactions are 

in turn made by fatty acid synthases (FASs). FASs are ubiquitous proteins that catalyze the synthesis of 

fatty acids in a highly efficient manner through modularization of enzymatic functions and the use of 

carrier-mediated substrate shuttling.18,46,71 Drawing inspiration from the biochemical pathways for 

phospholipid synthesis, various research groups have devised strategies for the bottom-up construction of 

phospholipid membranes.27,72 Although recent studies have shown that phospholipids can be generated 

abiotically using chemical coupling reactions,22,24 the alkyl chains are typically synthesized in advance and 

provided externally. Currently, there are no known biomimetic strategies that synthesize phospholipids de 

novo by coupling in situ formed fatty acid tails with single-chain amphiphiles. Instead of externally adding 

alkyl species, we sought to harness a FAS for the formation of fatty acyl-CoAs from simple metabolic 

building blocks such as acetyl-CoA and malonyl-CoA. FASs can be rationally engineered to modulate the 

type of fatty acid species made in live organisms.48 However, we wanted to reconstitute FAS function 

outside of cells to produce fatty acyl-CoAs in situ. Subsequently, the fatty acyl-CoAs could chemically 

react with lipid precursors to form phospholipid membranes. Such a chemoenzymatic scheme would better 

mimic biological phospholipid synthesis compared to previous synthetic strategies and would enable the 

use of medium-chain acyl-CoAs to drive membrane formation. Here, we employ a bacterial type I FAS 

(cgFAS I), in combination with native chemical ligation (NCL), to spontaneously generate membrane-

forming synthetic phospholipids from simple water-soluble fatty acid precursors. Our chemoenzymatic 
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approach enables de novo membrane formation, that is, membrane formation in the absence of preexisting 

membranes. Chemoenzymatic phospholipid formation may provide simpler strategies to generate 

membrane compartments in synthetic cells,3,24,27,28 support the advancement of methods for reconstituting 

membrane proteins,73,74 and facilitate the synthesis of natural and noncanonical lipids.75  

2.2 Expression and Functional Verification of Bacterial Type I FAS 

 

We first identified an appropriate FAS for the in situ formation of activated fatty acids. While type 

II FASs are comprised of multiple enzymes working in a coordinated fashion, type I FASs consist of a 

single multi-enzyme complex with catalytic domains that interact with each other in a cooperative manner 

to form fatty acids.18 Through iterative cycles, a type I FAS utilizes acetyl-CoA and malonyl-CoA to 

produce medium-chain fatty acids in a stoichiometric fashion (Figure 2.1.A). We considered that a type I 

FAS would be an ideal enzyme for our system as it would require reconstituting a single multi-domain 

protein. Additionally, some type I FASs, such as yeast and bacterial FASs, produce fatty acyl-CoA as their 

final product.46 As coenzyme A is a good leaving group, we reasoned that the bacterial type I FAS would 

be an appropriate enzyme for generating fatty acyl-CoAs that could be efficiently coupled with appropriate 

thioester-reactive lysophospholipids to form noncanonical phospholipids in situ. We chose to work with 

type I FAS B from Corynebacterium glutamicum (cgFAS I) as it has been shown to primarily produce 

palmitoyl-CoA76 (Figure 2.1.A) and has been efficiently expressed in E. coli.77  

N-terminal His6-tagged type I cgFAS was expressed in E. coli and purified by adapting a previously 

published procedure.71 The integrity of the protein, as well as its oligomeric state, were verified using size 

exclusion chromatography (SEC) on a fast protein liquid chromatography (FPLC) column (Figure 2.1.B). 

The fractions were then subjected to a nicotinamide adenine dinucleotide phosphate (NADPH) 

consumption assay to verify cgFAS activity (Figure 2.1.C).71 First, we treated cgFAS I (100 nM) with 

acetyl-CoA (100 μM), malonyl-CoA (700 μM), and NADPH (1 mM) in 1 mM phosphate (Na2HPO4/ 

NaH2PO4) buffer, pH 7.4 containing 1 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP) at 37 °C. 

Subsequently, we monitored NADPH oxidation to NADP+ over time by the decrease in fluorescence at 
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470 nm. The amount of NADPH consumed was verified by making a calibration curve using commercially 

available NADPH (Figure 2.6.B). In agreement with previous reports, we observed that palmitoyl-CoA 1 

was the major product of the cgFAS I-catalyzed reaction.76,77 Using gas chromatography−mass 

spectrometry (GC-MS)48,71 after fatty acid methyl ester (FAME) formation (Figure 2.1.D, Figure 2.4), we 

observed that 1 comprised 93% of the total fatty acid species formed. Moreover, using the NADPH 

consumption assay together with high performance liquid chromatography−mass spectrometry (HPLC-

MS), we observed that 41 μM of 1 was produced by the cgFAS I-mediated reaction, corresponding to a 

40.6% yield. 

 

Figure 1. In situ synthesis of palmitoyl-CoA 1 mediated by bacterial type I FAS (cgFAS).  

 

2.3 Characterization of Phospholipid Vesicle Formation 

 

A. Schematic representation of the iterative fatty acid elongation cycle. Malonyl-palmitoyltransferase (MPT) transfers 
the final palmitoyl moiety to a CoA molecule to form 1 [AT: acyl transferase; ACP: acyl carrier protein; KS: 
ketosynthase; KR: ketoreductase; DH: dehydratase; ER: enoyl reductase]. B. SDS-PAGE analysis of the His-tagged 
cgFAS after FPLC purification. Lane 1 (L1): ladder; Lane 2 (L2): purified His-tagged cgFAS (325 kDa). C. NADPH 
consumption assay analysis, verifying cgFAS activity. Significance was determined using an unpaired t test. *P < 
0.0005. D. GC-MS FAME analysis of the cgFAS-catalyzed formation of 1 over 1 h. Significance was determined 
using an unpaired t test. **P < 0.001. Error bars represent standard deviations (SD) (n = 3). 
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We next proceeded to select an appropriate thioester reactive lysophospholipid for chemical 

coupling with cgFAS I-synthesized palmitoyl-CoA. We had previously prepared a novel class of cysteine-

modified lysophospholipids that can undergo spontaneous acylation by NCL reaction with long-chain 

thioesters.3,27,78 We therefore hypothesized that cysteine-modified lysolipids would react by NCL with 

palmitoyl-CoA 1 generated in situ by cgFAS I. As a test, we synthesized cysteine-modified 

lysophospholipid 2 and demonstrated NCL coupling with commercially available palmitoyl-CoA, forming 

phospholipid 3. Briefly, we treated lysophospholipid 2 (1 mM) with palmitoylCoA (1 mM) in 10 mM 

phosphate (Na2HPO4/NaH2PO4) buffer, pH 7.4 containing 10 mM TCEP at 37 °C. Phospholipid formation 

was followed using HPLC-MS combined with evaporative light-scattering detection (ELSD) and 

corroborated by chemically characterized standards. Using calibration curves, we determined that 820 μM 

of phospholipid 3 was formed after 3 h, corresponding to a yield of 82%.  

 

Figure 2. Characterization of phospholipid 3 vesicular structures. 

 

A. Phase-contrast microscopy image of membrane-bound vesicles resulting from the self-assembly of 3. Scale bar 
denotes 5 μm. B. Fluorescence microscopy image of vesicles formed by hydration of a thin film of 3. Membranes 
were stained with 0.1 mol % BODIPY-FL DHPE. Scale bar denotes 5 μm. C. TEM image of negatively stained 
vesicles of 3. Scale bar denotes 100 nm. D. Fluorescence microscope image demonstrating the encapsulation of HPTS 
in vesicles of 3. Scale bar denotes 5 μm. 
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In previous work, we have observed that amphiphilic species are preferentially acylated by 

amphiphilic reactants, likely promoted by co-assembly in micelles or membranes.24,28,78 To better 

understand the role self-assembly plays in the formation of the phospholipid product, we investigated the 

reactivity of lysophospholipid 2 with non-amphiphilic small-chain thioesters. Malonyl- and acetyl-CoA 

were selected as reactive thioester partners with 2. Although both substrates contain a reactive thioester 

moiety that can react by NCL with cysteine-modified lysophospholipid 2, the absence of a long-chain 

hydrophobic tail precludes assembly into structures such as micelles. Therefore, we anticipated a difference 

in their reactivity with 2 in comparison to the previously tested palmitoyl-CoA 1. As expected, when we 

attempted to react 2 with malonyl- or acetyl-CoA under our standard NCL reaction conditions, we were 

unable to detect product formation. To determine the ability of noncanonical phospholipid 3 to form 

membrane-bound vesicles, microscopy studies were performed. Neither palmitoyl-CoA 1 nor 

lysophospholipid 2 formed membranes in aqueous solution. Phospholipid 3 readily formed membrane-

bound assemblies when hydrated. Lipid vesicles were initially identified by phase-contrast and fluorescence 

microscopy using the membrane-staining dye BODIPY-FL DHPE. Under these conditions, vesicles of 

1−10 μm diameter were observed after hydration and tumbling of 3 in phosphate buffer, pH 7.4 at 37 °C 

for 1 h. Transmission electron microscopy (TEM) also corroborated the formation of vesicular structures. 

The encapsulation ability of the phospholipid vesicles was demonstrated by hydrating a thin lipid film of 3 

in the presence of 8-hydroxypyrene-1,3,6- trisulfonic acid (HPTS), a highly polar fluorescent dye, followed 

by removal of excess dye by spin-filtration and vesicle characterization using fluorescence microscopy.  

Having characterized the individual enzymatic and chemical reactions, we next explored 

combining enzymatic palmitoylCoA 1 synthesis with chemical phospholipid 3 synthesis in a one-pot 

reaction. Briefly, we added lysophospholipid 2 (400 μM) to 10 mM phosphate (Na2HPO4/NaH2PO4) 

buffer, pH 7.4 containing cgFAS I (1 μM), acetyl-CoA (1 mM), malonyl-CoA (1 mM), and NADPH (10 

mM) along with TCEP (10 mM) at 37 °C. Phospholipid formation was followed using HPLC-MS-ELSD 

measurements. Optimization of the reaction conditions enabled rapid coupling between cgFAS I generated 

1 and 2. The one-pot reaction afforded the corresponding phospholipid 3 as the prominent product within 
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30 min. All of lysophospholipid 2 was consumed in less than 4 h (Figure 4 B) to afford 367 μM of 

phospholipid 3. After 30 min of reaction, small vesicular structures were detected by fluorescence 

microscopy using BODIPY-FL DHPE. After leaving the reaction tumbling overnight at 37 °C, we observed 

larger vesicles in the range of 1−2 μm in diameter. 

 

2.4 In situ Chemoenzymatic Phospholipid Membrane Formation 

 

We next investigated the one-pot chemoenzymatic formation of membranes in the presence of 

biologically relevant cell membrane components, including cholesterol,79 ionic small molecules such as 

guanidine hydrochloride (GuHCl),80–82 and short-chain alkanols such as decanol.83 Natural cell membranes 

are heterogeneous bilayers composed of multiple phospholipids, as well as other lipid species such as 

cholesterol.84,85 Since the lipid profile of our vesicles is homogeneous, we wanted to explore the effect of 

incorporating biologically relevant additives into our system. Therefore, we added cholesterol (400 μM), 

GuHCl (400 μM) and 1-decanol (400 μM) to the one-pot in situ chemoenzymatic reaction forming 

phospholipid 3. It has been suggested that stoichiometric addition of cholesterol, GuHCl, and decanol leads 

to the curvature stabilization and fusion of fatty acid vesicles.82 We expected similar interactions of such 

additives with our phospholipid vesicles. We observed that the additives did not perturb the formation of 

phospholipid 3 membranes and led to the formation of larger, more stable vesicles. Vesicles were stable 

over 48 h at 37 °C, as observed by fluorescence microscopy using BODIPY-FL DHPE. 
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Figure 3. One-pot chemoenzymatic formation and self-assembly of phospholipid 3. 

 

2.5 Conclusion 

 
In summary, we have developed a chemoenzymatic route to synthesize noncanonical phospholipids 

from water-soluble precursors. Given our approach, there should be flexibility to diversify the lipid species 

generated in the reaction. Even though we utilized cgFAS I to selectively produce palmitoyl-CoA, the use 

of fatty acid synthases from other organisms could enable the formation of a diverse array of fatty acyl-

CoA species, which could be subsequently coupled to reactive lysophospholipids to give several 

noncanonical lipid species. For instance, many bacterial FASs are known to synthesize terminally branched 

iso-, anteiso-, or omega-alicyclic fatty acids from branched, short-chain carboxylic acid precursors such as 

methylmalonyl-CoA.46,86,87 We plan on utilizing the in situ synthesis of diverse phospholipid species to 

facilitate investigations of how lipid membrane composition affects vesicle assembly, growth, and division. 

A. HPLC/ELSD traces corresponding to the NCL-based synthesis of phospholipid 3 from enzymatically 
generated 1 and lysophospholipid 2. B. Kinetic plots of lysophospholipid 2 consumption and 
phospholipid 3 formation during one-pot synthesis. Absorption at 205 nm was monitored and the area under 
the peak for compounds 2 and 3 were plotted over time. Data was collected in triplicates. C. Fluorescence 
microscopy image of phospholipid 3 vesicles after 4 h of chemoenzymatic reaction. D. Fluorescence 
microscopy image of chemoenzymatically formed vesicles of 3 in the presence of GuHCl, decanol and 
cholesterol. Membranes were stained with 0.1 mol % BODIPY-FL DHPE. Scale bar denotes 5 μm. 
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2.6 Experimental Methods 

 

2.6.1 General Information 

 

Commercially available 1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (Lyso C18:1 PC-OH) 

was used as obtained from Avanti® Polar Lipids. N-Boc-L-Cys(Trt)-OH, N-Fmoc-L-Cys(Trt)-OH, 2,4,6-

trichlorobenzoyl chloride (TCBC), 4-dimethylaminopyridine (DMAP), N,N’-diisopropylcarbodiimide 

(DIC), O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl-uronium hexafluorophosphate (HATU), 

dichloromethane (CH2Cl2), N,N-dimethylformamide (DMF), N,N-diisopropylethylamine (DIEA), 

trifluoroacetic acid (TFA), triethylsilane (TES), 4-methylpiperidine, palmitic acid and tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) were obtained from Sigma-Aldrich. Texas Red® 1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (Texas Red® DHPE) was 

obtained from Life Technologies. BODIPY FL DHPE was obtained from ThermoFisher Scientific. 

Deuterated chloroform (CDCl3) and methanol (CD3OD) were obtained from Cambridge Isotope 

Laboratories. All reagents obtained from commercial suppliers were used without further purification 

unless otherwise noted. Solvent mixtures for chromatography are reported as v/v ratios. HPLC analysis was 

carried out on an Eclipse Plus C8 analytical column with Phase A/Phase B gradients [Phase A: H2O with 

0.1% formic acid; Phase B: MeOH with 0.1% formic acid]. HPLC purification was carried out on Zorbax 

SB-C18 semipreparative column with Phase A/Phase B gradients [Phase A: H2O with 0.1% formic acid; 

Phase B: MeOH with 0.1% formic acid]. GC-MS analysis was carried out on an Agilent 7890A GC system 

connected to a 5975C VL MSD quadrupole MS (EI). Samples were separated on a 60m DB23 Agilent 

GCMS column using helium as carrier gas and a gradient of 110 °C to 200 °C at 15 °C/min, followed by 

20 min at 200 °C. Proton nuclear magnetic resonance (1 H NMR) spectra were recorded on a Varian VX500 

MHz spectrometer, and were referenced relative to residual proton resonances in CDCl3 (at δ 7.24 ppm) or 

CD3OD (at δ 4.87 or 3.31 ppm). Chemical shifts were reported in parts per million (ppm, δ) relative to 

tetramethylsilane (δ 0.00). 1 H NMR splitting patterns are assigned as singlet (s), doublet (d), triplet (t), 

quartet (q) or pentuplet (p). All first-order splitting patterns were designated on the basis of the appearance 
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of the multiplet. Splitting patterns that could not be readily interpreted are designated as multiplet (m) or 

broad (br). Carbon nuclear magnetic resonance (13C NMR) spectra were recorded on a Varian VX-500 MHz 

spectrometer, and were referenced relative to residual proton resonances in CDCl3 (at δ 77.23 ppm) or 

CD3OD (at δ 49.15 ppm). Electrospray Ionization-Time of Flight (ESI-TOF) spectra were obtained on an 

Agilent 6230 Accurate-Mass TOF-MS mass spectrometer. Spinning-disk confocal microscopy images were 

acquired on a Yokagawa spinning-disk system (Yokagawa, Japan) built around an Axio Observer 

Z1motorized inverted microscope (Carl Zeiss Microscopy GmbH, Germany) with a 63x, 1.40 NA oil 

immersion objective to an Evolve 512x512 EMCCD camera (Photometrics, Canada) using ZEN imaging 

software (Carl Zeiss Microscopy GmbH, Germany). A condenser/objective with a phase stop of Ph2 was 

used to obtain the phase-contrast images. The fluorophores were excited with a 20 mW DPSS laser (Texas 

Red®). NanoDrop 2000C spectrophotometer was used for UV/Vis measurements. Fluorescence 

measurements were carried out on a Tecan infinite F200 plate reader instrument. Transmission electron 

microscopy (TEM) images were recorded on a FEI TecnaiTM Sphera 200 kV microscope equipped with a 

LaB6 electron gun, using the standard cryotransfer holders developed by Gatan, Inc. 

2.6.2 Expression and purification of cgFAS 

 

pBbE5c (a pET22b[+] derivative) was kindly provided by Dr. Robert Haushalter from Professor 

Dr. Jay Keasling’s lab in University of Berkeley.77 This plasmid contained the Corynebacterium type I FAS 

gene [codon optimized]. It has been shown that Corynebacteria have two type I FASs, type IA and type I 

B.88 Type I A is the essential FAS since it makes the bulk of the fatty acid whereas type I B variant 

supplements palmitoyl-CoA. For this project, we required in situ palmitoyl-CoA formation, so we utilized 

type I B of Corynebacterium. We then added a C‐terminal histidine His6‐tag onto the plasmid using 

forward and reverse primers for His6-tag. The ACP domain of type I bacterial FASs requires activation by 

an external phosphopantetheine transferase (sfp) that adds a phosphopantetheine arm onto a conserved 

serine residue on the ACP. Dr. Haushalter also provided us with Escherichia coli having the 

phosphopantetheine transferase (Sfp) embedded into its genome and we made competent cells out of the 
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provided sample in order to express the cgFAS gene with an activated ACP domain. For making competent 

E. coli cells, we used an established protocol provided by New England Biolabs (NEB).89 The pBbE5c 

plasmid was then transformed into the competent E. coli cells and grown overnight at 37 °C in Luria-Bertani 

(LB) broth containing 0.1 mg/mL of kanamycin. Afterwards, 1 mL of the overnight culture was used to 

inoculate 1 L of freshly autoclaved LB medium containing 0.1 mg/mL of kanamycin. The rest of the 

overnight culture was stored as 25% glycerol stocks at -80 °C. The culture was grown at 37 °C in a shaker-

incubator till the OD600 reached 0.6. Overexpression of cgFAS was induced by addition of 1 mM isopropyl 

1-thio-D-galactopyranoside (IPTG). The cells were then grown for 16 h at 18 °C, after which they were 

harvested by centrifuging at 6,000 rcf for 20 min at 4 °C. The pellet was resuspended by vortexing in 10 mL 

of lysis buffer containing 25 mM Tris buffer, pH 8.0, 0.5 M NaCl, 2 mM β-mercaptoethanol, 1 mg/mL 

lysozyme and a cocktail of protease inhibitors (SigmaFast®). Following cell lysis by an ultrasonicator probe, 

debris were removed by centrifuging (13,000 rcf, 20 min, 4 °C). The supernatant was incubated in a gravity 

column with Ni2+-nitrilotriacetate (Ni-NTA) agarose resin pre-equilibrated with 10 mM imidazole on a 

shaker table for 3 h at 4 °C. Next, the flow-through was discarded and the resin was washed with 10 mL 

each of 20 mM imidazole and 50 mM imidazole solutions. Finally, His6-tagged cgFAS was eluted with 

250 mM imidazole and collected in 1 mL fractions. The fractions were analyzed by SDS-PAGE to check 

for considerable impurities, and subsequently concentrated in a centrifugal filter with a 100,000 nominal 

molecular weight limit (Amicon Ultra-4, Merck Millipore). The sample was further purified by size-

exclusion chromatography (Fig. 2B) (column: Superose 6 10/300GL, GE Healthcare, buffer G: 100 mM 

Na2HPO4/NaH2PO4 pH 7.4, 100 mM NaCl) and examined for its oligomeric state. Fractions were pooled, 

concentrated and aliquoted to a final concentration of 1 µM of protein containing 10% glycerol each and 

stored at -80 °C. Protein A280 and concentration measurements carried out using a NanoDrop (ThermoFisher 

Scientific).  

2.6.3 cgFAS I activity assay  
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To test the activity of cgFAS I, NADPH consumption assay was carried out on a 50 μL scale, 

including 35 μL of 100 mM NaH2PO4/Na2HPO4 buffer, pH 7.4 (containing 10 mM TCEP), 5 μL of 1 mM 

acetyl-CoA (in sterile H2O), 5 μL of 10 mM NADPH (in sterile H2O) and 5 μL of cgFAS I (1 µM in elution 

buffer) at 37 °C. After 1 min of recording the emission at 470 nm using a Spark multimode plate reader 

(Tecan), the reaction was started by the addition of 5 µL of 7 mM malonyl-CoA and the emission was 

continuously measured for 1 h. NADPH consumption was closely followed, and a calibration curve was 

made to observe the amount of NADPH consumed in the reaction. After subtracting non-specific decay of 

signal, we observed that 602 µM of NADPH was being consumed in the reaction, which correlates to 43 

µM fatty acid species being made in the reaction. After conducting NADPH consumption assay 

experiments in triplicate, we plotted the corresponding results. For our control experiment, we set up the 

experiment as shown above but without addition of cgFAS I. Statistical analysis was done on the results. P 

value equals 0.0002, showing the difference in data to be statistically significant. T = 13.68 and standard 

error of difference = 3.651. Mean value for –cgFAS I = 3.81, for +cgFAS I = 53.76. Error bars were set 

from standard deviations for both (-cgFAS, SD = 0.30; +cgFAS, SD = 6.31).  

2.6.4 GC-MS FAME analysis of FAS product  

 

The product from the cgFAS I activity assay was subjected to GC-MS fatty acid methyl ester 

(FAME) analysis to investigate the fatty acid product. After 1 h of NADPH consumption assay, the reaction 

was centrifuged to remove protein debris and the sample was then resuspended in 300 µL of 1 M methanolic 

acid and incubated at 65 °C for 30 min. The FAMEs were extracted using 300 µL of hexanes and then 

separated by GC-MS. As expected, the major peak was the methyl palmitate. Using area under the curve, 

we observed that 93% of the fatty acid species was palmitoyl-CoA (1), with a small peak (4%) of stearoyl-

CoA. The peak was corroborated using commercially available palmitoyl-CoA after conversion into 

FAME. For our control experiment, we set up the experiment as shown above but without addition of 

cgFAS I before preparing the FAMEs. We plotted the corresponding results of the GC output. Statistical 

analysis was done on the results. P value equals 0.0005, showing the difference in data to be statistically 
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significant. T = 10.07 and standard error of difference = 3.635. Mean value for –cgFAS I = 7.19, for +cgFAS 

I = 43.81. Error bars were set from standard deviations for both (- cgFAS, SD = 0.56; +cgFAS, SD = 6.27).  

 

A) 

 

 

 

B) 

 

 

Figure 4. FAME analysis of cgFAS-mediated palmitoyl-CoA (1) formation. 

  

A. Representative FAME spectral analysis. The product is compared to the methyl ester of commercially available 
palmitoyl-CoA. B. EI-MS of the peak at 12.38 min, as palmitic acid. 
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Figure 5. Chemical structures of all the lipids used in this study. 

2.6.5 HPLC-MS quantification of palmitoyl-CoA (1) product  

 

Chromatographic separation was performed with a mobile-phase system with gradients based on 

Phase C (water, 10 mM triethylamine/acidic acid buffer, adjusted to pH 9.0) and Phase D (acetonitrile). A 

multistep gradient at a flow rate of 0.25 ml/min was used with the starting condition of Phase D at 7%, a 

linear increase to 60% until 6 min, then to 70% until 9.5 min and finally to 90% until 10 min runtime. 

cgFAS I-mediated palmitoyl-CoA (1) formation was set up as described in the activity assay and monitored 

over 1 h using HPLC-MS. For each HPLC-MS run, a small aliquot (10 µL) of the reaction was taken and 

centrifuged to remove protein debris before loading onto the column. For the quantification, the UV trace 
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at 205 nm was used. The amount of palmitoyl-CoA made was 41 µM, which closely agreed with the amount 

previously calculated from NADPH consumption (43 µM). 

A) 

           

 

B) 

 

C) 

 

 

Figure 6. cgFAS-mediated palmitoyl-CoA (1).  

 

A. Representative NADPH consumption assay. Fluorescence emission of NADPH is measured as the cgFAS-mediated 
palmitoyl-CoA formation consumes NADPH to convert it to NADP+. B. Calibration curve for NADPH. C. HPLC-MS 
traces of palmitoyl-CoA formation over 1 h. 
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2.6.6 Synthesis of Lysophospholipids  

 

Lysophospholipid 2 was synthesized.  

Figure 7. Synthesis of lysophospholipid 2 (A) and phospholipid 3 (B). 

 

1-oleoyl-2-[N-Boc-L-Cys(Trt)]-sn-glycero-3-phosphocholine (4).74 A solution of 1-oleoyl-2- 

hydroxy-sn-glycero-3-phosphocholine (Lyso C18:1 PC-OH, 25.0 mg, 47.9 µmol), N-Boc-L-Cys(Trt)-OH 

(55.5 mg, 119.8 µmol), DMAP (35.1 mg, 287.5 µmol) and Et3N (23.4 µL, 167.7 µmol) in CDCl3 (1.875 

mL) was stirred at r.t. for 10 min. Then, TCBC (48.7 µL, 311.5 µmol) was added. After 12 h stirring at r.t., 

H2O (125 µL) was added to quench the acid chloride, and the solvent was removed under reduced pressure 

to give a pale yellow solid. The corresponding residue was dissolved in MeOH (1 mL), filtered using a 0.2 

µm syringe-driven filter, and the crude solution was purified by HPLC, affording 39.6 mg of 

lysophospholipid 4 as a white solid [86%, tR = 7.8 min (Zorbax SB-C18 semipreparative column, 100% 

Phase B, 15.5 min)]. 1 H NMR (CDCl3, 500.13 MHz, δ): 7.38 (d, J = 7.5 Hz, 6H, 6 × CHAr), 7.33-7.26 (m, 

6H, 6 × CHAr), 7.25-7.19 (m, 3H, 3 × CHAr), 5.40-5.29 (m, 2H, 2 × CH), 5.27-5.13 (m, 1H, 1 × CH), 5.07 

(d, J = 9.0 Hz, 1H, 1 × NH), 4.41-3.88 (m, 7H, 3 × CH2 + 1 × CH), 3.77-3.57 (m, 2H, 1 × CH2), 3.25 (s, 
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9H, 3 × CH3), 2.74-2.48 (m, 2H, 1 × CH2), 2.31-2.09 (m, 2H, 1 × CH2), 2.07-1.93 (m, 4H, 2 × CH2), 1.61-

1.43 (m, 2H, 1 × CH2), 1.42 (s, 9H, 3 × CH3), 1.31-1.17 (m, 20H, 10 × CH2), 0.88 (t, J = 7.0 Hz, 3H, 1 × 

CH3). 13C NMR (CDCl3, 125.77 MHz, δ): 173.5, 170.4, 163.9, 155.3, 144.4, 130.1, 129.9, 129.7, 129.6, 

128.2, 128.2, 127.1, 80.1, 72.3, 67.2, 66.5, 63.8, 62.7, 59.4, 54.6, 52.7, 34.1, 34.1, 34.0, 32.0, 29.9, 29.9, 

29.7, 29.5, 29.5, 29.4, 29.4, 29.3, 29.2, 29.2, 28.5, 28.5, 27.4, 27.3, 24.9, 24.8, 22.8, 14.3. MS (ESI-TOF) 

[m/z (%)]: 989 ([M +Na]+ , 20), 967 ([MH]+ , 100). HRMS (ESI-TOF) calculated for C53H80N2O10PS 

([MH]+ ) 967.5266, found 967.5269.  

Alternative method:90 A solution of N-Boc-L-Cys(Trt)-OH (88.9 mg, 191.7 µmol) in CH2Cl2 (7.5 

mL) was stirred at rt for 10 min, and then DIC (45.0 µL, 287.5 µmol) and DMAP (11.7 mg, 95.8 µmol) 

were successively added. After 10 min stirring at rt, 1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine 

(25.0 mg, 47.9 µmol) was added. After 12 h stirring at rt, the solvent was removed under reduced pressure, 

and the crude was purified by HPLC, affording 34.6 mg of 3 as a colorless foam [75%].  

1-oleoyl-2-(L-Cys)-sn-glycero-3-phosphocholine (2). A solution of 1-oleoyl-2-[N-Boc-L-

Cys(Trt)]- sn-glycero-3-phosphocholine (3, 5.0 mg, 5.2 µmol) in 200 µL of TFA/CH2Cl2/TES (90:90:20) 

was stirred at rt for 30 min. After removal of the solvent, the residue was dried under high vacuum for 3 h. 

Then, the corresponding residue was dissolved in MeOH (500 µL), filtered using a 0.2 µm syringe-driven 

filter, and the crude solution was purified by HPLC, affording 3.1 mg of the lysophospholipid 2 as a 

colorless foam [82%, tR = 8.6 min (Zorbax SB-C18 semipreparative column, 50% Phase A in Phase B, 5 

min, and then 5% Phase A in Phase B, 10 min)]. 1 H NMR (CD3OD, 500.13 MHz, δ): 5.46-5.26 (m, 3H, 3 

× CH), 4.49-4.35 (m, 1H, 1 × CH), 4.34-4.19 (m, 3H, 1.5 × CH2), 4.16-3.99 (m, 3H, 1.5× CH2), 3.72-3.59 

(m, 2H, 1 × CH2), 3.29-3.26 (m, 1H, 0.5× CH2), 3.23 (s, 9H, 3 × CH3), 3.19-3.00 (m, 1H, 0.5× CH2), 2.35 

(t, J = 6.7 Hz, 2H, 1 × CH2), 2.09-1.90 (m, 4H, 2 × CH2), 1.69-1.53 (m, 2H, 1 × CH2), 1.41-1.22 (m, 20H, 

10 × CH2), 0.90 (t, J = 6.7 Hz, 3H, 1 × CH3). 13C NMR (CD3OD, 125.77 MHz, δ): 174.9, 172.3, 131.6, 

130.8, 73.7, 67.4, 64.9, 63.4, 63.2, 60.6, 54.6, 34.9, 33.7, 33.1, 30.8, 30.8, 30.7, 30.6, 30.5, 30.4, 30.3, 30.3, 
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30.2, 28.1, 26.0, 23.8, 14.5. MS (ESI-TOF) [m/z (%)]: 625 ([MH]+ , 100). HRMS (ESI-TOF) calculated for 

C29H58N2O8PS ([MH]+ ) 625.3651, found 625.3647.  

 

A)        B) 

 

 

 

 

 

 

Figure 8 HPLC/ELSD spectra corresponding to lysophospholipid 2 (A) and phospholipid 3 (B). 

 

A)             B) 

 

 

 

 

 

Figure 9. HPLC/ELSD spectra corresponding to the negative controls for the reaction of FAS precursors with 

lysophospholipid 2 under NCL reaction conditions. 

 

 

2.6.7 Synthesis of Phospholipids  

 

A. Acetyl-CoA reaction with 2. B. Malonyl-CoA reaction with 2. Retention times (tR) were verified by mass 
spectrometry. 
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Phospholipid 3 was synthesized. The pure compound was used to corroborate by HPLC/ELSD/MS 

the formation of 3 using our NCL-FAS I approach.  

 

Figure 10. Synthesis of lysophospholipid 2 (A) and phospholipid 3 (B).  

 

1-oleoyl-2-[N-Fmoc-L-Cys(Trt)]-sn-glycero-3-phosphocholine (5). A solution of 1-oleoyl-2- 

hydroxy-sn-glycero-3-phosphocholine (Lyso C18:1 PC-OH, 25.0 mg, 47.9 µmol), N-Fmoc-L-Cys(Trt)-OH 

(70.2 mg, 119.8 µmol), DMAP (35.1 mg, 287.5 µmol) and Et3N (23.4 µL, 167.7 µmol) in CDCl3 (1.9 mL) 

was stirred at r.t. for 10 min. Then, TCBC (48.7 µL, 311.5 µmol) was added. After 12 h stirring at r.t., H2O 

(125 µL) was added to quench the acid chloride, and the solvent was removed under reduced pressure to 

give a pale yellow solid. The corresponding residue was dissolved in MeOH (500 µL), filtered using a 0.2 

µm syringe-driven filter, and the crude solution was purified by HPLC, affording 42.7 mg of 

lysophospholipid 5 as a white solid [82%, tR = 7.8 min (Zorbax SB-C18 semipreparative column, 100% 

Phase B, 25 min)]. MS (ESI-TOF) [m/z (%)]: 1111 ([M +Na]+ , 100), 1089 ([MH]+ , 72). 1-oleoyl-2-[L-

Cys(Trt)]-sn-glycero-3-phosphocholine (6). A solution of 1-oleoyl-2-[N-Fmoc-LCys(Trt)]-sn-glycero-3-

phosphocholine (5, 7.5 mg, 6.9 µmol) in 125 µL of 4-methylpiperidine/CH2Cl2 (25:100) was stirred at rt 

for 30 min. After removal of the solvent, the residue was dried under high vacuum for 3 h. Then, the 

corresponding residue was dissolved in MeOH (250 µL), filtered using a 0.2 µm syringe-driven filter, and 

the crude solution was purified by HPLC, affording 5.2 mg of the lysophospholipid 6 as a colorless film 
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[87%, tR = 8.3 min (Zorbax SB-C18 semipreparative column, 50-0% Phase A in Phase B, 2.5 min, and 

then 100% Phase B, 15 min)]. MS (ESI-TOF) [m/z (%)]: 889 ([M +Na]+ , 60), 867 ([MH]+ , 100).  

1-oleoyl-2-[L-Cys(Trt)-(palmitoyl)]-sn-glycero-3-phosphocholine (7). A solution of palmitic 

acid (0.6 mg, 2.3 µmol) in CH2Cl2/DMF (1:1) (200 µL) was stirred at 0 ºC for 10 min, and then HATU (1.0 

mg, 2.5 µmol) and DIEA (1.6 µL, 9.2 µmol) were successively added. After 10 min stirring at 0 ºC, 1-

oleoyl-2-[L-Cys(Trt)]-sn-glycero-3-phosphocholine (6, 2.0 mg, 2.3 µmol) was added. After 1 h stirring at 

rt, the mixture was concentrated under reduced pressure. The corresponding residue was dissolved in 

MeOH (250 µL), filtered using a 0.2 µm syringe-driven filter, and the crude solution was purified by HPLC, 

affording 2.0 mg of 7 as a colorless film [79%, tR = 25.0 min (Zorbax SB-C18 semipreparative column, 

50-0% Phase A in Phase B, 2.5 min, and then 100% Phase B, 20 min)]. MS (ESI-TOF) [m/z (%)]: 1127 

([M +Na]+ , 37), 1105 ([MH]+ , 100).  

1-oleoyl-2-[L-Cys-(palmitoyl)]-sn-glycero-3-phosphocholine (3). A solution of 1-oleoyl-2-

[LCys(Trt)-(palmitoyl)]-sn-glycero-3-phosphocholine (7, 1.0 mg, 0.9 µmol) in 200 µL of 

TFA/CH2Cl2/TES (90:90:20) was stirred at rt for 30 min. After removal of the solvent, the residue was 

dried under high vacuum for 3 h. Then, the corresponding residue was dissolved in MeOH (250 µL), filtered 

using a 0.2 µm syringe-driven filter, and the crude solution was purified by HPLC, affording 0.7 mg of the 

amidophospholipid 3 as a colorless film [83%, tR = 16.4 min (Zorbax SB-C18 semipreparative column, 

50- 0% Phase A in Phase B, 2.5 min, and then 100% Phase B, 15 min)]. 1 H NMR (CD3OD, 500.13 MHz, 

δ): 8.54 (s, 1H, 1 × NH), 5.41-5.33 (m, 2H, 2 × CH), 5.32-5.22 (m, 1H, 1 × CH), 4.67-4.62 (m, 1H, 1 × 

CH), 4.46-4.36 (m, 1H, 0.5 × CH2), 4.33-4.19 (m, 3H, 1.5 × CH2), 4.12-3.96 (m, 2H, 1 × CH2), 3.74-3.58 

(m, 2H, 1 × CH2), 3.23 (s, 9H, 3 × CH3), 3.04-2.85 (m, 2H, 1 × CH2), 2.34 (t, J = 7.5 Hz, 2H, 1 × CH2), 

2.30-2.23 (m, 2H, 1 × CH2), 2.10-1.95 (m, 4H, 2 × CH2), 1.71-1.53 (m, 4H, 2 × CH2), 1.39-1.26 (m, 44H, 

22 × CH2), 0.90 (t, J = 6.8 Hz, 6H, 2 × CH3). 13C NMR (CD3OD, 125.77 MHz, δ): 176.4, 174.9, 171.0, 

130.9, 130.8, 73.3, 67.4, 64.9, 63.5, 60.6, 56.2, 54.7, 36.7, 34.9, 33.1, 30.9, 30.9, 30.9, 30.8, 30.8, 30.8, 

30.7, 30.7, 30.7, 30.6, 30.5, 30.5, 30.5, 30.4, 30.4, 30.4, 30.3, 30.3, 30.2, 28.2, 27.0, 26.7, 26.0, 23.8, 14.5. 
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MS (ESI-TOF) [m/z (%)]: 863 ([MH]+ , 100). HRMS (ESI-TOF) calculated for C45H88N2O9PS ([MH]+ ) 

863.5948, found 863.5947.  

2.6.8 Rehydration of phospholipid 3  

 

5 µL of a 10 mM solution of purified phospholipid 3 in CHCl3 was added to a 1 mL vial, placed 

under N2 and dried for 15 min to prepare a lipid film. Then, 95 µL of H2O was added and the solution was 

tumbled at 25 ºC for 1 h. Afterwards, to 10 µL of this 500 µM aqueous solution of phospholipid 3 was 

added 0.1 µL of a 100 µM BODIPY-FL DHPE solution in EtOH, and the mixture was briefly agitated. The 

corresponding mixture was finally monitored by phase-contrast and fluorescence microscopy in order to 

determine the vesicle structure. We observed that the phospholipid product 3 spontaneously self-assemble 

into vesicles. Initially, the vesicles were observed to be in close proximity to each other (91±13 vesicles 

counted) and with varying diameter (ranging from 1 to 7 µm), but upon overnight tumbling at 25 ºC, they 

dispersed homogenously in solution. Encapsulation of HPTS 10 μL of a 10 mM solution of pure 

phospholipid 3 in MeOH/CHCl3 (1:1) was added to a glass vial, placed under a steady flow of N2, and dried 

for 10 min to prepare a lipid film. Then, 100 μL of 0.1 mM HPTS aqueous solution was added to the lipid 

film and briefly vortexed. The solution was tumbled at room temperature for 30 min. Afterward, the 

resulting cloudy solution was diluted with an additional 200 μL of H2O and transferred to a 100 kDa 

molecular weight cut-off (MWCO) centrifugal membrane filter and centrifuged for 3 min at 10,000 rcf 

(Eppendorf 5415C). The solution was similarly washed for additional 5× to remove any non-encapsulated 

dye. Then, 1 μL of the vesicle solution were placed on a clean glass slide, secured by a greased cover slip, 

and imaged on a spinning disc confocal microscope (488 nm laser) to observe encapsulation of HPTS. 

Consistent with the previously described membrane-staining rehydration experiments, the phospholipid 3 

in the presence of HPTS spontaneously self-assembled into vesicular structures with 0.5-8 µm diameter 

(163±24 vesicles counted). These HPTS-encapsulating vesicles were observed to be in close proximity to 

each other, but upon overnight tumbling at 25 ºC, they dispersed homogenously in solution.  
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2.6.9 Transmission Electron Microscopy (TEM) Studies  

 

General. A deposition System Balzers Med010 was used to evaporate a homogeneous layer of 

carbon. The samples were collected over 400 mesh Cu grids. The grids were then negatively stained with 

a solution of 1% (w/w) uranyl acetate. Micrographs were recorded on a FEI TecnaiTM Sphera microscope 

operating at 200 kV and equipped with a LaB6 electron gun, using the standard cryotransfer holders 

developed by Gatan, Inc. For image processing, micrographs were digitized in a Zess SCAI scanner with 

different sampling windows.  

TEM measurements. Copper grids (formvar/carbon-coated, 400 mesh copper) were prepared by 

glow discharging the surface at 20 mA for 1.5 min. Once the surface for vesicle adhesion is ready, 3.5 μL 

of a 5 mM solution of phospholipid 3 in H2O (previously hydrated at 37 ºC for 1 h) was deposited on the 

grid surface. This solution was allowed to sit for 10 seconds before being washed away with 10 drops of 

glass distilled H2O and subsequent staining with 3 drops of 1% w/w uranyl acetate. The stain was allowed 

to sit for 10 seconds before wicking away with filter paper. All grid treatments and simple depositions were 

on the dark/shiny/glossy formvar-coated face of the grid (this side face up during glow discharge). Samples 

were then imaged via TEM, revealing the presence of several populations of spherical compartments (50- 

950 nm in diameter), consistent with the vesicle architecture.  

2.6.10 Phospholipid 3 formation from lysophospholipid 1 and commercially available palmitoyl-

CoA  

 

In a typical de novo phospholipid synthesis reaction, to a 5 µL of standard palmitoyl-CoA (10 mM 

stock in sterile H2O), 5 µL of lysophospholipid 2 solution (10 mM stock in sterile H2O) was successively 

added along with 40 µL of 100 mM NaH2PO4/Na2HPO4 buffer, pH 7.4 containing 10 mM TCEP, and the 

solution was mixed by gentle tapping. The reaction mixture was tumbled at 37 °C. HPLC-MS analysis was 

done after 4 h to analyze the formation of the corresponding product. Using UV traces at 205 nm, we 

observed that 820 µM phospholipid 3 was being made in the reaction. The product peak was comparable 

to the chemically synthesized phospholipid 3.  
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2.6.11 Chemoenzymatic one-pot phospholipid formation mediated by cgFAS I 

 

 In situ vesicle formation (without additives). For this reaction, lysophospholipid 2 was added to a 

scaled-up version of the cgFAS I-mediated palmitoyl-CoA (1) formation. In a typical de novo 

chemoenzymatic phospholipid synthesis reaction, to a 2 µL of lysophospholipid 2 solution (10 mM stock 

in sterile H2O) was successively added 33 µL of 100 mM NaH2PO4/Na2HPO4 buffer, pH 7.4 containing 10 

mM TCEP, along with 5 µL of 10 mM acetyl-CoA (in sterile H2O), 5 μL of 100 mM NADPH (in sterile 

H2O), and 5 μL of cgFAS (1 µM in elution buffer). Then, 5 μL of 70 mM malonyl-CoA (in sterile H2O) 

was added, and the solution was mixed by gentle tapping. The reaction mixture was tumbled at 37 °C. Small 

aliquots (~2 µL) were taken out at various time points and placed on a glass slide for microscopic 

observations. Initially the vesicles were hard to visualize because of their small size, having sub-micrometer 

diameters. However, after tumbling overnight at 37 °C, some bigger vesicles were more evident, at 0.5-2 

µm in diameter (133±12 vesicles counted). In situ vesicle formation (with additives). For the de novo 

phospholipid reaction with additives, the reaction was set up exactly as above, with the addition of 2.5 µL 

of guanidine hydrochloride (GuHCl) (10 mM in sterile H2O), 2.5 µL of decanol (10 mM in sterile H2O) 

and 2.5 µL of cholesterol (10 mM in EtOH) to the one-pot reaction. Cholesterol was added initially to the 

vial and N2 gas was passed until all of the EtOH evaporated. Then, 2.5 µL of lysolipid 2 solution (10 mM 

in sterile H2O) was added along with 25 µL of 100 mM NaH2PO4/Na2HPO4 buffer, pH 7.4 containing 10 

mM TCEP, along with 5 µL of 10 mM acetyl-CoA (in sterile H2O), 5 μL of 100 mM NADPH (in sterile 

H2O), and 5 μL of cgFAS (1 µM in elution buffer). Then, 5 μL of 70 mM malonyl-CoA (in sterile H2O) 

were added, and the solution was mixed by gentle tapping. The reaction mixture was tumbled at 37 °C. 

Small aliquots (~2 µL) were taken out at various time points and placed on a glass slide for microscopic 

observations. After 30 min, vesicles with 2.5-3 µm in diameter were evident in the reaction (Fig. 4D). HPLC 

quantification of chemoenzymatic phospholipid 3 formation Chromatographic separation was performed 

with a Phase A/Phase B gradients. A multistep gradient at a flow rate of 0.25 ml/min was used with the 

starting condition of Phase B at 5%, a linear increase to 50% until 7 min, then to 70% until 10 min and 
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finally to 95% until 14 min runtime. For each HPLC-MS run, a small aliquot (10 µL) of the reaction was 

taken and then centrifuged to remove protein debris before loading onto the column. For the quantification, 

the UV traces at 205 nm were used, determining that the amount of phospholipid 3 made was 367 µM. The 

product peak was comparable to the chemically synthesized phospholipid 3. 

          A)                                                                B) 

 

 

 

 

 

 

 

 

Figure 11. Spinning-disk confocal fluorescence microscope images demonstrating the spontaneous self-

assembly of phospholipid 3 into membranous vesicles. 

  

 

 

 

 

 

 

 

 

 

 

 

 

A. Fluorescence microscopy image of 3. Membranes were stained with 0.1 mol % BODIPY FL DHPE. B. 
Encapsulation of HPTS in membrane vesicles of 3. Scale bars denote 5 μm. 
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2.7 NMR Spectra 
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3. Utilization of Acetate as Feedstock for Membrane Generation 

 

3.1 Introduction 

 

As we discussed earlier, the biosynthesis of phospholipid membranes involves a sophisticated 

mechanism involving transmembrane proteins embedded in the endoplasmic reticulum (ER).15,16 This is 

very challenging to recreate in an artificial cell setting, because of the difficulty in reconstituting membrane 

proteins in a functional form. In fact, if we want to shed some light on the primitive generation of the first 

examples of lipids in nature, we want to start with the simplest forms of carbon-containing small molecules 

as possible. Previous works have developed nonenzymatic chemical approaches to generate phospholipids 

from reactive single chain precursors such as fatty thioesters.91 Various chemical reactions have been shown 

to form both natural and noncanonical phospholipid membranes.3,24,27,28 Our work on the de novo chemical 

synthesis of lipid-based vesicles demonstrated a significant progress in the development of biomimetic 

membranes.1 However, previously made systems need a continuous addition of long-chain amphiphilic 

species, which are complex molecules in their own right. Additionally, the use of amphiphilic reactants can 

hinder a de novo membrane generation system as long-chain amphiphiles such as lysophospholipids or fatty 

acids act as detergents in solution.92 Therefore, addition of large concentrations of these precursors may 

disrupt any membranes formed via detergent solubilization.6,93 A novel and innovative approach would be 

to generate lipid membranes from simple, highly abundant and biologically relevant carbon feedstock such 

as acetate65 and ubiquitous amino acids such as cysteine.66 Using acetate as a carbon feedstock denotes a 

major departure from previous approaches. Moreover, from the point of view of bottom-up synthesis of de 

novo membranes, using acetate as feedstock and the sole source of carbon would be a stupendous 

achievement that is unexplored until now. Additionally, these simple precursors are membrane permeable 

and utilizing them as a feedstock for lipid synthesis would avoid the detergent effect associated with single-

chain amphiphilic precursors. However, efficiently generating long acyl chains from two-carbon precursors 

without the use of enzymes is extraordinarily challenging.  
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In the last chapter, we showed a partial chemoenzymatic approach for generating synthetic 

phospholipid membranes from simple metabolic precursors. Instead of supplying the system with 

preformed fatty acid tails, we utilized a type I fatty acyl-coenzyme A (CoA) synthase from 

Corynebacterium glutamicum (cgFAS) to generate acyl-CoAs in situ from water-soluble precursor 

molecules, acetyl-CoA and malonyl-CoA. Subsequently, the activated fatty acids chemically reacted with 

lysolipid precursors to form phospholipid membranes. By enzymatically generating acyl precursors and 

replacing the steps normally catalyzed by membrane-bound acyltransferases with chemical steps, we 

generated close analogs of biological phospholipids. However, this reaction scheme, while representing an 

important advance, still requires the use of lysolipid detergents. To realize our vision of an artificial 

membrane that can subsist on simple chemical feedstock, the idea is to generate phospholipid membranes 

entirely from non-amphiphilic, water-soluble precursors. 

To form the fatty acid tails, we utilize acetate as carbon feedstock for lipid generation because of its 

simplicity, membrane permeability,67 abundance, and its industrial relevance.68 Acetate can be 

enzymatically converted to acetyl-CoA, one of the central metabolic intermediates in living organisms 

participating in key processes such as the Kreb’s cycle94 and serving as precursors for lipid synthesis95, 

protein acetylation96, metabolic acetylation, among others. Furthermore, various groups have shown that 

living organisms, especially heterotrophic bacteria, utilize acetate as carbon and energy source.65,69,70 For 

our purposes, we used acetyl-CoA synthetase (ACS) from E. coli to generate acetyl-CoA from acetate. We 

then used human acetyl-CoA carboxylase (ACC) to produce malonyl-CoA from acetyl-CoA. Additionally, 

we utilized cgFAS I to generate palmitoyl-CoA from acetyl-CoA and malonyl-CoA. Our preliminary results 

show that we can indeed generate palmitoyl-CoA from acetate and coenzyme A as the starting precursors 

in the presence of ACS, ACC and FAS.  

Additionally, we were also able to couple commercially available palmitoyl-CoA with cysteine to give 

a diacylated cysteine lipid analog. When we observed the product under the microscope in the presence of 
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cholesterol, we were able to observe micron-sized membrane-bound vesicles. The final idea is to then 

combine the enzymatic reactions with the diacylation of cysteine and monitor for the lipid analog.  

3.2 Functional Validation of the Enzymatic Steps of the Chemoenzymatic Reaction 

 

We first identified an appropriate way to make acetyl-CoA in situ. We utilized E. coli ACS as it has 

been shown to generate acetyl-CoA in a high titer.97 Cells generate acetyl-CoA from glucose, fatty acid, 

and amino acids.98 During glycolysis, glucose is catabolized into two three-carbon molecules of pyruvate. 

The mitochondrial pyruvate dehydrogenase complex then catalyzes the oxidative decarboxylation of 

pyruvate to produce acetyl-CoA, a two-carbon acetyl unit that is ligated to the acyl-group carrier, CoA.99 

In E. coli specifically, acetyl-CoA generation is dependent on one acetate activation pathway, while under 

accelerated growth conditions, utilization requires an alternate pathway. This pathway, uses acetate as the 

starting precursor along with coenzyme A and is catalyzed by the enzyme acetyl-CoA synthetase (Acs; 

acetate:CoA ligase [AMP forming]), proceeding through an enzyme-bound acetyladenylate (acetyl-AMP) 

intermediate.100 Cells use this high-affinity pathway to scavenge for small concentrations of acetate.97,101  

N-terminal His6-tagged ACS was expressed in E. coli and purified by adapting a previously published 

procedure.102 The pETM11 vector containing the ACS gene was purchased from Addgene that was 

deposited by the Schultz lab.102 To test the activity of ACS, we utilized two different assays. First, we set 

up an indirect method by following adenosine triphosphate (ATP) consumption. Acetyl-CoA is generated 

from acetate and coenzyme A and this reaction uses ATP as fuel. Adenosine monophosphate (AMP) is 

formed in the reaction as acetyl-CoA is being made. For quantifying this reaction, we used an AMP-Glo 

(detection) kit purchased from Promega. ATP consumption assay was carried out on a 50 μL scale, 

including 35 μL of 100 mM NaH2PO4/Na2HPO4 buffer, pH 7.4 (containing 10 mM tris(2-

carboxyethyl)phosphine (TCEP)), 5 μL of 1 mM acetate (in sterile H2O), 5 μL of 1 mM coenzyme A (in 

sterile H2O), 5 μL of 10 mM ATP (in sterile H2O) and 5 μL of ACS (1 µM in elution buffer) at 37 °C. After 

completing the enzymatic reaction, adding AMP-Glo Reagent I terminates the reaction, removes any 

remaining ATP, and converts AMP to ADP. Adding AMP Detection Solution drives the conversion of ADP 
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to ATP and the detection of ATP through the luciferase reaction. The amount of AMP produced by the 

reaction is proportional to the light measured and can be extrapolated using a standard curve. From this 

reaction, we demonstrated that 64% of ATP was being consumed. To have a more direct assay, we utilized 

an acetyl-CoA detection kit from Sigma Aldrich. The reaction conditions were identical to the one 

mentioned above. Acetyl-CoA concentration is then determined by a coupled enzyme assay, which results 

in a fluorometric output proportional to the acetyl-CoA present. After calibrating it with standard acetyl-

CoA, we ascertained that the yield for the reaction was 69%.  

We then moved on to generate malonyl-CoA from acetyl-CoA and bicarbonate in situ. For this, we 

purchased purified human acetyl-CoA carboxylase (ACC 1) from Sigma Aldrich. ATP consumption was 

done exactly as for E. coli ACS, since the carboxylation also requires ATP as fuel. ATP consumption assay 

was carried out on a 50 μL scale, including 35 μL of 100 mM NaH2PO4/Na2HPO4 buffer, pH 7.4 (containing 

10 mM TCEP), 5 μL of 1 mM acetyl-CoA (in sterile H2O), 5 μL of 1 mM sodium bicarbonate (in sterile 

H2O), 5 μL of 10 mM ATP (in sterile H2O) and 5 μL of ACC (1 µM in elution buffer) at 37 °C. After the 

luminescence output reading, 71% of ATP was consumed. We also utilized a human malonyl-CoA 

detection ELISA assay from MyBioSource for direct detection of malonyl-CoA. This assay uses the 

quantitative sandwich enzyme immunoassay technique. Antibody specific for malonyl CoA has been pre-

coated onto a microplate. Standards and samples are pipetted into the wells and any malonyl CoA present 

is bound by the immobilized antibody. After removing any unbound substances, a biotin-conjugated 

antibody specific for malonyl CoA is added to the wells. After washing, avidin conjugated Horseradish 

Peroxidase (HRP) is added to the wells. Following a wash to remove any unbound avidin-enzyme reagent, 

a substrate solution is added to the wells and color develops in proportion to the amount of malonyl CoA 

bound in the initial step. The color development is stopped and the intensity of the color is measured. We 

were able to see 73% yield of malonyl-CoA after reaction using standard acetyl-CoA.  

We then proceeded to do a one-pot reaction starting from acetate and utilizing both ACS and ACC and 

followed by both ATP consumption as well as malonyl-CoA detection. The reaction scale was 50 μL scale, 
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including 35 μL of 100 mM NaH2PO4/Na2HPO4 buffer, pH 7.4 (containing 10 mM TCEP), excess amount 

of acetate (in sterile H2O), excess amount of ATP (in sterile H2O), 5 μL of 1 mM coenzyme A, 5 μL of 

ACS, 5 μL of 1 mM bicarbonate and 5 μL of ACC (1 µM in elution buffer) at 37 °C. We were able to 

demonstrate an overall yield of 41% for malonyl-CoA production.  

Finally, we set up FAS reaction similar to our previously shown protocol.1 We again utilized type I 

FAS B from Corynebacterium glutamicum (cgFAS I) as it has been shown to primarily produce palmitoyl-

CoA76 (Figure 2.1.A) and has been efficiently expressed in E. coli.77 N-terminal His6-tagged type I cgFAS 

was expressed in E. coli and purified by adapting a previously published procedure.71 The integrity of the 

protein, as well as its oligomeric state, were verified using size exclusion chromatography (SEC) on a fast 

protein liquid chromatography (FPLC) column. The fractions were then subjected to a nicotinamide adenine 

dinucleotide phosphate (NADPH) consumption assay to verify cgFAS activity.71 First, we treated cgFAS I 

(100 nM) with acetyl-CoA (100 μM), malonyl-CoA (700 μM), and NADPH (1 mM) in 1 mM phosphate 

(Na2HPO4/ NaH2PO4) buffer, pH 7.4 containing 1 mM TCEP at 37 °C. Subsequently, we monitored 

NADPH oxidation to NADP+ over time by the decrease in fluorescence at 470 nm. The amount of NADPH 

consumed was verified by making a calibration curve using commercially available NADPH. In agreement 

with previous reports, we observed that palmitoyl-CoA 1 was the major product of the cgFAS I-catalyzed 

reaction.76,77 Using GC-MS48,71 after fatty acid methyl ester (FAME) formation, we observed that 1 

comprised 91.8% of the total fatty acid species formed. Moreover, using the NADPH consumption assay 

together with HPLC-MS, we observed that 38.3 μM of 1 was produced by the cgFAS I-mediated reaction, 

corresponding to a 39.6% yield. 

3.3 Diacylation of Cysteine from Palmitoyl-CoA 

 

We next proceeded to select an appropriate thioester reactive small molecule precursor for chemical 

coupling with cgFAS I-synthesized palmitoyl-CoA. We had previously prepared a novel class of cysteine-

modified lysophospholipids that can undergo spontaneous acylation by NCL reaction with long-chain 

thioesters.3,27,78 We also demonstrated palmitoyl-CoA coupling with a cysteine-modified lysolipid with a 
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choline head group in the previous chapter. Similar to the previous reactive lysolipid, we decided to choose 

cysteine as our reactive head group. After we verified the enzymatic part, we wanted to validate the 

chemical part by testing the reaction between a small molecule polar head group and the product of the 

enzymatic reaction, palmitoyl-CoA. Hence, we explored the NCL coupling of cysteine with commercially 

available palmitoyl-CoA. Briefly, we treated cysteine (1 mM) with palmitoyl-CoA (1 mM) in 10 mM bicine 

buffer, pH 7.4 containing 100 mM TCEP at 37 °C. However, at this pH, we did not notice an effective 

conversion of the precursors into the respective lipid analog. We theorized that the pH needed to be raised 

in order to be closer to the pKa of the thiol (-SH) group in order for the reaction to proceed efficiently and 

rapidly. With this in mind, we set the reaction up at pH 8.5 as well as pH 9 and monitored for product 

formation. The yield of the product was 49% in 4 hours at pH 8.5 and it went to completion overnight 

whereas it was completed under 4 hours at pH 9. We rationalized this as the pKa of cysteine is 8.6, hence 

the thiol is much more reactive at pH 9 compared to pH 7.4. Formation of diacylated product was followed 

using HPLC-MS combined with evaporative light-scattering detection (ELSD). Preliminary microscopy 

experiments were conducted on the lipid product formed. None of the precursors, including palmitoyl-CoA, 

formed membranes in aqueous solution. The diacylated cysteine product, on the other hand, formed low 

micron range vesicles in the presence of the same additives as described in chapter 2, especially cholesterol. 

3.4 Conclusion and Future Directions 

 

In summary, in this chapter we explored a chemoenzymatic lipid generation strategy starting from 

acetate as the simple carbon feedstock. As mentioned earlier, our approach should have flexibility to 

diversify the lipid species generated in the reaction. Even though we utilized cgFAS I to selectively produce 

palmitoyl-CoA, the use of fatty acid synthases from other organisms could enable the formation of a diverse 

array of fatty acyl-CoA species, which could be subsequently coupled to reactive lysophospholipids to give 

several noncanonical lipid species. Similarly, we aim to utilize other cysteine-derived reactive head groups 

to couple with palmitoyl-CoA to form the lipid species. The aim is to set up the one-pot reaction similar to 

chapter 2 and monitor lipid formation starting from acetate as the primary carbon source and characterize 



45 

 

the processes involved. We envision obtaining membrane vesicles as our product and be able to show that 

this is a viable method to generated lipid analogs starting from non-amphiphilic, water-soluble precursors.    

3.5 Acknowledgements  

 

Chapter Three consists of material that is being prepared into a manuscript that will be submitted for 

publication in the near future. I thank Alessandro Fracassi for his contributions to the work as well as Neal 

Devaraj for his oversight and assistance in this work. I would like to thank Mike Burkart for his support 

and mentorship in the project. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



46 

 

4. Ion-directed Sphingolipid Membranes from Minimal Precursors 

 

4.1 Introduction 

 

Sphingolipids are an important class of lipids occurring universally in eukaryotes.103 They are structural 

components of biological membranes and are also involved in biochemical signalling processes.104,105 

Sphingolipids consist of a sphingoid base which has two hydroxyl (-OH) groups at positions C1 and C3 and 

an amine (-NH2) group at position C2. The amine is typically acylated by a fatty acid chain via amide linkage 

(Fig. 4.1.A). One of the simplest acylated sphingolipids is ceramide, where the OH(C1) group remains 

unmodified. The OH(C1) group of ceramides may be transformed enzymatically by addition of polar head 

groups like phosphocholine and phosphoethanolamine to generate sphingomyelins, and with sugar moieties 

to generate glycosphingolipids (Fig. 4.1.A).106 Regardless of the head group modification, in sphingolipids, 

the OH(C3) group on the sphingoid base chain typically remains free. There is a report mentioning the 

occurrence of a three-tailed sphingomyelin in new-born pig plasma where the OH(C3) is also acylated with 

a fatty acid.107 However, to our knowledge sphingolipid species where the OH(C3) is acylated, but NH2(C2) 

is free have not been previously reported. In this work we show that several transition metal ions, 

particularly Cu(II), catalyze the selective O-acylation of the biologically occurring single-chain amphiphile 

sphingosylphosphorylcholine108,109 (also known as lysosphingomyelin) using fatty acyl phosphates or 

thioesters as acyl donors under mild aqueous conditions (Fig. 4.1.B). We further show that the O-acylated 

sphingomyelin analogues self-assemble into vesicles having markedly different physical properties as 

compared to the vesicles formed from N-acylated sphingomyelins. Native sphingomyelins having 
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phosphocholine headgroups are known to self-assemble into vesicles in aqueous media.110,111 Vesicle 

formation has also been reported from N-acylated sphingomyelins containing small structural 

modifications.112 Sphingomyelins may be an 

attractive choice for building blocks for stable 

synthetic cells thanks to their hydrolytic stability.  

4.2  Metal Ion-mediated Acylation 

Recent work described a chemoenzymatic 

strategy for synthesis of phospholipids analogues by 

the reaction between amine-functionalized 

lysophospholipids and fatty acyl adenylates.113 The 

resulting amidophospholipids self-assembled into 

cell-mimetic vesicular compartments. Following the 

same method, we attempted to synthesize 

sphingomyelins via acylation of the NH2(C2) group 

on sphingosylphosphorylcholine (1) with 

dodecanoyl-AMP (2). Indeed, we found using 

HPLC-ELSD-MS that when 1 and 2 are mixed, the 

expected product N-SM (m/z = 647) is produced 

(Fig. 4.1.B, Pathway I). However, the reaction was 

sluggish due to the location of the 2NH2 group on a 

secondary carbon. When we carried out the reaction 

in the presence of Mg2+ ions, the rate of reaction 

significantly increased. This is likely due to the 

greater electrophilicity of the carbonyl carbon of 2 

resulting from coordination of the Mg2+ ion to the acyl phosphate moiety. Inspired by this result, we 

Figure 12. Synthesis of isomers of sphingomyelin.  

A. General structure of a sphingolipid molecule. B. 
Reaction schemes showing the acylation of 
sphingosylphosphorylcholine (1) with activated 
fatty acid derivatives – adenylate (2) and maltose 
thioester (3).  C. The HPLC-ELSD chromatograms 
of O-SM and N-SM are shown with extracted ion 
chromatograms. (EIC) corresponding to m/z = 647 
in inset. 



48 

 

screened a series of common metal salts to assess their catalytic effect on the acylation reaction. Using 

HPLC-ELSD-MS to characterize the reaction products, we observed an additional peak at a lower retention 

time (compared to the N-SM) when the reaction was carried out in the presence of certain metal ions (Fig. 

4.1.B, Pathway II). This peak had an m/z value of 647 as well. As acylation at NH2(C2) or at OH(C3) are 

both possible outcomes, we assigned the peak at the lower retention time (~3.5 min) to the O-acylated 

product (O-SM) as it would be expected to be more polar due to protonation of the free -NH2 group under 

the eluent solvent conditions (Fig. 4.1.C). Further, the corresponding mass spectra showed strong molecular 

ion [M+H]+ (m/z = 647) signal, which could be due to ionization of the amine group (Fig. 4.1.C). In 

comparison, the peak at higher retention time (~5.7 min) which was previously confirmed to be N-SM gave 

significantly suppressed [M+H]+ (m/z = 647) signal (Fig. 4.1.C). To validate that the newly formed product 

is indeed the O-acylated analogue of sphingomyelin, we carried out further characterization experiments. 

We carried out the organic synthesis of compound O-SM to verify the retention times in HPLC-ELSD-MS 

and characterized the structure using nuclear magnetic resonance (NMR) spectroscopy. Notably, 13C NMR 

spectrum of O-SM gave carbonyl peak at 172.4 ppm (ester) while that of N-SM gave a carbonyl peak at 

ppm 174.5 (amide) (Fig. 4.6). Infrared (IR) spectroscopy of the sphingomyelin isomers gave carbonyl 

stretching bands at 1718 cm-1 (ester) and 1646 cm-1 (amide) for O-SM and N-SM respectively. Finally, O-

SM gave a significantly smaller peak in the 205 nm chromatogram as compared to that from the same 

amount of N-SM (Fig. 4.6). 

4.3 Screening different Metal Ions 

 

Among the metal ions we screened, the hard cations promote N-acylation exclusively while relatively 

soft or borderline cations promote O-acylation to various degrees. A summary of the outcomes of the 

reactions between 1 and 2 in presence of miscellaneous water-soluble metal salts at pH 7.5 is provided in 

Table 4.1. The ratios between O-SM and N-SM products were estimated based on standard calibration 

curves generated from HPLC peak areas. Among all the cations screened, Cu(II) was found to promote O-

acylation with the highest selectivity (~95%). We tested several water soluble salts (50 mol% with respect 
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to 1 and 2) like CuSO4, CuCl2, and Cu(OAc)2 and observed similar product ratios. We obtained 76% and 

72% O-acylation when 10 mol% and 2.5 mol% Cu(II) were used respectively. We reason that upon 

coordination to Cu(II), the OH(C3) group is deprotonated, which makes it more nucleophilic compared to 

NH2(C2) and therefore, attack of OH(C3) on the carbonyl group of 2 is favored.114  

 

 

 

We studied the effect of pH on the outcome of Cu(II)-catalyzed acylation of 1 with 2, and we found 

that over a pH range of 5-8, O-acylation nearly exclusively took place (Fig. 4.2.A). At pH 9, the product 

ratio was completely reversed, and N-SM was the majority product. Next, we studied the effect of 

stereochemistry on the outcome of the reactions. The 1,2- aminoalcohol moiety on 1 has D-erythro (2S, 

3R) configuration and NH2(C2) and OH(C3) are placed anti to one another. However, when we carried out 

the reaction between the corresponding L-threo (2S, 3S) isomer and 2 at pH 7.5, an approximately 3:1 ratio 

between O- and N-acylated products was obtained (Fig. 4.7). A likely explanation is that NH2(C2) and 

OH(C3) are placed syn to one another in the L-threo isomer, and thus intramolecular O→N acyl transfer 

may be taking place, which is prevented in the erythro isomer.115 In addition to acyl phosphates, thioesters 

are ubiquitously found in biochemistry as activating groups for carboxylic acids to enable acylation 

chemistries.116 We were curious if Cu(II) species can drive O-acylation of 1 with fatty acyl thioesters. We 

Figure 13. Table summarizing metal ion-dependent acylation of sphingosylphosphorylcholine (1). 

In each of these reactions, 1 (1 mM) was incubated with 2 (1 mM) in HEPES-Na (100 mM, pH 7.5) in 
presence of 10 mM of various metal salts. 
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tested the reaction between 1 (1 mM) and an amphiphilic maltose thioester 374 (1 mM) at pH 7.5 and 37 °C, 

but no acylation of 1 could be detected. However, when the reaction was carried out in presence of 50 mol% 

of Cu(II), we found that acylation went to completion in ~30 min yielding O-SM as the major product with 

traces of N-SM. In addition, we observed similar outcome when biologically occurring thioesters, namely 

when fatty acyl-CoAs such as palmitoyl-CoA were used as acyl donors (Fig. 4.8). Compared to the 

adenylates, we observed a similar trend of product ratio when the reaction was carried out at different pH 

values over the range of 5-9 (Figure 4.2.B). At pH 5, exclusively O-SM was synthesized and remained the 

overwhelming major product till pH 8. At pH 9, about 93% of the product is N-SM. 

 

4.4 Characterizing the Sphingolipids 

 

 

 

Having developed a facile synthetic route to O-acylated sphingomyelin, we next sought to characterize 

the structural properties of the membranes formed from pure lipid and compare with the natural counterpart. 

X-ray diffraction methods have been widely applied to lamellar lipid multilayers and are well-established 

to quantitatively study lipid bilayer structures.117,118 We prepared multi-layered oriented films from O-SM 

Figure 14. HPLC-MS analysis of the relative fractions of O-SM and N-SM generated at pH 5-9 via the 

reaction between A. 1 and 2, B. 1 and 3. Error bars represent standard deviation (n = 3).   
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and N-SM on silicon wafers and carried out X-ray diffraction experiments. We obtained five Bragg peaks 

at equal q-spacing corresponding to a lamellar phase (Fig. 4.3.A). We calculated the electron density 

profiles (EDPs) of O-SM and N-SM bilayers (Fig. 4.3.B) from which we obtained the distance between 

lipid headgroups (dhh) and the thickness of the water layer between lipid bilayers (dw). We obtained a 

lamellar repeat distance (d-spacing) of 51.6 Å and a membrane thickness of 39.8 Å for O-SM multilayers. 

For N-SM multilayers, we obtained a slightly lower d-spacing value of 51.0 Å and a membrane thickness 

of 39.2 Å (Fig. 4.3.B). For both samples, the water thickness between lipid bilayers was established as 11.8 

Å, suggesting similar headgroup hydration (Fig. 4.3.B). 

 

The X-ray studies suggest that the two isomers of sphingomyelin present similar structural properties 

when organized as a stack of lipid multilayers. However, the vesicles formed from the lipids showed marked 

differences. In water or in buffered solutions, both lipids formed membrane bound vesicles upon gentle 

Figure 15. X-ray diffraction studies on oriented multilayer films of sphingomyelin isomers.  
 
A. Intensity profiles showing Bragg peaks. B. Electron density profiles calculated from the intensity profiles.  
0 on the x-axes represents the bilayer midplane. 
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hydration of a thin film. Vesicles also were able to encapsulate water-soluble dyes like Alexa Fluor 488 

(Fig. 4.4.B, Fig. 4.9). Interestingly, unlike membranes formed from N-SM or glycerophospholipids, the O-

SM membranes could not be visualized by fluorescence microscopy by staining with lipophilic dyes such 

as Nile Red and Texas Red DHPE (Fig. 4.8). A likely explanation is that the presence of a free -NH2(C2) 

group at the hydrophobic-hydrophilic interface of O-SM quenched the fluorescence of the lipophilic dyes. 

On the other hand, the presence of free interfacial -NH2(C2) group allowed O-SM membranes to bind 

negatively charged macromolecules such as green fluorescent protein (sfGFP) (Fig. 4.4.C) and a 

fluorescently labelled DNA oligonucleotide (5´-FAM dN20) (Fig. 4.4.D). In contrast, such binding behavior 

was not observed with N-SM vesicles (Fig. 4.9). 

 
 
Figure 16. Self-assembly of O-acylated sphingomyelin O-SM into vesicles.  

 

4.5 Conclusion 

 

In summary, we report the catalytic aqueous synthesis of an unusual analogue of sphingomyelin and 

described its self-assembly properties. Given that our method of generating O-acylated sphingomyelin 

relies on biologically relevant amphiphiles and metal ions, it may be worth exploring if similar reactions 

take place in cellular membranes and whether these lipids have any bioactive roles. Our method of synthesis 

of sphingomyelin analogues involved selective O-acylation of a hydroxyl group when in the presence of an 

adjacent free amine. Such transformations are generally regarded as challenging, particularly in aqueous 

media.119,120 Therefore, our method may facilitate development of mild strategies for selective 

functionalization of organic molecules and biomolecules. Another area where we foresee applications of 

A. Phase contrast microscopy of a vesicle in water. B. Encapsulation of Alexa Fluor 488. C. Binding of sfGFP 
to membranes. D. Binding of 5´-FAM-labeled DNA oligonucleotide to membranes. Scale bars in A and B 
represent 10 µm and in C and D represent 5 µm. 
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our methodology is the development of artificial metalloenzymes capable of catalyzing acylations.121 

Finally, exploring selective high-yielding acylation reactions in aqueous media is important in the context 

of prebiotic chemistry.91 Our findings may provide hints at how non-enzymatic acylation reactions took 

place, particularly in the context of the synthesis of phospholipids and other complex membrane lipids.122 

4.6 Experimental Methods 

 

4.6.1 General Information 

 

Commercially available D-erythro-Lysosphingomyelin (d18:1) and L-threo Lysosphingomyelin 

(d18:1) was used as obtained from Cayman Chemicals. Dodecanoic acid, Di-tert-butyl dicarbonate, 

Adenosine 5′-monophosphate monohydrate (5’-AMP.H2O), 2,4,6-trichlorobenzoyl chloride (TCBC), 4-

dimethylaminopyridine (DMAP), O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl-uronium 

hexafluorophosphate (HATU), dichloromethane (CH2Cl2), N,N-dimethylformamide (DMF), N,N-

diisopropylethylamine (DIEA), trifluoroacetic acid (TFA), triethylsilane (TES), 4-methylpiperidine, 

palmitic acid and tris(2-carboxyethyl)phosphine hydrochloride (TCEP) were obtained from Sigma-Aldrich. 

Texas Red® 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (Texas Red® 

DHPE) was obtained from Life Technologies. BODIPY FL DHPE was obtained from ThermoFisher 

Scientific. Deuterated chloroform (CDCl3) and methanol (CD3OD) were obtained from Cambridge Isotope 

Laboratories. All reagents obtained from commercial suppliers were used without further purification 

unless otherwise noted. Solvent mixtures for chromatography are reported as v/v ratios. HPLC analysis was 

carried out on an Eclipse Plus C8 analytical column with Phase A/Phase B gradients [Phase A: H2O with 

0.1% formic acid; Phase B: MeOH with 0.1% formic acid]. HPLC purification was carried out on Zorbax 

SB-C18 semipreparative column with Phase A/Phase B gradients [Phase A: H2O with 0.1% formic acid; 

Phase B: MeOH with 0.1% formic acid]. GC-MS analysis was carried out on an Agilent 7890A GC system 

connected to a 5975C VL MSD quadrupole MS (EI). Samples were separated on a 60m DB23 Agilent 

GCMS column using helium as carrier gas and a gradient of 110 °C to 200 °C at 15 °C/min, followed by 
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20 min at 200 °C. Proton nuclear magnetic resonance (1 H NMR) spectra were recorded on a Varian VX500 

MHz spectrometer, and were referenced relative to residual proton resonances in CDCl3 (at δ 7.24 ppm) or 

CD3OD (at δ 4.87 or 3.31 ppm). Chemical shifts were reported in parts per million (ppm, δ) relative to 

tetramethylsilane (δ 0.00). 1 H NMR splitting patterns are assigned as singlet (s), doublet (d), triplet (t), 

quartet (q) or pentuplet (p). All first-order splitting patterns were designated on the basis of the appearance 

of the multiplet. Splitting patterns that could not be readily interpreted are designated as multiplet (m) or 

broad (br). Carbon nuclear magnetic resonance (13C NMR) spectra were recorded on a Varian VX-500 MHz 

spectrometer, and were referenced relative to residual proton resonances in CDCl3 (at δ 77.23 ppm) or 

CD3OD (at δ 49.15 ppm). Electrospray Ionization-Time of Flight (ESI-TOF) spectra were obtained on an 

Agilent 6230 Accurate-Mass TOF-MS mass spectrometer. Spinning-disk confocal microscopy images were 

acquired on a Yokagawa spinning-disk system (Yokagawa, Japan) built around an Axio Observer 

Z1motorized inverted microscope (Carl Zeiss Microscopy GmbH, Germany) with a 63x, 1.40 NA oil 

immersion objective to an Evolve 512x512 EMCCD camera (Photometrics, Canada) using ZEN imaging 

software (Carl Zeiss Microscopy GmbH, Germany). A condenser/objective with a phase stop of Ph2 was 

used to obtain the phase-contrast images. The fluorophores were excited with a 20 mW DPSS laser (Texas 

Red®). NanoDrop 2000C spectrophotometer was used for UV/Vis measurements. Fluorescence 

measurements were carried out on a Tecan infinite F200 plate reader instrument. Transmission electron 

microscopy (TEM) images were recorded on a FEI TecnaiTM Sphera 200 kV microscope equipped with a 

LaB6 electron gun, using the standard cryotransfer holders developed by Gatan, Inc. 

4.6.2 X-ray diffraction studies on lipid multilayers 

 

Preparation of lipid multilayers and data acquisition. X-ray diffraction experiments were performed on 

multi-stacks of oriented lipid bilayers deposited on freshly cleaned hydrophilic silicon [100] wafers. Silicon 

substrates, cut to 18×20 mm, were sonicated three times for 15 min in methanol followed by another 15 

min in deionized water (18 MΩ cm-1, Milli-Q; Millipore, Billerica, MA). Substrates were then nitrogen-

dried and exposed to short-wavelength UV radiation for 30 min to make the surface hydrophilic. For lipid 



55 

 

deposition, the wafers were placed on an accurate leveled platform and 2 μmol of the corresponding lipid 

was deposited drop by drop on it. The wafers were left about 2 hours covered at the fume hood for slow 

evaporation, and then placed under high vacuum for 24 hours to completely evaporate the solvents. The 

lipid dried films were equilibrated under 96% relative humidity (RH) at 50 °C for 48 hours and finally, they 

were equilibrated 24 h at room temperature under different RH, i.e. 98%, 93.5%, 83% and 75%, achieved 

by a reservoir of different saturated salt solutions: K2SO4, KNO3, KCl and NaCl, respectively.123 X-ray 

diffraction measurements were carried out using an in-house Cu Kα tube spectrometer with wavelength 1.54 

Å operating in the horizontal plane. During the in-house X-ray diffraction measurements, we used a 

specially constructed humidity cell designed for high accuracy and sensitivity in RH.124 The scattered 

intensity was plotted as a function of q (intensity of scattering vector), which is directly related to the 

scattering angle by q = 4π sin(θ)/λ, where λ is the X-ray wavelength. Therefore, we obtained one-

dimensional I(q) profiles for each RH with Braggs peaks indicating the presence of a lamellar phase for 

both lipids. The diffraction peaks were fitted by a Gaussian after background subtraction. The repeat 

distance (or d-spacing) of the lamellar phase was calculated by D = 2π/Δq, where Δq corresponds to the 

slope of a linear fit of peak position (q) vs. diffraction order (n). 

Calculation of electron density profiles (EDP). The integrated intensity In of nth order peaks were then used 

to calculate the electron density profiles as follows:125 
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Where D is the lamellar spacing, coefficient fn is found by the relationship In=|fn|2 /qz, where qz is the Lorentz 

correction factor equal to q for oriented bilayers and In is the integrated intensity of the nth Bragg peak and 

vn is the phase factor for the n-th order reflection.126 Because of the mirror symmetry of the bilayers in the 

z direction, the phase factors can only be +/- 1.127 For each phase, intensities of all diffraction orders are 

normalized by the sum of all peak intensities in that phase to account for the full beam intensity 

normalization correction. We established the phase factors by following the swelling method,128 
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corresponding to -,-,+,-,+ for both lipids at 98% RH. For each phase, intensities of all diffraction orders 

were normalized by the sum of all peak intensities in that phase to account for the full beam intensity 

normalization correction. Finally, the distance between the two characteristic maxima of the density profile 

was attributed to the lipid headgroup to headgroup distance (Dhh) and the water layer thickness between 

lipid bilayers was defined as Dw = D - Dhh.129 

4.6.3 Synthesis of Lipid Species 

 

Dodecanoyl-AMP (1).29 At first, anhydrous Et2O (7 mL) was used to dissolve solid dodecanoic acid 

(241.2 mg, 1.20 mmol) and stirred for 10 min at RT. Then, a 1 M solution of DCC in CH2Cl2 (1.2 mL) 

previously diluted with anhydrous Et2O (4 mL) was added dropwise for 10 min. The white suspension that 

was produced was continuously stirred at RT for 12 h. Afterward, the mixture was filtered, and the filtrate 

was evaporated in vacuo to afford a white solid. The corresponding dodecanoic anhydride was dried under 

high vacuum for 3 h and used without further purification. 5′-AMP.H2O (147.8 mg, 0.40 mmol) was 

dissolved in a solution of 8 mL of 1:1 H2O: pyridine (v/v) containing NaOH (20 mg, 0.50 mmol) taken in a 

long vessel. Following this, a solution of dodecanoic anhydride dissolved in 8 mL of THF was added to the 

mixture in three portions. Upon addition, a white suspension formed readily, and the mixture was stirred at 

RT continuously. In about 15 min, the suspension turned into nearly clear solution. Next, Et2O (20 mL) was 

added and the two-phase mixture was stirred vigorously for about 2 min. Then, the two-phase system was 

allowed to rest briefly and the upper phase was removed carefully. This process was repeated three times. 

After this, a small volume of distilled water (~3 mL) was added, and the pH was lowered to ∼3 by dropwise 

addition of aqueous HCl (5%). The gel was transformed into a white suspension and Et2O (3 × 15 mL) was 

used to extract the latter by vigorous stirring. The top organic layer is separated continuously after each 

round. The white solid was transferred to a Büchner funnel and the residual suspension was filtered. Finally, 

the solid is washed with acetone (3 × 5 mL) and Et2O (2 × 5 mL). The residue is dried in vacuo, and 

dodecanoyl-AMP 1 is obtained as a white powder [125.2 mg, 60%]. 1H NMR (d6-DMSO, 500.13 MHz, δ): 

8.55 (s, 1 H, 1 × CHAr), 8.30 (s, 1 H, 1 × CHAr), 5.94 (d, J = 5.6 Hz, 1 H, 1 × CH), 4.57 (t, J = 5.3 Hz, 1 H, 
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1 × CH), 4.24–3.98 (m, 4 H, 2 × CH + 1 × CH2), 2.33 (t, J = 7.3 Hz, 2 H, 1 × CH2), 1.55–1.35 (m, 2 H, 

1 × CH2), 1.31–1.09 (m, 16 H, 8 × CH2), 0.88 (t, J = 6.8 Hz, 3 H, 1 × CH3). 13C NMR (d6-DMSO, 

125.77 MHz, δ): 163.3, 152.8, 148.8, 148.5, 140.8, 118.7, 87.3, 83.6, 73.8, 70.4, 66.0, 34.6, 31.3, 29.0, 

29.0, 28.9, 28.7, 28.7, 28.3, 24.1, 22.1, 14.0. MS (ESI-TOF) [m/z (%)]: 530 ([MH]+, 100). HRMS (ESI-

TOF) calculated for C22H37N5O8P ([MH]+) 530.2374, found 530.2374. 

Dodecanoyl maltose thioester (2).74 A solution of dodecanoic acid (263.3 mg, 131.5 µmol) in DMF 

(500 µL) was stirred at 0 ºC for 10 min, and then HATU (55.0 mg, 144.6 µmol) and DIEA (25.2 µL, 144.6 

µmol) were successively added. After 10 min stirring at 0 ºC, 1-thio-b-maltose sodium salt (50.0 mg, 131.5 

µmol) was added. After 1 h stirring at rt, the mixture was concentrated under reduced pressure. The 

corresponding residue was diluted in MeOH (500 µL), filtered using a 0.2 µm syringe-driven filter, and the 

crude solution was purified by HPLC, affording 45.3 mg of 1 as a white solid [64%, tR = 4.7 min (Zorbax 

SB-C18 semipreparative column, 5% Phase A in Phase B, 15.5 min)]. 1 H NMR (CD3OD, 500.13 MHz, 

d): 5.18 (d, J = 3.9 Hz, 1H, 1 × CH), 5.06 (d, J = 10.3 Hz, 1H, 1 × CH), 3.87-3.77 (m, 3H, 3 × CH), 3.72-

3.56 (m, 5H, 1 × CH + 2 × CH2), 3.49-3.42 (m, 2H, 2 × CH), 3.38-3.33 (m, 1H, 1 × CH), 3.29-3.23 (m, 

1H, 1 × CH), 2.69-2.54 (m, 2H, 1 × CH2), 1.75-1.56 (m, 2H, 1 × CH2), 1.43-1.19 (m, 16H, 8 × CH2), 0.90 

(t, J = 7.0 Hz, 3H, 1 × CH3). 13C NMR (CD3OD, 125.77 MHz, d): 198.6, 102.9, 83.9, 81.1, 80.6, 79.5, 

75.1, 74.8, 74.2, 72.9, 71.5, 62.8, 62.0, 45.1, 33.1, 30.7, 30.7, 30.5, 30.5, 30.4, 30.0, 26.4, 23.7, 14.4. MS 

(ESI-TOF) [m/z (%)]: 540 ([MH]+ , 25), 563 ([M +Na]+ , 100). HRMS (ESI-TOF) calculated for 

C24H44O11SNa ([M +Na]+ ) 563.2497, found 563.2499. 
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Figure 17. Synthetic scheme for O-SM and N-SM. 

 

N-Boc-D-erythro-sphingosine phosphocholine (1.1). To a solution of D-erythro-sphingosine 

phosphocholine (1, Lyso d18:1 SM-NH2, 4.0 mg, 8.6 µmol) in 250 µL of H2O/dioxane (1:1) was 

successively added Boc2O (2.8 mg, 12.9 µmol) and Et3N (3.6 µL, 25.8 µmol). After 3 h stirring at rt, the 

solvent was removed under reduced pressure. Then, the corresponding residue was diluted in MeOH (250 

µL), filtered using a 0.2 µm syringe-driven filter, and the crude solution was purified by HPLC, affording 

4.2 mg of the lysosphingolipid 1.1 as a colorless film [87%, Rt = 7.5 min (Zorbax SB-C18 semipreparative 
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column, 5% Phase A in Phase B, 15.5 min)]. 1H NMR (CDCl3, 500.13 MHz, δ): 5.81-5-57 (m, 1H, 1×CH), 

5.53-5.38 (m, 1H, 1×CH), 4.59-3.52 (m, 8H, 2×CH + 3×CH2), 3.31 (s, 9H, 3×CH3), 2.10-1.84 (m, 2H, 

1×CH2), 1.39 (s, 9H, 3×CH3), 1.34-1.17 (m, 22H, 11×CH2), 0.88 (t, J = 6.9 Hz, 3H, 1×CH3). 13C NMR 

(CDCl3, 125.77 MHz, δ): 156.0, 134.0, 129.6, 79.2, 71.8, 66.5, 65.5, 59.6, 55.7, 54.6, 32.7, 32.1, 29.9, 29.9, 

29.9, 29.9, 29.8, 29.8, 29.7, 29.5, 29.5, 28.7, 22.8, 14.3. MS (ESI-TOF) [m/z (%)]: 565 ([MH]+, 100). 

HRMS (ESI-TOF) calculated for C28H58N2O7P ([MH]+) 565.3976, found 565.3973. 

N-Boc-D-erythro-dodecanoyl-sphingosylphosphocholine (1.2). A solution of N-Boc-D-erythro-

sphingosine phosphocholine (1.1, 4.0 mg, 7.1 µmol), dodecanoic acid (3.6 mg, 17.7 μmol), DMAP (5.2 

mg, 42.5 μmol) and Et3N (3.5 µL) in CDCl3 (275 µL) was stirred for 10 min at rt. Then, 2,4,6-

trichlorobenzoyl chloride (TCBC, 7.2 µL) was added and the reaction was stirred for 12 h at rt. Afterwards, 

H2O (7.5 µL) was added to the reaction mixture to quench the acid chloride, and the solvent was removed 

by rotary evaporation to give a yellow oil. Then, the corresponding residue was diluted in MeOH (250 μL), 

filtered using a 0.2 μm syringe-driven filter, and the crude solution was purified by HPLC, affording 4.6 

mg of the sphingophingolipid 1.2 as a colorless film [87%, Rt = 10.1 min (Zorbax SB-C18 semipreparative 

column, Phase B, 23.5 min)]. 1H NMR (CD3OD, 500.13 MHz, δ): 6.89 (d, J = 9.4 Hz, 1H, 1×NH), 5.80 (dt, 

J1 = 15.3 Hz, J2 = 6.8 Hz, 1H, 1×CH), 5.45 (ddt, J1 = 15.3 Hz, J2 = 7.9 Hz, J3 = 1.5 Hz, 1H, 1×CH), 5.37-

5.25 (m, 1H, 1×CH), 4.35-4.18 (m, 2H, 1×CH2), 4.01-3.94 (m, 1H, 1×CH), 3.93-3.82 (m, 2H, 1×CH2), 

3.70-3.58 (m, 2H, 1×CH2), 3.23 (s, 9H, 3×CH3), 2.32 (t, J = 7.4 Hz, 2H, 1×CH2), 2.05 (ddt, J1 = 7.2 Hz, J2 

= 3.6 Hz, J3 = 2.0 Hz, 2H, 1×CH2), 1.69-1.54 (m, 2H, 1×CH2), 1.43 (s, 9H, 3×CH3), 1.36-1.18 (m, 38H, 

19×CH2), 0.90 (t, J = 7.0 Hz, 6H, 2×CH3). 13C NMR (CD3OD, 125.77 MHz, δ): 174.4, 158.1, 138.4, 125.8, 

80.2, 75.1, 67.4, 65.4, 60.5, 54.6, 54.3, 35.4, 33.4, 33.1, 30.9, 30.8, 30.8, 30.8, 30.7, 30.7, 30.6, 30.5, 30.5, 

30.3, 30.2, 30.0, 28.8, 26.1, 23.8, 14.5. MS (ESI-TOF) [m/z (%)]: 769 ([M+Na]+, 14), 747 ([MH]+, 8), 393 

([M+H+K]2+, 100). HRMS (ESI-TOF) calculated for C40H80N2O8P ([MH]+) 747.5647, found 747.5649. 

D-erythro-dodecanoyl-sphingosylphosphocholine (O-SM). A solution of N-Boc-D-erythro-

dodecanoyl-sphingosylphosphocholine (1.2, 4.0 mg, 5.4 μmol) in 500 μL of TFA/CH2Cl2 (1:1) was stirred 
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at rt for 15 min. After removal of the solvent, the residue was dried under high vacuum for 3 h. Then, the 

corresponding residue was diluted in MeOH (500 μL), filtered using a 0.2 μm syringe-driven filter, and the 

crude solution was purified by HPLC, affording 2.7 mg of O-SM as a colorless oil [77%, tR = 4.9 min 

(Zorbax SB-C18 semipreparative column, Phase B, 23.5 min)]. 1H NMR (CD3OD, 500.13 MHz, δ): 6.02-

5.82 (m, 1H, 1×CH), 5.53-5.39 (m, 2H, 2×CH), 4.36-4.24 (m, 2H, 1×CH2), 4.12 (ddd, J1 = 11.5 Hz, J2 = 

6.1 Hz, J3 = 3.6 Hz, 1H, 0.5×CH2), 3.96 (dt, J1 = 11.4 Hz, J2 = 7.1 Hz, 1H, 0.5×CH2), 3.65 (dd, J1 = 6.0 

Hz, J2 = 3.4 Hz, 2H, 1×CH2), 3.59-3.53 (m, 1H, 1×CH), 3.23 (s, 9H, 3×CH3), 2.40 (t, J = 7.4 Hz, 2H, 

1×CH2), 2.18-2.01 (m, 2H, 1×CH2), 1.68-1.56 (m, 2H, 1×CH2), 1.47-1.26 (m, 38H, 19×CH2), 0.90 (t, J = 

6.9 Hz, 6H, 2×CH3). 13C NMR (CD3OD, 125.77 MHz, δ): 172.4, 139.1, 127.2 and 122.4, 71.6, 66.0, 62.5, 

59.2, 53.8, 53.2, 33.6, 32.0, 31.7, 29.5, 29.4, 29.4, 29.4, 29.4, 29.3, 29.2, 29.1, 29.1, 29.1, 28.8, 28.8, 28.5, 

24.6, 22.4, 13.1. MS (ESI-TOF) [m/z (%)]: 647 ([MH]+, 11), 343 ([M+H+K]2+, 100). HRMS (ESI-TOF) 

calculated for C35H72N2O6P ([MH]+) 647.5123, found 647.5108. 

N-dodecanoyl-D-erythro-sphingosylphosphorylcholine (N-SM). A solution of dodecanoic acid (1.5 

mg, 7.5 μmol) in DCM/DMF (1:1) (250 µL) was stirred at 0 °C for 10 min, and then HATU (3.2 mg, 8.3 

μmol) and DIPEA (5.3 µL, 30.1 μmol) were successively added. After 10 min stirring at 0 °C, D-erythro-

sphingosine phosphocholine (Lyso d18:1 SM-NH2, 3.5 mg, 7.5 µmol) was added. After 1 h stirring at rt, 

the mixture was concentrated under reduced pressure. The corresponding residue was dissolved in MeOH 

(500 µL), filtered using a 0.2 μm syringe-driven filter, and the crude solution was purified by HPLC, 

affording 3.5 mg of X4 as a colorless film [72%, tR = 7.9 min (Zorbax SB-C18 semipreparative column, 

Phase B, 23.5 min)]. 1H NMR (CD3OD, 500.13 MHz, δ): 7.98 (d, J = 9.0 Hz, 1H, 1×NH), 5.70 (dt, J1 = 

15.3 Hz, J2 = 6.7 Hz, 1H, 1×CH), 5.70 (ddt, J1 = 15.3 Hz, J2 = 7.8 Hz, J3 = 1.5 Hz, 1H, 1×CH), 4.71-4.58 

(m, 1H, 1×CH), 4.36-4.21 (m, 2H, 1×CH2), 4.14-3.92 (m, 3H, 1×CH2 + 1×CH), 3.71-3.55 (m, 2H, 1×CH2), 

3.22 (s, 9H, 3×CH3), 2.18 (td, J1 = 7.7 Hz, J2 = 6.9 Hz, J3 = 1.9 Hz, 2H, 1×CH2), 2.03 (ddt, J1 = 12.6 Hz, 

J2 = 8.4 Hz, J3 = 4.0 Hz, 2H, 1×CH2), 1.66-1.46 (m, 2H, 1×CH2), 1.42-1.24 (m, 38H, 19×CH2), 0.90 (t, J 

= 6.9 Hz, 6H, 2×CH3). 13C NMR (CD3OD, 125.77 MHz, δ): 174.5, 133.8, 129.8, 71.1, 66.0, 64.4, 59.0, 
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53.8, 53.2, 36.0, 35.9, 32.1, 31.7, 31.7, 29.5, 29.5, 29.4, 29.4, 29.4, 29.4, 29.3, 29.3, 29.2, 29.1, 29.1, 29.1, 

29.1, 29.0, 25.8, 22.4, 13.1. MS (ESI-TOF) [m/z (%)]: 647 ([MH]+, 8), 343 ([M+H+K]2+, 100). HRMS 

(ESI-TOF) calculated for C35H72N2O6P ([MH]+) 647.5123, found 647.5124. 

Figure 18. Comparison of 205 nm chromatograms (20 nmol each), IR spectra, and 13C NMR spectra 

(carbonyl peaks) of pure O-SM and N-SM. 



62 

 

 

Figure 19. Reaction between 1 mM of erythro (1) and threo stereoisomers of lyso-sphingomyelin and 

dodecanoyl-AMP (2) at pH 7.5 (50 mM HEPES)). HPLC-ELSD chromatograms are shown corresponding to 

each reaction. 
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Figure 20. Reaction between 1 mM of lyso-sphingomyelin (1) and palmitoyl CoA in 50 mM HEPES buffer pH 

7.5 at 37 °C.  

 

HPLC-ELSD chromatogram and the mass spectrum is shown corresponding to the O-acylated product peak (indicated 
with an asterisk). The MS peaks corresponding to the species [M+H]+ (m/z = 703) and [M-NH2]+ (m/z = 685) are shown. 
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Figure 21. Microscopy of O-SM and N-SM vesicles. 
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1H (top) and 13C (bottom) NMR spectra of compound O-SM. 
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1H (top) and 13C (bottom) NMR spectra of compound N-SM. 
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5. Conclusion 

 

In summary, we have developed a chemoenzymatic route to synthesize noncanonical phospholipids 

from simple, minimal, and biologically relevant precursors. Constructing an artificial cell from with a 

bottom-up approach depends on step-by-step development of chemistry to mimic the biological processes 

and understand these mechanisms closely to gain insight into life itself. Compartmentalization is an 

essential feature of life,8,9 and the synthesis of life-like compartments will be a necessity for the construction 

of an artificial cell. The most common way by which biological cells compartmentalize themselves from 

the environment, and even organelles inside eukaryotic cells, is using lipid membranes. Understanding the 

necessary ways in which primitive cells may have constructed their lipid membranes is a huge area of 

study.130 Additionally, these insights will help construct artificial cells as biomimetically as possible. Given 

our approach, there is a lot of opportunity to explore various facets moving forward. With the 

chemoenzymatic scheme used in our work, there should be a lot of flexibility to diversify the lipid species 

generated. One aspect of this is diversifying the fatty acid tails of the lipid analogs. Even though we utilized 

cgFAS I to selectively produce palmitoyl-CoA, the use of fatty acid synthases from other organisms could 

enable the formation of a diverse array of fatty acyl-CoA species, which could be subsequently coupled to 

reactive lysophospholipids or small reactive head groups such as cysteine to give several noncanonical lipid 

species. For instance, many bacterial FASs are known to synthesize terminally branched iso-, anteiso-, or 

omega-alicyclic fatty acids from branched, short-chain carboxylic acid precursors such as methylmalonyl-

CoA.18,131,132 This would afford us unique lipid analogs that would have very different biophysical 

properties and therefore their assemblies in solution would be extremely interesting to explore. For 

example, having methylmalonyl-CoA as the starting precursor would lead to lipid species with branched 

tails, which leads to a more fluid profile of membranes. Similarly, we also envision using a diverse set of 

modified cysteine head groups to couple with the tails to lead to lipid analogs with vastly different 

biophysical properties to those characterized in previous efforts. Specifically, reactive lysophospholipids 

with choline (LPC), ethanolamine (LPE) and inositol (LPI) head groups can be synthesized to then couple 
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them with fatty acyl-CoAs to create synthetic non-canonical phospholipids. This will lead to cylindrical 

lipids that mimic phosphatidylcholine (PC), conical lipids with positive curvature resembling 

phosphatidylinositol (PI) as well as inverted conical lipids with negative curvature resembling 

phosphatidylethanolamine (PE).  

Once we have an array of analogs, we plan on utilizing the in situ synthesis of diverse phospholipid 

species to facilitate investigations of how lipid membrane composition affects vesicle assembly, growth, 

and division. Furthermore, we can also use this work as the foundation for building artificial cell organelle 

membranes. A very interesting direction to take this would be to build a programmable synthetic 

endoplasmic reticulum (ER). In living systems, the characteristic morphologies of cellular organelles are 

established through interactions between proteins and lipids that shape membranes.133 Membrane curvature 

plays a critical role in defining the morphology of cells, organelles, and local membrane subdomains.134,135 

Therefore, the generation and maintenance of curvature is of central importance for membrane trafficking 

and cellular functions. While there has been tremendous progress in understanding how proteins and lipids 

cooperate to form membrane-bound organelles,136–138 many outstanding questions persist. For instance, it 

is still unclear how organelle size and shape is determined and maintained. From an evolutionary biology 

perspective, it is unclear what physicochemical principles were essential for the de novo formation of 

membrane-bound organelles like the endoplasmic reticulum. Bottom-up designer synthetic organelles using 

minimal and well-defined lipids and proteins would shed light on these questions. Furthermore, the ER is 

the principal site for lipid synthesis,139 and in many ways is the progenitor for all cellular membranes. 

Additionally, the ER is a critical site for protein synthesis, modification, and transport.140 Finally, the ER 

can adopt various structures, including a reticulated network, and thus a minimal ER could shed light on 

what determines organelle shape and in turn inform how shape affects physical properties and function.  

In living cells, the ER is maintained through the constant synthesis of fatty acids that couple to form 

phospholipids and is shaped by the action of several membrane proteins. To generate a synthetic ER de 

novo, we plan to combine the chemoenzymatic synthesis of non-canonical phospholipids with recombinant 

proteins that influence membrane curvature and fusion. The previous chapters demonstrated that we could 
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use minimal water-soluble precursors such as acetate can be used as the primary carbon feedstock to 

generate reactive precursors such as acetyl-CoA and malonyl-CoA. These, in turn, can react with cysteine 

and cysteine derived lysolipids to form lipids that spontaneously assemble to form membrane-bound 

vesicles. Building on this methodology, we imagine creating a library of non-canonical lipids that vary in 

chain length, unsaturation, and head group functionality. These lipid analogs can then be characterized to 

understand how the intrinsic curvature of the lipids affects their assembly into membranes and consequently 

how curvature, fluidity, and head group identity dictate interactions with membrane stabilizing and fusion 

proteins that are known to facilitate ER-like reticulate network generation. Furthermore, we will determine 

the minimal lipid composition requirements necessary for generating tubular structures and ER-like 

reticulate membrane networks with Yop1p and Sey1p, two membrane-bound proteins that play a critical 

role in membrane curvature stabilization and fusion respectively in yeast141, and characterize the resulting 

membrane morphologies. 

More generally, this work explores the de novo membrane generation starting from very minimal, small 

molecule precursors utilizing an elegant approach of applying a unique synthetic route coupled with 

ubiquitous enzymes that are used to build fatty acids in living systems. This approach of building the 

membranes “from scratch” gives us a lot of room to explore different reactivities and combinations to get 

lipids with varying curvatures and biophysical properties, which we can then leverage in building 

interesting systems like a programmable synthetic ER in the future. Similarly, we also explored the use of 

metal ions to develop yet another example of noncanonical sphingolipid that is acylated on the –OH group 

rather than the –NH2, with the goal of further understanding the parameters that go into de novo membrane 

generation.   
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