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Utilization of Bioorthogonal Chemistry for Live-Cell Labeling of Glycoconjugates and 
the Liposomal-Based Engineering of Dynamic Artificial Cellular Models 

 

By  

 

Christian Michael Cole 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2016 

Professor Neal K. Devaraj, Chair 

 

This dissertation will first explore the use of methylcyclopropene as an activated 

dienophile in the [4 + 2] inverse Diels–Alder cycloaddition with a tetrazine coupling 

partner for applications in bioimaging. Recently, bioorthogonal chemistries to label and 

track biomolecules in their native environment has received considerable interest from 

biochemists and chemical biologists. The tetrazine ligation is one such example, 

exhibiting robust kinetics and is mutually exclusive to other bioorthogonal reactions
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making it feasible to carryout multiple-color labeling experiments. However, the 

classical coupling partners of tetrazine are bulky dienophiles, like norbornene and trans-

cyclooctene. This potentially limits live-cell applications requiring sterically small 

labeling probes. In contrast, methylcyclopropene is the smallest cyclic alkene and as a 

tetrazine coupling partner it provides minimal steric impact that is often desired in 

intracellular investigations.  In addition to the fast kinetics (k 13 M−1s−1), fluorophore 

conjugated tetrazines can also exhibit a fluorogenic “turn-on” upon cycloaddition with 

methylcyclopropene, making them well suited for live-cell imaging probes.  

In the second investigation, this dissertation will explore two fundamental 

features of a phospholipid bilayer; their ability to encapsulate macromolecules and 

reconstitute transmembrane proteins. Phospholipid liposomes are akin to micron-sized 

flasks that can function as a delivery system and/or a bioreactor. In both of these 

applications high encapsulation efficiency is greatly desired or even necessary, but there 

are few liposomal methodologies that can achieve this. In order to integrate genetic 

circuits in liposomes we employed the inverted emulsion technique to make giant 

unilamellar vesicles that can be visualized by light microscopy. In addition, this method 

achieves greater than 90% encapsulation efficiency for polar macromolecules. Building 

off this technique we show it is possible to encapsulate live bacteria and yeast at high 

densities, which was previously only possible via microfluidics.  

An alternative methodology of encapsulation can be accomplished with 

synthetic lipids that are composed of two clickable precursors, comprising of an alkyl 

chain and a lysophospholipid. Initial we demonstrated how this could work between an 

oleoyl azide and an alkyne lysophospholipid to form a triazole phospholipid, but due to 
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the low solubility of the azide oil in aqueous solutions we pioneered vesicle formation 

by native chemical ligation (NCL). In this system both precursors are water soluble 

allowing for higher encapsulation efficiency and similarly to the Cu(I)-catalyzed azide–

alkyne cycloaddition, the NCL system can also spontaneously reconstitute active 

transmembrane proteins during membrane growth.   
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~ CHAPTER 1 ~ 

1 Introduction 

 

1.1 Past to Present: Chemical Biology 

Chemical biology is an interfacial scientific discipline that bridges the gap 

between biochemistry, organic chemistry, and pharmacology. In the past twenty years 

chemical biology has witnessed unprecedented growth and incredible innovation, 

furthering our understanding of complex biological systems. Undoubtedly, the practice 

of chemical biology has a rich history going back to the late eighteenth century with 

the accidental synthesis of urea1 by Friedrich Wohler. However, the term “chemical 

biology” has no discernible origin, although it can be traced back to Caltech in the 

early 1920s by Thomas Morgan and Warren Weaver2,3. The “new-biology” program 

of this era was molecular biology and physico-chemical biology, inspired by variations 

of the Institut de Biologie Physico-Chimique (IBPC) program offered in France around 

the same time period. In the mid-1950s, through the vision of Thomas Morgan and 

Warren Weaver, the Laboratory of Chemical Biology at the California Institute of 

Technology was opened (Figure 1.1)4 and is perhaps the earliest known example of  

“chemical biology” being adapted in the United States.
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Historically the toolbox of a chemical biologist is with little exception that of 

chemistry, with applications focusing on the life sciences. This is a cogent notion 

considering the ultimate currency of biology is molecules and the compounds they 

form.5 By the early-twentieth century chemistry had reached a degree of maturity and 

chemists had enormous success in their abilities to synthesize almost any desired 

compound and apply it to biological systems.6 To better evaluate biology; additional 

quantitative tools were adapted from the habits and practices of chemists. The seminal 

Figure 1.1 Architect’s drawing of the Norman W. Church Laboratory of Chemical Biology at 
the California Institute of Technology in 1955 
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work of Francois Jacob, Jacques Monod, and colleagues is an example of the synergy 

between chemistry and biology in this era. Monod was testing substrates and inducers 

of the yet to be determined lac operon to provide a working model of gene regulation. 

These studies were made possible by the synthetic compound o-nitrophenyl-β-

galactoside (ONPG). Colorless ONPG is hydrolyzed by β-galactosidase resulting in 

the yellowish compound o-nitrophenol.7 In hand with a quantitative and sensitive 

assay for β-galactosidase Monod and colleagues identified numerous regulators of 

gene expression, including UV light and externally supplied lactose.8 This would 

subsequently lead to the synthesis and use of isopropyl-β-D-thiogalactoside (IPTG) for 

bacterial inductions, an influential discovery still widely employed today. However, 

the overlap of chemistry and biology was still in its infancy largely due to the lack of 

structural knowledge obscuring the chemical workings of biology.9 Consequently, 

many of the initial applications of chemical biology lacked rational design and instead 

focused on the administration of synthetic compounds on biological systems, thereby 

empirically deducing the compounds function. 

Going into the early twenty-first century a major theme in chemical biology is 

the progression and development of many new chemical tools that were rationally 

designed to probe biological systems.6 The classical example of biomolecular tagging 

is ectopically expressed fluorescent proteins (FP), however this approach is not well 

suited for non-protein base biomolecules; such as nucleic acids, glycans, lipids, small-

molecule metabolites, and post-translational modifications in living systems. 10 These 

limitations were ameliorated by adorning “chemical handles” on biomolecules, which 

contain unique functional groups capable of the chemoselective bioconjugation to 
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chemical probes. A notable example came out of the Cravatt lab showcasing a library 

of fluorescent probes conjugated to specific substrates, which provided the activity 

units of a protein resulting from an acrylamide gel. This is in contrast to the typical 

coomassie dye employed, which only stains protein irrespective of their functional 

state11.  This work highlights another every growing central facet of chemical biology, 

which is the bioconjugation of fluorescent molecules to specific targets.12 

 

1.2 Bioorthogonal Chemistry 

During the pioneering studies on metabolic engineering of cell surfaces by 

Carolyn Bertozzi, there was a strong interest in coupling agents that were 

chemoselective even in the biological milieu of a cell. While ligation reactions were 

available they often relied on functional groups that were susceptible to nucleophilic 

attack, most notable are the maleimides, N-hydroxysuccinimides and hydrazones. The 

need for better selectivity became apparent and lead Saxon and Bertozzi to the 

Staudinger reaction. The original Staudinger reaction was reported by Staudinger and 

Meyer in 1919, demonstrating that azides could react with triaryl phosphanes to form 

iminophosphoranes13 (Scheme 1.1). There are several key intermediate steps, and it is  

Scheme 1.1 Staudinger reaction: phosphane and an azide forms an iminophosphorane. 
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important to fully appreciate that the reaction proceeds without the formation of 

radicals or nitrenes, which would make them chemically promiscuous. Upon 

formation of the iminophosphorane the resonance form engenders the highly 

nucleophilic nitrogen capable of reacting with neighboring electrophiles.14 Bertozzi 

rationally designed the phosphane with an electrophile attached on one of the phenyl 

rings, effectively trapping the nucleophilic aza-ylide, thus establishing a new form of 

ligation reaction (Scheme 1.2). This extremely powerful technique offered both, 

chemoselectivity and covalent chemistry to be used for the purposes of labeling and 

tracking biomolecules in living systems.  

 

The modification of the Staudinger reaction ushered in a new conception of 

chemistry termed bioorthogonal chemistry. To be considered bioorthogonal chemistry 

as originally coined by Carolyn Bertozzi it had to fulfill two requirements: 1) 

Biologically and chemically Inert; to prevent the formation of undesired side reactions 

Scheme 1.2 Modified Staudinger reaction: the aza-ylide attacks the carbonyl thereby 
displacing a methoxy group and forming a stable amide bond after hydrolysis. 
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in living cells, which includes a plethora of functional groups necessary to sustain life. 

2) Fast kinetics; under physiological conditions it is often preferred to use low 

concentration of a compound to prevent toxicity, but still provide adequate temporal 

resolution compatible with living systems.15 

Bioorthogonal chemistries have since proven to be powerful tools for the 

chemical biologist.  In the past decade alone there has been well over a thousand 

bioorthogonal papers published, amassing over twenty thousand citations (Figure 1.4). 

Remarkably, the success of this field rests primarily on a handful of coupling 

reactions, notably including the modified–staudinger ligation16, copper-catalyzed 

azide–alkyne cycloaddition17, strain promoted azide–alkyne cycloaddition18, 

photoinduced tetrazole-alkene cycloaddition19, strain-promoted alkyne-nitrone 

cycloaddition20, palladium-mediated cross-coupling reactions21, ruthenium-catalyzed 

reactions22 and the tetrazine ligation.23 

 Nevertheless, the applications of these techniques are exceedingly versatile.  

They have been employed to study glycans, proteins, lipids, nucleic acids and found 

Graph 1.1 a) Journal entries published in the past decade on the concept of bioorthogonal 
chemistry as displayed by web of science’s portal. b) Citations in past decade on the papers 
recorded in the previous graph 

___________________________________________________________________________________________________________	
  

       a                                                         b 
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several applications outside of the life sciences. Depending on the intended application 

there are considerations for each technique (i.e. the copper catalyzed azide-alkyne 

reaction requires copper, which can be cytotoxic and proteotoxic; the rate constants of 

the modified-staudinger reaction is sluggish making live cell investigations 

challenging). A benefit of bioorthogonal chemistry is that many of the above 

approaches are mutually exclusive and employ bioorthogonal pairs that can have 

applications in multi-labeling experiments. In the first part of this thesis we will 

explore the use of a mutually exclusive tetrazine ligation in tandem with a strain-

promoted azide-alkyne cycloaddition reaction in a duel-labeling experiment of SK-

BR-3 cells. 

 

1.3 Tetrazine Ligation 

The tetrazine ligation originated with the pioneering work done by Ruhemann 

24,25,26 towards the end of the nineteenth century, he synthesized the core-ring of the s-

tetrazine, also known as the 1,2,4,5-tetrazines from hydrazine and potash. Later, 

Carboni and Lindsey27 shows that tetrazines can react with unsaturated compounds 

releasing nitrogen gas in the process. This was further expounded upon by Sauer in the 

1990s28, whereby he characterized the kinetics of tetrazine and dienophile pairs. Still it 

will take another decade before a water-stable tetrazine derivative is used for 

bioconjugation23.  Tetrazines substituted with electron withdrawing groups are often 

attributed to have extremely fast kinetics without a catalyst and proceed in high yield 

in organic solvents, water, and even cell lysate23 making them ideal for live-cell 

bioorthogonal applications. To put the kinetics of tetrazine into perspective; the 
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majority of the commonly used bioorthogonal ligations have a second order rate 

constant of (k2 < 1 M-1sec-1)18,29,30. Assuming a second-order rate constant between the 

labeling agent and coupling partner to be a customary concentration of one 

micromolar, then it would take over eleven days for fifty-percent of the coupling 

reaction to be completed. Thus, in live cells these methodologies suffer from slow 

kinetics, requiring long reaction times or excessive concentration of either the labeling 

agent or coupling agent.31 The 1,2,4,5-tetrazines proceeds through a [4 + 2] Diels-

Alder cycloaddition with trans-cyclooctene resulting in a dihydropyridazine product 

forming a irreversible ligation at k2 ~2000 M-1sec-1 23. More recently Hilderbrand and 

colleagues have shown a k2 of ~30000 M-1sec-1 between a 1,2,4,5-Tetrazin-3-yl-

benzoic Acid and trans-cyclooctene.32 These extremely fast rates make the tetrazine 

ligation applicable for a wide range of biological inquiry.  

The derivatives of the s-tetrazines, substituted commonly with phenyl groups, 

are relatively large molecules (>300 da). However, in order to achieve the rapid rates 

of the tetrazine ligation it is also necessary to employ sterically large dienophiles such 

as trans-cycloctene, cyclooctyne, and norbornene. Of course, this is a conflict with the 

growing trend to use bioorthogonal probes as “chemical handles” in the study of the 

cell’s metabolic pathways. These pathways can be highly sensitive to the size and 

chemical properties of the handle.33 Consequently, the use of smaller dienophiles 

would alleviate these potential limitations and provide an additional tool for the 

tetrazine ligation. In the subsequent chapters we will discuss the feasibility of using 

cyclopropene as a dienophile in the [4 + 2] Diels-Alder cycloaddition with tetrazine.   
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~ CHAPTER 2 ~ 

2 Live-Cell Imaging of Cyclopropene Tags with Fluorogenic Tetrazine 
Cycloadditions 

 
 
 

2.1 Introduction 

There is growing interest in the use of inverse Diels–Alder tetrazine 

cycloadditions as rapid, catalyst-free bioorthogonal reactions.23,31,34 Fluorogenic 

tetrazines that increase in fluorescence after reactions with dienophiles are particularly 

useful for live-cell imaging applications.35 Fluorogenic tetrazines have recently been 

used for live-cell imaging of small molecules, biomolecules tagged enzymatically with 

dienophiles, and proteins modified by reactive unnatural amino acids.35,36 Although 

fluorogenic tetrazine probes hold great potential for intracellular imaging of small 

molecules, previous approaches are limited by requiring a large strained dienophile, 

such as trans-cyclooctene, cyclooctyne, or norbornene.35,37–40 This methodology is in 

contrast to Staudinger ligations or strain-promoted azide–cycloalkyne cycloadditions 

that utilize a small azide functional group.16,29 This requirement has limited the use of 

tetrazine reactions in methods that require tags with minimal steric impact or nominal 

effect on the partition ratio.31 The development of smaller dienophile partners capable 

of reacting rapidly with tetrazines would therefore represent a major advance. 

However, it has been unclear whether small dienophiles could be developed that react 

rapidly with tetrazines while maintaining their stability. Herein, we demonstrate the 

applicability of methylcyclopropene tags as dienophiles for reaction with fluorogenic 
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tetrazines. Through systematic synthetic modifications we have optimized the 

stability, size, and reactivity of the cyclopropene scaffold. We have developed 

methylcyclopropene derivatives that react rapidly with tetrazines while retaining their 

aqueous stability and small size. These cyclopropene handles elicit fluorescent 

responses from quenched tetrazine dyes and are suitable for cellular imaging 

applications, which we demonstrate by imaging cyclopropene phospholipids 

distributed in live human breast cancer cells. The use of cyclopropenes offers a 

possible approach to smaller dienophile partners for tetrazine cycloadditions. It has 

long been known that cyclopropenes react rapidly with tetrazines to form stable 

 

 

 

diazanorcaradienes (Scheme 2.1a).41–44 In seminal work, Sauer and co-workers 

demonstrated that unsubstituted cyclopropene reacts with dimethyl 1,2,4,5- tetrazine-

Scheme 2.1 a) Inverse Diels–Alder reaction of cyclopropene with tetrazine results in loss 
of nitrogen gas and formation of a diazanorcaradiene. b) Examples of substituted 
cyclopropene handles that may be suitable dienophiles for tetrazine cycloaddition. 
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3,6-dicarboxylate extremely rapidly, measuring a rate constant of 448 m-1 s-1 in 

dioxane at 20°C.28 However, unsubstituted cyclopropene is highly unstable, 

dimerizing and polymerizing readily at room temperature.45,46 Our challenge was to 

create a stable cyclopropene handle while maintaining rapid tetrazine reactivity and 

small size. The stability of cyclopropenes can be dramatically increased by 

substitution and we envisioned several substituted cyclopropenes that could be 

suitable for cycloaddition with tetrazines (Scheme 2.1b).45,47,48 Sauer and co-workers 

demonstrated that substitutions do not necessarily diminish the reactivity of 

cyclopropenes with tetrazine. In fact, the reaction of 3-methylcycloprop-1-ene with 

tetrazine proceeded with a slightly higher rate constant than the unsubstituted cyclo- 

propene. However, 3,3-dimethylcycloprop-1-ene reacted with the same tetrazine 

approximately 5766-times slower, illustrating the importance of balancing stability 

with reactivity.28 

 

2.2 Designing Cyclopropenes: Balancing Stability and Reactiveness 

Based on studies from Sauer and co-workers, we initially synthesized 

carboxamide derivatives of cycloprop-2-enecarboxylic acid without substitution of the 

double bond. These dienophiles reacted very rapidly with monoaryl tetrazines, but the 

substituted cyclopropenes proved to be highly unstable and could not be stored 

overnight at 20°C without degradation. Recently, Fox and co-workers have elegantly 

demonstrated that N-acyloxazolidinone derivatives of cycloprop-2-enecarboxylic acid 

are unusually stable and therefore valuable cyclopropene synthons.49 Unfortunately, 

these modifications require a significant increase in the size of the reactive moiety and 
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would defeat the purpose of using a small cyclopropene tag. The addition of a methyl 

substituent on the alkene offers an alternative method to improve stability with a less-

dramatic steric impact.48 Protected methylcyclopropene 1 was generated by rhodium-

catalyzed cyclopropenation and used to synthesize 2-methylcycloprop-2-

enecarboxamide (2).50 The synthesis of 2 required four steps from commercially 

available starting materials and was completed in 21 % overall yield (Scheme 2.1a). 

As expected, the addition of a methyl group dramatically improved cyclopropene 

stability, and 2 could be stored for extended periods of time at −20°C without 

degradation. However, these derivatives reacted sluggishly with benzyl alcohol 

tetrazine (3; Scheme 2.1b)51 By monitoring the disappearance of the characteristic 

tetrazine absorption band at 520 nm, we measured a second-order rate constant of 

0.137 ±0.004M−1s−1 at 37°C in a solution of water/ DMSO (12% DMSO by 

volume; Figure 2.1). Although this rate constant is comparable to previous 

bioorthogonal labeling strategies,29 it is much slower than the reaction of other strained 

alkenes with tetrazine, such as trans-cyclooctene and even norbornene.23 Faster 

kinetics would improve coupling yields, particularly for applications where it is not 

possible to flood the target with a large excess of reactant, for example in live-cell 

intracellular labeling or in vivo. 
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 Scheme 2.2 a) Synthesis of 2-methylcycloprop-2-enecarboxamide (2). DMF =dimethylformamide. 
b) Reaction of 2 with monoaryl tetrazine 3 leads to formation of diazanorcaradiene isomers (only 
one regioisomer is depicted).  
 

 

Figure 2.1 Plot of tetrazine absorbance versus time during the reaction between 0.6 mM 
tetrazine 3 and cyclopropene 2, [6 (blue), 8 (green), or 10 mM (red)]. Data was fit to a first-order 
exponential decay. Inset: kobs plotted against concentration with the slope taken as the second-order 
rate constant. 
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Figure 2.2 Plot of tetrazine absorbance versus time during the reaction between 0.6 mM 
tetrazine 3 and cyclopropene 5, [6 (blue), 8 (green), or 10 mM (red)]. Data was fit to a first-order 
exponential decay. Inset: kobs plotted against concentration with the slope taken as the second-order 
rate constant. 
 

 

Scheme 2.3 a) Synthesis of 2-methylcyclopropene carbamate (5). DIBAL-H =diisobutylaluminum 
hydride; CDI =carbonyldiimidazole; THF =tetrahydrofuran; TBAF =tetra-n-butylammonium 
fluoride. b) Reaction of 5 with monoaryl tetrazine 3 leads to formation of diazanorcaradiene 
isomers (only one regioisomer is depicted).  
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In an attempt to improve the kinetics of cycloaddition, we reduced the ester of 

precursor 1 to form [2-methyl-3-(tri-methylsilyl)cycloprop-2-en-1-yl]methanol 

(4; Scheme 2.2a). Compound 4 is a highly convenient synthon that can be made in two 

steps from commercially available starting materials. Methylcyclopropene4 can be 

further conjugated to primary amines by carbamate formation, followed by 

deprotection of the trimethylsilyl protecting group to afford 2-methylcyclopropene 

carbamate (5). The synthesis of 5 required five steps from commercially available 

starting materials and was completed in 33% overall yield. Unlike the synthesis 

of trans-cyclooctene, the synthesis of cyclopropene 5 does not require the use of an 

ultraviolet reactor, silver nitrate trapping agent, or a metering pump.52 We speculated 

that 5 would possess the stability afforded by the methyl derivatized alkene but display 

increased inverse Diels-Alder reactivity compared to 2 by elimination of the electron-

withdrawing carbonyl. Indeed, carbamate 5 was highly reactive with 

tetrazine 3 (Scheme 2.2b), and cycloaddition proceeded with a second-order rate 

constant of 13 ±2M−1s−1 at 37°C in a solution of water/DMSO (12% DMSO by 

volume; Figure 2.2). This is an improvement of approximately two orders of 

magnitude compared to cyclopropene carboxamide 2. At 20°C, we measured a rate 

constant of 7 ±1M−1s−1 (12% DMSO by volume; Figure 2.3). Methyl-

cyclopropene 5 could be stored at −20°C without degradation and displayed excellent 

stability in aqueous solutions at 37°C for over 24 h (Figure 2.4). Furthermore, 5 was 

stable in aqueous solutions containing L-cysteine, both at room temperature and after 

heating at 60°C (Figure 2.5), in agreement with previous studies on related 

methylcyclopropenes.53 Interestingly, when heated to 60°C in the presence  
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Figure 2.3 Kinetics of the tetrazine 3 reaction with cyclopropene 5 at 20 °C. Experiment was 
done with 0.6 mM tetrazine 3 and increasing excess of cyclopropene 5: 6.0 mM (green), 8.0 
mM (blue), 10.0 mM (red). Insert shows the corresponding observed reaction rates (kobs) from 
the fitted data (individual fits shown as lines in the main graph) plotted against cyclopropene 5 
concentrations. The slope of the resulting line was used to determine the second-order rate 
constant, indicated in the upper right corner.  

 

Figure 2.4 Time course of stability of cyclopropene carbamate 5 by 1H NMR peak abundance 
at 6.21 ppm over 24 h. 
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of L-cysteine, we found that trans-cyclooctenol [rel-(1R,4E,pR)-cyclooct-4-enol] 

isomerized slowly to cis-cyclooctenol (Figure 2.6). Although further work will be 

needed to determine the relevance of this phenomenon for bioconjugation, it does 

illustrate that, under certain conditions, methylcyclopropenes may possess superior 

stability to trans-cyclooctenes, because cyclopropenes are not subject to this cis/trans-

isomerization. 

 

 

 

Figure 2.5 1HNMR spectrum of methyl cyclopropene 5 and L-cysteine after 4 hours at room 
temperature; 4 hours at room temperature and 4 hours at 60 °C in D2O:DMSO-d6 (10:1). L-
cysteine slowly oxidizes to cystine over the time-course of the experiment. 
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2.3 Fluorogenic “Turn-On” of Fluorophore-Conjugated Tetrazines with      
      Methylcyclopropene   
 

Fluorogenic probes are highly valuable in live-cell imaging applications owing 

to an inherently lower background fluorescence from nonspecific binding or 

accumulation.35,54 This is particularly relevant for imaging intracellular molecules as 

washout can be problematic. Recent work has demonstrated that tetrazines are capable 

of significantly quenching several bright fluorescent probes, potentially through a 

resonant energy transfer mechanism.55 These probes show significant fluorescent 

“turn-on” after reaction with dienophiles, can be synthesized from commercially 

Figure 2.6 1HNMR spectra demonstrating the conversion of trans-cyclooctenol to cis-
cyclooctenol in the presence of L-cysteine at 60 ºC. L-cysteine slowly oxidizes to cystine over 
the time-course of the experiment. 
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available reactive precursors, and use bright, conveniently excited fluorophores that 

are commonly used in cellular imaging, such as boron dipyrromethane (BODIPY) and 

Oregon Green. The combination of recently discovered high-quality fluorogenic  

 

 

 

Scheme 2.4 Reaction of fluorogenic tetrazine-BODIPY FL 6 with 5. 
 

Figure 2.7 Emission spectra of tetrazine-BODIPY FL before reaction with 5 (black) and 
after reaction (green). 
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tetrazine probes, such as tetrazine-BODIPY FL, with small dienophile tags would 

advance bioorthogonal live-cell imaging. Tetrazine-BODIPY FL probe (6) reacts 

rapidly with 5, with a concomitant increase in fluorescence (Figure 2.7, Scheme 2.4).35 

In phosphate-buffered saline at 20°C, there is a 22-fold increase in fluorescence 

intensity at 512 nm after addition of excess 5, similar to previous measurements of 

fluorescence increase after reaction with other strained dienophiles.35,36 The reaction 

can also be monitored by liquid chromatography/mass spectrometry. Addition of one 

equivalent of 5 results in complete reaction of the tetrazine-BODIPY FL and, as 

expected, the formation of multiple overlapping peaks all with the molecular mass of 

the diazanorcaradiene isomers (Figure 2.8). 

 

 
 

 

 

 

Figure 2.8 Reaction between tetrazine-BODIPY FL 6 with cyclopropene 5. HPLC trace of 
purified tetrazine-BODIPY FL 6 (0.08 mM in 8% DMF/H2O) (red line). HPLC trace of the 
reaction products from addition of cyclopropene 5 to tetrazine-BODIPY FL 6 (blue line). 
MS trace of the reaction solution, selected ion monitoring at m/z 605 (i.e. [M+H]+ peak) 
(black insert line). 
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 Live-cell labeling of bioorthogonal functional groups has emerged as a 

powerful tool for analyzing small molecule distributions in cells.56 To demonstrate the 

applicability of cyclopropene tags for live-cell imaging using fluorogenic tetrazine 

cycloadditions, we synthesized a cyclopropene tagged phospholipid 7 (Scheme 2.5), 

which we characterized by NMR spectroscopy and high-resolution mass spectrometry.  

 

 

 

 

 

 

 

 

Bioorthogonal reactions are increasingly used for lipid imaging and labeling, and there 

have been several exciting applications, such as metabolic labeling of choline 

phospholipids, high-throughput analysis of protein lipidation, and monitoring the 

trafficking of soluble lipids.57–61 Cyclopropene–tetrazine cycloadditions would allow 

lipophilic fluorogenic tetrazines to be used, offering the important advantage of 

intracellular imaging in live cells (Figure 2.9). Additionally, in vitro applications 

would benefit from improved reaction kinetics and the lack of redox-active copper 

catalysts, which can potentially damage biomolecules while adding an extra layer of 

complexity.62,63 To image the distribution of cyclopropene phospholipids in human 

cells, we incubated SKBR3 breast cancer cells in media (cDMEM) containing 50 

Scheme 2.5 Synthesis of cyclopropene phospholipid 7.  
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µM 7 for one hour. After washing with media, the cells were subsequently incubated 

with 10 µM of tetrazine-BODIPY FL for one hour. Cells were then washed and 

imaged using confocal fluorescence microscopy (Figure 2.9b). 

  

 

 

 

 

 

 

 

 

 

Figure 2.9 a) Reaction of fluorogenic tetrazine-BODIPY FL with membrane-bound 7. The 
BODIPY chromophore is initially quenched by tetrazine with the fluorescence recovered after 
cycloaddition and formation of the coupling adduct. DOPE =1,2-dioleoyl-sn-glycero-3-
phosphoethanol-amine. b) Live-cell confocal imaging of 7 distribution in SKBR3 cells with the 
fluorogenic probe tetrazine-BODIPY FL. Left: cells incubated (t=1 h) with 50 µM 7 followed 
by 10 µM tetrazine-BODIPY FL probe (t =1 h; green). Right: control in which SKBR3 cells 
were treated with 10 µM tetrazine-BODIPY FL (t =1 h; green). Cells were treated with 300 nM 
DAPI to visualize the nuclei (blue). Scale bar =20 µm. 
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Staining of membrane structures could be readily observed with a notable absence of 

staining within the nucleus (Figure 2.10). In contrast, control cells that were not 

exposed to 7 but were treated with the tetrazine-BODIPY FL probe showed relatively 

negligible background staining, demonstrating the benefit of using a fluorogenic 

cycloaddition, which significantly mitigates the signal from nonspecific binding. 

Images obtained with 7 were similar to images obtained with a modified trans-

cyclooctene 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) lipid 9 (Figure 

2.10), indicating that, under the conditions tested, the cyclopropene tag is of 

comparable quality for live-cell imaging with respect to previously introduced 

dienophiles. We are presently utilizing 7 to visualize phospholipid uptake in several 

model systems. Additionally, we are synthesizing additional cyclopropene lipid tags to 

image and detect specific lipid distribution and lipid post-translational modifications 

in live cells. 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Staining of SKBR3 cells with cyclopropene 7 (50 µM) by tetrazine-BODIPY FL 
(10 µM) with notable absence of staining within the nucleus (left panel). The green 
fluorescence (left panel and middle panel) is the result of the cycloaddition of the quenched 
tetrazine-BODIPY FL probe with the methyl-cyclopropene carbamate. Staining of trans-
cyclooctene modified DOPE phospholipid 9 (50 µM) by tetrazine-BODIPY FL (10 µM)(right 
panel) Scale bar denotes 20 µm. 
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2.4 Concluding Remarks  
 

In conclusion, we have studied the suitability of methyl-cyclopropene tags as 

small dienophiles for tetrazine bioconjugation chemistry. Modulating the substituents 

of cyclopropenes can have a dramatic effect on their stability and on the kinetics of 

tetrazine cycloaddition. Through synthetic modification of the cyclopropene scaffold, 

we have developed a methylcyclopropene derivative that is stable in aqueous solution 

but retains high reactivity with tetrazines. Cyclopropene derivatives are capable of 

eliciting a strong fluorogenic response from quenched tetrazine fluorescent probes, 

and this feature can be used to perform live-cell imaging, which we demonstrated by 

labeling cyclopropene-modified phospholipids. We believe the use of 

methylcyclopropenes will extend the advantages of tetrazine cycloadditions to small-

molecule tracking applications that require minimal reaction partners. We are 

currently pursuing applications that incorporate cyclopropenes into metabolic and 

enzyme activity reporters, such as lipid, monosaccharide, and amino acid analogues. 
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2.5 Experimentals and Methods  

 

2.5.1 Materials  

All chemicals were received from commercial sources and used without 

further purification. Thin layer chromatography (TLC) was performed on silica gel. 

Chromatographic purifications were conducted using 40-63 µm silica gel. All mixtures 

of solvents are given in v/v ratio. 
1
H and 

13
C NMR spectroscopy was performed on a 

Varian NMR at 400 (
1
H) or 100 (

13
C) MHz and a Jeol NMR at 500 (

1
H) or 125 (

13
C) 

MHz. All 
13

C NMR spectra were proton decoupled. 

 

2.5.2 Synthesis of cyclopropene 2 

 

 

Compound 1 was synthesized according to a previously reported method64 and 

was obtained in 70% yield. To a stirred solution of compound 1 (213.0 mg, 1.0 mmol) 

in MeOH (4.0 mL) at 0 ºC was slowly added a solution of KOH (140.0 mg, 2.5 mmol) 

in H2O (1.0 mL) dropwise. After all the KOH was added, the reaction mixture was 

stirred overnight at room temperature before it was diluted with 10 mL H2O and 

Scheme 2.6 synthesis of cyclopropene 2  
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extracted with EtOAc (10 mL×2). The pH value of the aqueous layer was adjusted to 3 

by addition of 1M HCl, then extracted with EtOAc (10.0 mL×3), the combined 

organic layer was dried over Na2SO4 and evaporated to afford 72 mg of the crude 

methyl cyclopropene acid as a colorless oil. 

The crude acid was dissolved in 5 mL CH2Cl2 and one drop of DMF was 

added, followed by (CO)2Cl2 (126 mg, 1.0 mmol). The resulting solution was stirred 

for 2 hours at room temperature and then evaporated to afford the crude methyl 

cyclopropene acid chloride. 

To a stirred solution of ethanolamine (61 mg, 1.0 mmol) and Et3N (101 mg, 

1.0 mmol) in CH2Cl2 (2 mL) was added a solution of the above methyl cyclopropene 

acid chloride in CH2Cl2 (2 mL). The resulting reaction solution was stirred for 1 hour 

at room temperature and then evaporated to afford the crude product. The residue was 

purified using preparative TLC (EtOAc/Hexane = 1.5:1) to afford 42 mg of compound 

2. The overall yield is 30% from compound 1. 

1
H NMR (500 MHz, CDCl3) δ 2.03 (1H, d, J = 5 Hz), 2.18 (3H, d, J = 5 Hz), 2.98 (1H, 

bs), 3.43 (2H, t, J = 5 Hz), 3.71 (2H, t, J = 5 Hz), 5.90 (1H, bs), 6.44 (1H, s); 
13

C NMR 

(125 MHz, CDCl3) 10.70, 22.35, 42.63, 62.41, 95.91, 113.57, 177.71; HRMS 

[M+Na]
+ m/z calcd. for [C7H11NO2Na]

+ 164.0682, found 164.0684. 
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2.5.3 Synthesis of (2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-yl)methanol 4 

 

 

To a stirred solution of compound 1 (2.0 g, 10.0 mmol) in dry THF (25.0 mL) 

at 0 oC was slowly added a solution of 1.0 M LiAlH4 in THF (25.0 mL, 25.0 mmol) 

dropwise. After addition of LiAlH4, the reaction mixture was stirred 3 hours at 0 oC 

before it was quenched with H2O carefully. The precipitate was filtered and the filtrate 

was concentrated to give the crude product. The residue was purified by flash silica 

column chromatography (Hexane/EtOAc = 5:1) to afford 0.8 g compound 4 as a 

colorless oil in 51% yield. 
1
H NMR (500 MHz, CDCl3) δ 0.17 (9H, s), 1.57 (1H, t, J = 

5 Hz), 2.22 (3H, s), 3.48 (2H, d, J = 5 Hz); 
13

C NMR (100 MHz, CDCl3) 0.99, 13.56, 

22.25, 69.60, 111.48, 135.86. 

 

2.5.4 Synthesis of cyclopropene 5 

 

 

Scheme 2.7 Synthesis of (2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-yl)methanol 4 

Scheme 2.8 Synthesis of cyclopropene 5 
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Carbonyldiimidazole (CDI; 88 mg, 0.55 mmol) was added to a stirred solution 

of compound 4 (70 mg, 0.45 mmol) in dry THF (3.0 mL) at room temperature. The 

resulting solution was stirred for 3 hours and then ethanolamine (34 mg, 0.55 mmol) 

was added. The reaction solution was stirred overnight at room temperature and then 

evaporated to afford the crude product. The residue was purified by preparative TLC 

(Hexane/EtOAc = 2:1) to afford 0.08 g compound 4a as colorless oil. The above 

compound 4a was dissolved in dry THF (3.0 mL), followed by addition of 1.0 M 

TBAF in THF (0.5 mL, 0.5 mmol). The reaction solution was stirred at room 

temperature overnight until no starting material could be observed by TLC. The 

reaction solution was evaporated and purified by preparative TLC (Hexane/EtOAc = 

1/1) to afford 71 mg of compound 5 as a colorless oil. Overall yield is 93% starting 

from compound 4. 

Compound 4a: 
1
H NMR (500 MHz, CDCl3) δ 0.11 (9H, s), 1.50 (1H, t, J = 5 Hz), 2.15 

(3H, d, J = 5 Hz), 3.21 (1H, bs), 3.30 (2H, dd, J = 10Hz, 5 Hz), 3.66 (2H, bs), 3.81 

(1H, bs), 3.90 (1H, dd, J = 10 Hz, 5 Hz), 5.29 (1H, bs); 
13

C NMR (125 Hz, CDCl3) 

14.29, 25.87, 30.10, 50.03, 64.99, 74.28, 104.07, 122.91, 141.60. 

Cyclopropene 5: 
1
H NMR (500 MHz, CDCl3) 1.61 (1H, t, J = 5 Hz), 2.10 (3H, d, J = 5 

Hz), 3.16 (1H, bs), 3.30 (2H, dd, J = 10Hz, 5 Hz), 3.67 (2H, d, J = 5 Hz), 3.90 (2H, d, 

J = 5 Hz), 5.35 (1H, bs), 6.54 (1H, s); 
13

C NMR (125 Hz, CDCl3) 24.65, 29.05, 50.09, 

65.13, 73.43, 97.04, 111.85, 141.58; HRMS [M+Na]
+ m/z calcd. for [C8H13NO3Na]

+ 

194.0788, found 194.0789. 
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2.5.5 Synthesis of lipid cyclopropene 7  

 

 

To a stirred solution of compound 4 (200 mg, 1.03 mmol) in dry THF (10.0 

mL) at room temperature was added CDI (176 mg, 1.10 mmol). The resulting solution 

was stirred for 3 hours and then 1M TBAF in THF (1.1 mL, 1.10 mmol) was added. 

The reaction solution was stirred overnight at room temperature and then evaporated 

to afford the crude product. The residue was purified by flash silica column 

chromatography (Hexane/EtOAc = 1:1) to afford 110 mg compound 4b as a colorless 

oil in 66% yield. The above compound 4b was dissolved in dry THF (5.0 mL) and 

followed by addition of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) lipid 

(200 mg, 0.27 mmol) and imidazole (45 mg, 0.66 mmol). The reaction solution was 

stirred at 60 
o
C for 48 hours. The reaction solution was evaporated and the residue 

dissolved with 20 mL EtOAc and washed with 1 M HCl (20 mL×2), dried over the 

organic layer with Na2SO4 and evaporated to afford the crude product. The residue 

Scheme 2.9 Synthesis of lipid cyclopropene 7 
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was purified by flash silica column chromatography (CH2Cl2/MeOH = 10/1) to afford 

150 mg compound 7 as colorless oil in 66% yield. 

Compound 4b: 
1
H NMR (500 MHz, CDCl3) δ 1.78 (1H, t, J = 5 Hz), 2.16 (3H, d, J = 

5 Hz), 4.25 (1H, dd, J = 10Hz, 5 Hz), 4.33 (1H, dd, J = 10Hz, 5 Hz), 6.60 (1H, s), 7.07 

(1H, s), 7.44 (1H, s), 8.55 (1H, s); 
13

C NMR (125 Hz, CDCl3) 11.68, 16.72, 76.22, 

101.67, 117.22, 120.11, 130.56, 137.79. 

Lipid cyclopropene 7: 
1
H NMR (500 MHz, CDCl3) δ 0.87 (6H, t, J = 10 Hz), 1.25-

1.31 (40H, m), 1.57-1.59 (5H, m), 2.00 (8H, m), 2.11 (3H, s), 2.88 (4H, dd, J = 20Hz, 

10Hz), 3.38 (2H, bs), 3.88 (2H, bs), 3.93 (2H, bs), 3.97 (2H, bs), 4.13 (1H, m), 4.37 

(1H, m), 5.22 (1H, bs), 5.33 (4H, m), 5.96 (1H, bs), 6.55 (1H, s); 
13

C NMR (125 Hz, 

CDCl3) 29.40, 31.34, 33.73, 38.21, 39.98, 41.84, 43.52, 43.88, 47.25, 53.12, 70.20, 

71.50, 72.40, 76.20, 77.93, 101.90, 116.52, 123.58, 123.73, 123.82, 123.99, 145.96, 

158.59, 158.75; HRMS [M-H]
- m/z calcd. for [C47H83NO10P]

- 852.5760, found 

852.5757. 
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2.5.6 Synthesis of trans-cyclooctene modified DOPE phospholipid 9 

 

 

 

To a stirred solution of trans-cyclooctene 8 (3.0 mg, 0.023 mmol) in dry THF 

(10.0 mL) at room temperature was added CDI (4.0 mg, 0.025 mmol). The resulting 

solution was stirred overnight at room temperature and then 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE, 15.0 mg, 0.020 mmol) was added. The reaction 

solution was stirred at 60 °C for 48 hours. The reaction solution was evaporated and 

the residue was purified by preparative TLC (DCM:MeOH=10:1) to afford 7.0 mg 

product (9) as colorless oil in 39 % yield. 
1
H NMR (500 MHz, CDCl3) δ 0.87 (6H, t, J 

= 10 Hz), 1.25-2.31 (72H, m), 3.23-3.36 (2H, m), 3.86-3.91 (4H, m), 4.13 (1H, m), 

4.30-4.38 (2H, m), 5.22 (1H, bs), 5.31-5.39 (5H, m), 5.48-5.52 (1H, m); HRMS [M-

H]
- m/z calcd. for [C50H89NO10P]

- 894.6230, found 894.6231. 

 

 

8                8a                                    9 

Scheme 2.10 Synthesis of trans-cyclooctene modified DOPE phospholipid 9 
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2.5.7 Stability of cyclopropene 5 

Cyclopropene 5 was kept at 37 °C in D2O: DMSO-d6 = 10:1 and 
1
H NMR was 

taken over a period of 24 h at the following time points: 0.0, 0.5, 1.0, 1.5, 3.0, 6.0 and 

24 h. By comparing the peak abundance of the cyclopropene alkene proton (6.21 ppm) 

at different time points, we determined the stability of cyclopropene 5 (Figure 2.4). 

 

2.5.8 Stability of methyl cyclopropene 5 and trans-cyclooctenol in the presence of 

L-cysteine  

Cyclopropene 5 and trans-cyclooctenol [rel-(1R, 4E, pR)-cyclooct-4-enol] 

were separately combined with 1 equivalent of L-cysteine in D2O:DMSO-d6 (10:1) 

and kept at room temperature. 
1
HNMR were taken over a period of 4 hours. The 

1
HNMR showed both dienophiles are stable to L-cysteine at room temperature. 

We next heated both mixtures to 60°C for 4 hours. 
1
HNMR showed 

cyclopropene 5 remained stable at this temperature (Figure 2.5 shows the 
1
HNMR for 

cyclopropene 5 after 4 hours incubation with L- cysteine at room temperature and after 

4 hours at room temperature followed by 4 hours at 60 °C). However we observed that 

trans-cyclooctenol was being converted to cis-cyclooctenol under these conditions. 

After heating 4 hours, 34% of the trans-cyclooctenol was converted to cis-

cyclooctenol. We studied the conversion of trans-cyclooctene to cis-cyclooctene over 

a period of 21 hours at 60 
o
C in the presence of L-cysteine. The 

1
HNMR showed that 

after 21 hours, 88% of the trans-cyclooctenol was converted to cis-cyclooctenol 

(Figure 2.6). 
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2.5.9 HPLC characterization of the reaction between tetrazine-BODIPY FL 6 
with cyclopropene 5 
 

 

Tetrazine-BODIPY FL 6 (1.0 mM in dry DMF, 20 µL) and Cyclopropene 5 

(1.0 mM in H2O, 20 µL) were combined in 210 µL of H2O at a final concentration of 

0.08 mM for tetrazine-BODIPY FL 6. The reaction solution was agitated for 3 hours 

at room temperature and then analyzed by LC-MS. Multiple peaks were identified 

with molecular mass corresponding to diazanorcaradiene adducts (m/z 605 [M+H]
+
). 

The multiple peaks are expected given the previously demonstrated potential to form 

several isomeric products. The reaction, based on the remaining signal from the 

tetrazine-BODIPY FL 6, went to completion (Figure 2.8). 

 

 

 

 

Scheme 2.11 tetrazine-BODIPY FL 6 reacting with cyclopropene 5 
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2.5.10 Characterization of reaction between tetrazine-BODIPY-FL 6 and 
cyclopropene phospholipid 7 
 

 

 

Tetrazine-BODIPY FL 6 (1.0 mM in dry DMF, 20 µL) and DOPE 

cyclopropene 7 (1.0 mM in DMSO, 20 µL) were combined in 60 µL of H2O at a final 

concentration of 0.2 mM for tetrazine-BODIPY FL 6. The reaction solution was 

agitated for 3 hours at room temperature and then analyzed by negative ion 

electrospray mass spectrometry in order to identify the molecular mass corresponding 

to diazanorcaradiene adducts (m/z 1286 [M-H]
-
). 

 

2.5.11 Fluorescence unquenching measurements  

Freshly-purified tetrazine-BODIPY FL 6 was dissolved in DMF and reacted 

with 10-fold excess cyclopropene 5 at the final concentrations of 10 µM tetrazine and 

100 µM cyclopropene in 1% v/v DMF/dH2O. The reaction mixture was kept at room 

temperature (20 °C). Emission scans were recorded using a Perkin Elmer LD-45 

spectrometer, with the excitation wavelength of 470 nm (2.5-nm slit width), and 

emission signal was tracked over the 485-640 nm range (5.0-nm slit width). Emission 

Scheme 2.12 tetrazine-BODIPY FL 6 reacting with cyclopropene phospholipid 7 
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was measured over time and compared against a control sample lacking cyclopropene. 

There was no emission change observed over the initial 2 h timeframe for the control 

sample. The resulting unquenching of the BODIPY FL fluorescence increased as 

measured at 30, 90, and 120 min intervals (Figure 2.5.1). The measurements were 

stopped after 2 h, as the rate of change in fluorescence peak intensity was decreasing. 

 

 

 

 

 

 

 

 

2.5.12 Reaction rate determination  

A tetrazine 3 stock solution was prepared in DMSO and used to prepare 

tetrazine solutions at 0.6 mM final concentration in 12% v/v DMSO in ddH2O. 

Reactions were initiated with excess cyclopropene at final concentrations of 6.0, 8.0, 

and 10.0 mM. The disappearance of the tetrazine absorption peak at 520 nm was 

tracked over the reaction timeframe by measuring the absorption spectra using a 

NanoDrop 2000c spectrophotometer (Thermo Scientific). Samples were placed in a 

Figure 2.5.1 Emission intensity measurements of the tetrazine-BODIPY FL 6 reaction with 
cyclopropene 5. Emission of the reaction mixture is shown at 30 min (orange line), 90 min 
(blue), and 120 min (green). Corresponding control sample lacking cyclopropene 5 was 
measured initially at 0 min (dashed red line) and 120 min (black line). 
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quartz cuvette with 10-mm pathlength and stirred at the maximum speed setting of the 

instrument. The temperature was uncontrolled by the instrument for room temperature 

(20 °C) measurements, and set and equilibrated at 37 °C for the higher temperature 

experiments. 

Absorption spectra were measured manually over time. Absorption peak signal 

was taken as the average of measurements at 519-521 nm. Baseline signal was 

determined as the sloping line connecting the measured background levels preceding 

and following the tetrazine peak (410-430 nm and 590-610 nm, respectively). Final 

peak intensity value was taken as the signal above the baseline. 

Reaction rates were obtained by fitting the exponential decays of tetrazine peak 

absorption intensity as a pseudo first order reaction. Nonlinear data fits were 

performed with GraphPad Prism. Tetrazine reactions with cyclopropene carbamate 5 

were carried out at 20 and 37 °C (data points and corresponding fitted curves at 20 °C 

in Figure 2.3, 37 °C in Figure 2.1). Tetrazine reactions with cyclopropene 

carboxamide 2 were done at 37 °C (Figure 2.2).  

 

2.5.13 Live-cell microscopy 

Human breast cancer SKBR3 cells were received from Professor Jered Haun 

(University of California, Irvine). The cells were incubated overnight on a Lab-Tek 

chamber slide maintained in cDMEM medium (10% fetal bovine serum, 1% L-

glutamine, 1% penicillin/streptomycin). Cells were washed with phosphate-buffered 

saline (PBS) and incubated in cDMEM with 100 µM of cyclopropene 5 for 1 hour at 

37 °C. The media was aspirated, and cells were washed twice with PBS. Cells were 
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then incubated in cDMEM and 10 µM tetrazine-BODIPY FL 6 probe for 1-2 hours at 

37 °C. In the last 30 min of incubation 300 nM DAPI was added to the incubation 

media. Cells were washed twice with PBS before imaging. All photos were collected 

with an Olympus FV1000 confocal microscope using ImageJ 1.45j software package. 

 
Notes About the Chapter: 
 

Chapter two, in full, is a reprint (with co-author permission) of the material as 

it appears in the publication; J. Yang, J. Seckute, C. M. Cole, N. K. Devaraj. "Live-

Cell Imaging of Cyclopropene Tags with Fluorogenic Tetrazine 

Cycloadditions," Angew. Chem. Int. Ed., 2012, 51(30), 7476-7479. My contribution to 

this chapter was in the preparation of one of the precursors to compound 6. 

Additionally, I spectroscopically monitored the reaction between compound 5 and 

compound 6 and took all the live-cell images. I thank Jun Yang, Jolita Seckute, and 

Neal Devaraj for their invaluable contributions to this chapter: Jun Yang synthesized 

and characterized all the compounds presented in this chapter; Jolita Seckute 

monitored the kinetics between compound 3 and the methylcyclopropene derivatives. 

In addition, she prepared the majority of the manuscript; and I would like to thank 

Neal Devaraj for directing the research and in the preparation of the manuscript.   
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~ CHAPTER 3 ~ 

3 Fluorescent Live-Cell Imaging of Metabolically Incorporated Unnatural 
Cyclopropene-Mannosamine Derivatives 

 
 
 
3.1 General Overview of glycan labeling techniques  

Glycomics is the latest emerging macromolecule network in systems biology, 

encompassing polysaccharides, glycolipids and glycoproteins. Glycans perform 

fundamental roles in nearly all cellular operations, including inflammation65, cancer65, 

immunity66 and cell signaling. Despite glycans widespread presence in biological 

systems, their molecular functions have remained obscured. This is in part due to the 

heterogeneity of monosaccharides giving rise to a large diversity of possible 

glycosidic-linkages and additional cross linkages.  

Previous glycan labeling techniques have required the use of rather harsh 

labeling methods. The current gold standards for labeling glycans are the compounds 

2-aminobenzamide (2-AB), 2-aminopyridine (PA) & 2-aminobenzoic acid (2-AA), 

which require the reducing end of the saccharides to be free.67 This often necessitates 

additional steps such as de-glycosylation and reductive amination.68 Other methods 

employ the use of hydrazine68 or copper catalysts67 both of which are cytotoxic. A 

major limitation in the study of glycans is the paucity of in vivo labeling agents that 

are non-toxic to cells. For live-cell applications, the azide-cyclooctyne catalyst-free 

cycloaddition has been useful in labeling azide bioorthogonal molecules with 

fluorescent probes.34 
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The advent of click chemistry for modifying glycans with an azide functional 

group has allowed for the in vivo detection and visualization of azidosugars, which are 

metabolically incorporated on extra-/intra-cellular glycoproteins.69 It has been 

previously established that the sialic acid biosynthetic pathway is tolerant of 

monosaccharide derivatives with small N-acyl substituents.70  

N-acetyl-neuraminic acid is the most common sialic acid found in mammalian 

cells71, where it can be found in the glycosylphosphatidylinositol anchor (GPI) that 

links glycolipids to their respective proteins. Thus, this negatively charge amino sugar 

is commonly found on the plasma membrane, where they prevent foreign pathogens 

from gaining entry into the cell.66 N-acetylneuraminic acid bearing azide handles 

provide the real-time distribution of polysialic acids on the membranes of neurons.72 

Allowing researchers to compare baseline cellular glycosylation events with altered 

Figure 3.1 a) Comparison of N-acyl substituents on unnatural mannosamine derivatives. b) N-
Acetyl- glucosamine (GlcNAc), N-Acetyl-galactosamine (GalNAc), N- Acetyl mannosamine 
(ManNAc) cyclopropene analogs.  
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levels of glycosylation due to gene expression and metabolism. 

N-Acetyl-galactosamine, N-Acetyl-glucosamine, & N-Acetyl-mannosamine 

chemical reporters bearing a ketone or azide were the original bioorthogonal-labeling 

agents pioneered by Bertozzi and coworkers which could mimic their natural 

analogs.16,73–75 This elegant methodology, combines metabolic engineering and 

bioorthogonal reactions, for in situ imaging or even proteomic enrichment. This 

technology has been applied to numerous immortal cell lines (e.g., Jurkat, HeLa, 

CHO, and neuron-like blastoma cells) and organisms (e.g., zebrafish, mice, and 

microbes) for the selective labeling of sialic acid on membranes.  

Recently, there has been growing attention in exploring tetrazine bioorthogonal 

cycloadditions for improved temporal resolution in live-cell imaging applications. 

Tetrazines have been shown to react rapidly via inverse Diels-Alder reaction with a 

variety of strained alkenes and alkynes including trans-cycloooctene, norbornene, and 

cyclooctynes.34 In addition, tetrazines are uniquely suited for live-cell imaging using 

fluorogenic imaging probes that utilize BODIPY and fluorescein conjugated 

tetrazines, which remain quenched prior to cycloaddition. However, the use of 

tetrazine cycloadditions has been impeded due to the size of these paired dienophiles, 

which are large compared to the azide and alkyne tags commonly used in 

bioorthogonal chemistry. In this chapter we show that glycans with a minimal methyl-

cyclopropene tag can react irreversibly and quickly with tetrazines via 

cycloaddition41,43.   

In terms of molecular weight, methylcyclopropenes are comparable to azides 

(Figure 3.1). The monosaccharides that are common constituents of protein glycans 
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are N-Acetyl-glucosamine (GlcNAc), N-Acetyl-galactosamine (GalNAc), N-Acetyl-

mannosamine (ManNAc) and N-Acetyl-neuraminic acid (NANA). By modifying these 

amino monosaccharides with our fast reacting methylcyclopropene probe we hope to 

expand the versatility of the tetrazine ligation, a general overview can be seen in 

Figure 3.2. 

 

 
Currently, unnatural sugar derivatives for use in cellular and animal labeling 

have yielded powerful new tools for glycobiologists. Engineering these 

monosaccharide derivatives has assisted in our understanding of glycan biosynthesis 

and their metabolic flux. For the first time fluorogenic tetrazines in combination with 
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Figure 3.2 General concept of using peracetylated monosaccharide derivatives to pass through 
the cell membrane and label glycoproteins on the cellular membrane. Once in side the cell the 
derivative will readily get deacetylated followed by coupling to a glycoprotein via a transferase. 
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methylcyclopropenes will be used to probe the highly complex world of glycans. 

Furthermore, it is well documented that these monosaccharides participate in many 

protein-protein interactions, which may prove to be a furtive area for future inquiries 

in pathways responsible for nutrient acquisition, apoptosis, immunity and the stress 

response. 

Metabolic oligosaccharide engineering offers a chemoselective and a simple 

means to label cellular glycans. In this chapter we will take precautions to ensure that 

the staining is due to glycan uptake of the probes by setting up controls with N-linked 

/ O-linked glycosylation inhibitor to knockdown the signal. In addition, it will be of 

relevance to set up competition reactions between the modified monosaccharide 

analog and their respective naturally occurring monosaccharide to confirm there is the 

expected knockdown of labeling. Finally, flow cytometry will be employed for 

quantitative analyses of the incorporation of the proposed sugar derivative. These 

experiments will provide evidence that the staining patterns are due to glycosylation 

and uptake of the unnatural methylcyclopropene sugars. 
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3.2 Introduction 

There is tremendous interest in the use of bioorthogonal reactions for imaging 

of unnatural building blocks that are metabolically incorporated into biosynthetic 

pathways. Applications include visualizing glycans, imaging proteins tagged with 

unnatural amino acids, monitoring cellular proliferation, and tracking lipid 

analogues.29,76–79 For live-cell imaging applications, the azide–cyclooctyne catalyst-

free cycloaddition has been extremely useful in providing a rapid and biocompatible 

method to label small azide tags with fluorophore.29 Recently, there has been growing 

interest in exploring bioorthogonal cycloadditions involving tetrazines for live-cell 

imaging applications.31 Tetrazines have been shown to react rapidly through inverse-

electron-demand Diels–Alder reactions with a variety of strained alkenes and alkynes 

including trans-cyclooctenes, norbornenes, and cyclooctynes. These reactions can be 

used for live-cell imaging, and tetrazines can quench the fluorescence of commonly 

used imaging probes such as BODIPY dyes and fluoresceins.35,37 This leads to a 

fluorogenic response after reaction, which can improve signal-to-background, which is 

particularly useful for intracellular live-cell imaging applications.39,76,80 Though 

tetrazine cycloadditions would be exciting developments for a wide array of metabolic 

imaging applications, the large size of both the tetrazine and cycloalkene coupling 

partners has limited their ability to be incorporated into small bioactive molecules. In 

response to this challenge, we recently developed small and stable 

methylcyclopropenes as coupling partners for fluorogenic tetrazines.81 The molecular 

weight of these tags rivaled those of azides and were used to fluorogenically image 
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lipids in live mammalian cells. However, we were interested in whether 

methylcyclopropenes could substitute for azides in metabolic imaging applications 

with stringent steric constraints. Here we demonstrate that unnatural cyclopropene-

mannosamine derivatives can be used to image glycans on live human cancer cell 

lines. 

Tetrazine-based cycloadditions are an emerging class of bioorthogonal 

reactions that can proceed with rapid rate constants, enable imaging of dienophile tags 

in live-cells and animals, and be mutually orthogonal to azide–alkyne 

cycloadditions.23,34,82–84 Despite these applications, the use of tetrazine cycloadditions 

has been limited in metabolic imaging. This is due to the size of tetrazines and paired 

dienophiles such as trans-cyclooctene and norbornene, which are large compared to 

the azide and alkyne tags commonly used in bioorthogonal chemistry. We recently 

developed methylcyclopropenes as tetrazine-reactive cellular imaging tags that are 

comparable to azides in terms of molecular weight (Scheme 3.1a).81 Following our 

work, others have shown that cyclopropene-containing amino acids and cyclopropene 

derivatized neuraminic acid analogues can be incorporated into cellular  
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macromolecules and later tagged using photoinitated reactions or tetrazine-biotin–

avidin coupling.85,86 However, although the experiments demonstrated cellular uptake 

of the chosen analogues, these systems are well known to tolerate larger 

substituents.87,88 For instance, past work has demonstrated that trans-cyclooctene-

containing unnatural amino acids and aryl-azide-containing neuraminic acid analogues 

can be taken up by cells.39,89 Thus, in those studies, the cyclopropene would not be a 

necessary dienophile for inverse-electron-demand Diels–Alder chemistry. Seeking to 

provide a more stringent test, we attempted to metabolically label human cancer cell 

lines with an unnatural cyclopropene-mannosamine derivative.  

 

Scheme 3.1 A) Comparison of N-acyl substituents on unnatural mannosamine derivatives. The 
cyclopropene handle is similar in size to the commonly used azide handle. B) Synthesis of 
peracetylated Ac4ManNCyc (12). a) 1.0 eq. NaOH, dioxane, sat. NaHCO3, Boc2O; b) pyridine, 
Ac2O, 20  % (2 steps); c) 20  % TFA, CH2Cl2; d) CH2Cl2, Et3N, DMAP, 2-methyl-2-
cyclopropenyl-1-carbonyl chloride, 60  % (2 steps). 

    10                   11                     12 
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3.3 Metabolically Incorporating Mannosamine Analogues into SK-BR-3 Cells 

Mannosamine analogues are classic bioorthogonal metabolic labeling agents, 

as pioneered by the Bertozzi group.15,16,29 It has been well demonstrated that the sialic 

acid biosynthetic pathway is tolerant of unnatural mannosamines bearing small 

unnatural N-acyl substituents.70,90 Mannosamines bearing short azide-modified acyl 

chains (ManNAz) are readily accepted in the pathway and have been elegantly labeled 

by fluorescent cyclooctynes and Staudinger ligation probes after incorporation into 

glycans.16,29 Several studies have established that lengthy or branched substituents are 

not well tolerated and extending the N-acyl substituent by more than five carbon 

atoms severely decreases uptake.90,91 This work has demonstrated that cellular 

metabolism is likely limited by phosphorylation of the unnatural analogues by 

ManNAc 6-kinase.91 Thus, large norbornene- and trans-cyclooctene-N-

acylmannosamine derivatives are not expected to be taken up by the biosynthetic 

machinery. Based on this prior work, we decided to test if cyclopropene-mannosamine 

analogues could be incorporated by live human cancer cells. Successful incorporation 

would provide evidence that methylcyclopropene tags can substitute for azides in 

stringent metabolic imaging or engineering applications. 

We synthesized unnatural peracetylated mannosamine analogue bearing an N-

acyl cyclopropene (Ac4ManNCyc, 12) by coupling peracetylated mannosamine to a 

highly reactive methylcyclopropene acid chloride that we previously described 

(Scheme 3.1B).81 Initially, we approached the synthesis of 12 by reacting unprotected 

mannosamine with highly reactive electrophilic methylcyclopropene precursors. This 

yielded multiple products and was not practical for isolating the desired compound. 
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Instead, we first protected the amine functional group of mannosamine (to afford 

intermediate 10) followed by acetylation of the remaining alcohols, using acetic 

anhydride, and chromatographic separation to afford compound 11. Deprotection of 

the amine using trifluoroacetic acid yielded peracetylated mannosamine 12, which 

readily reacted with a methylcyclopropene acid chloride to yield the desired 

peracetyled cyclopropene-sugar 12. Alternatively, we could also react the primary 

amine with a methylcyclopropene-NHS derivative followed by peracetylation. We 

chose to utilize the peracetylated derivatives given the well-known ability of such 

lipophilic precursors to enter cells and accumulate in glycans, dramatically lowering 

the concentration of probe the cells are required to be exposed to.92 

Methylcyclopropene-amides are known to react slower with tetrazine handles 

compared to faster methylcyclopropenyl carbamates.81 However, the reported reaction 

rates for the methylcyclopropene-amides are comparable to alternative bioorthogonal 

reactions used for live-cell imaging. Additionally, the molecular weight of the 

methylcyclopropene-amide handle is similar to the azide handles that have been 

previously used for imaging glycans, making it an attractive derivative (Scheme 

3.1A).29 We and others have demonstrated that one of the benefits of tetrazine-based 

cycloadditions is the ability to utilize fluorogenic probes that increase in emission 

intensity after cycloaddition.35 Indeed, reaction of 12 elicits fluorogenic responses 

from quenched tetrazine probes such as tetrazine-Alexa Fluor 488 (Figure 3.3). Such 

fluorogenic reactions are valuable for live-cell imaging and can improve the signal to 

background by diminishing signal from nonspecifically bound or trapped fluorescent 

probes.  



   

  

48 

 

In order to determine if Ac4ManNCyc was incorporated effectively by cells, 

we incubated adherent human breast cancer (SK-BR-3) and colon cancer (LS-174T) 

cell lines with 12 (100 µm) for 48 h in cell medium and serum. After incubation, cells 

were thoroughly washed and then reacted for one hour with fluorogenic Alexa  Fluor 

488 tetrazine (10 µm; Figure 3.4). After a second wash, cells were imaged by confocal 

microscopy (Olympus FV1000). Cells that were exposed to 12 showed bright surface 

staining (Figure 3.6A) while control cells that were not treated with unnatural sugar 

had a complete absence of staining (Figure 3.5). In order to ensure that the staining 

was due to glycan uptake of the probe, we also performed controls by exposing cells 

to 3 (100 µm) and inhibiting uptake by using glycosylation inhibitors (tunicamycin or 

αBnGalNAc) or ManNAc (20 mm) as a competitive substrate.93 Inhibitors severely 

diminished staining to levels that were similar to controls (Figure 3.6B). The use of 

Figure 3.3 Emission spectra demonstrating the fluorogenic response of tetrazine-Alexa Fluor 
488 before (red) and after incubation with Ac4ManNCyc 3 (blue).  
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ManNAc as competitor also lowered the fluorescent signal, with faint surface staining 

visible (Figure 3.6C).  

 

 

These experiments provide evidence that the staining patterns are reporting on 

glycosylation and uptake of the unnatural cyclopropene-mannosamine. We also 

performed additional studies using flow cytometry to quantitate the relative uptake of 

sugars, which corroborated the imaging data (Figure 3.7). Cells exposed to 12 

followed by the tetrazine imaging probe showed increased fluorescence intensity 

compared to controls, which only received the tetrazine imaging probe.  

 

 

Figure 3.4 Cartoon outlining proposed fluorescent staining of glycans using tetrazine–
cyclopropene chemistry. Ac4ManNCyc (12) is incubated with live cells for 48 h. If the 
unnatural mannosamine derivative is processed by the cell, methylcyclopropenes will be 
displayed on the surface and tagged by fluorogenic tetrazine-Alexa  Fluor 488. This staining 
pattern will be visible by confocal microscopy. 
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Figure 3.5 Imaging SKBR3 cells. Separate populations of SKBR3 cells were incubated for 48 
hours with (a) Ac4ManNCyc, (b) Ac4ManNCyc and 1.2 µM tunicamycin, and (c) a control 
solution lacking a mannosamine derivative. The cells were then reacted with 10 µM tetrazine-
Alexa Fluor 488 and imaged by confocal microscopy. Cells receiving only Ac4ManNCyc 
showed bright surface staining while the other control populations had minimal surface 
staining. Scale bar denotes 20 microns.  

 

Figure 3.6 Imaging glycans using cyclopropene-mannosamine derivatives. A) SKBR3 cell 
surfaces were stained by incubation with Ac4ManNCyc (12; 100 µm) followed by reaction with 
tetrazine-Alexa  Fluor 488 (10 µm). B) Staining was significantly lower when SKBR3 cells 
were incubated with 12 as well as tunicamycin (1.2 µm), a glycosylation inhibitor. C) Staining 
was also reduced when SKBR3 cells were incubated with 12 as well as of ManNAc (20 mm) as 
a competitor. Simultaneous imaging of 12 and Ac4GalNAz incorporation. LS174T cells were 
incubated with of 12 (100 µm) and Ac4GalNAz (100 µm) for 48 h. After incubation, cells were 
reacted sequentially with tetrazine-Alexa  Fluor 488 (10 µm) and DIBO 647 (15 µm). Confocal 
microscopy revealed extensive surface staining in the D) 488 nm channel and E) 647 nm 
channel with good colocalization of surface staining (F). Controls revealed minimal cross 
staining of tetrazine-Alexa  Fluor 488 with cells incubated only with Ac4GalNAz and DIBO 647 
with cells incubated only with 12 (Figure 3.8). Scale bars: 20 µm. 
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3.4 Duel Labeling of Peracetylated N-azidoacetylgalactosamine and N-
Methylcyclopropene Mannosamine in SKBR3 Cells 
 

Finally, we tested whether or not we could simultaneously image two different 

metabolically incorporated unnatural sugar derivatives (Figure 3.6D-F), 12 and 

peracetylated N-azidoacetylgalactosamine (Ac4GalNAz). The latter unnatural 

galactosamine azide has been shown to incorporate into O-linked mucins and can be 

tagged using commercially available fluorescent cyclooctynes.30,94 Recent 

experimental work has shown that alkenes and azides can be mutually orthogonal to 

each other, even when using highly strained trans-cyclooctenes.69 Additionally, the 

Houk group has calculated that methylcyclopropene handles, such as those we have 

Figure 3.7 Flow cytometry indicates fluorescent staining of SKBR3 cells incubated with 
Ac4ManNCyc 12 followed by tetrazine-Alexa Fluor 488. Control cells not exposed to the 
cyclopropene registered significantly less fluorescence intensity.  
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previously developed, should be mutually orthogonal to azide in reactions with 

cyclooctynes.95 We incubated LS174T human colon cancer cells with 100 µm 12 and 

Ac4GalNAz for two days. After incubation, we sequentially stained the cells with 

tetrazine-Alexa  Fluor 488 (10 µm) and dibenzocyclooctyne (DIBO) 647 (15 µm). 

Fluorescent microscopy demonstrated cell-surface staining in both the fluorescent 

channels. Similar results were obtained with the SKBR3 cell line. Cells that were 

incubated with only 12 and DIBO 647 or 12 and tetrazine-Alexa  Fluor 488 showed 

minimal surface staining (Figure 3.8). The ability to simultaneously label two different 

metabolically incorporated molecules using live-cell compatible inverse-electron-

demand Diels–Alder and Huisgen reactions expands the capabilities of bioorthogonal 

metabolic imaging. 
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3.5 Concluding Remarks 

In conclusion, we have demonstrated that recently developed 

methylcyclopropene bioorthogonal handles can be used for metabolic imaging of 

unnatural mannosamine derivatives on live-cell surfaces. The ability of 

methylcyclopropenes to substitute for azides should significantly expand the use of 

bioorthogonal reactions for metabolic imaging applications.89 This technology also 

enables multicolor imaging of two different metabolically incorporated mini-tags. 

These results highlight the potential utility of cyclopropenes as reactive mini-tags for a 

myriad of applications in the profiling and imaging of small molecules. 

Figure 3.8 Cross reactivity studies. LS174T cell surfaces were incubated for 48 hours with 
Ac4ManNCyc and Ac4GalNAz reacted with both tetrazine-Alexa Fluor 488 and DIBO Alexa 
Fluor 647 and imaged by confocal microscopy in (a) the 488 channel and (d) the 647 channel. 
Cells that were incubated for 48 hours with Ac4ManNCyc and reacted with DIBO Alexa Fluor 
647 (b) or incubated with Ac4ManNAz and reacted with tetrazine-Alexa Fluor 488 (c) showed 
minimal surface staining, similar to the background signal due to nonspecific binding of dye. 
Scale bar denotes 20 microns.  
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3.6 Experimentals and Methods 
 
 
3.6.1 Tissue culture/cell growth conditions  

SK-BR-3 and LS174T cells were grown in cDMEM media supplemented with 

10% fetal bovine serum, 1% L- glutamine, 1% penicillin/streptomycin. Cells were 

incubated in 5.0% carbon dioxide, 95% humidity at 37 °C. Generally, cells were 

grown in T-75 tissue culture flasks, seeded at densities between 500,000 and 750,000 

cells per flask (cells were quantified with the Life Technologies Countess automated 

cell counter). The cells were trypsinized with TrypLE Express and resuspended in 

cDMEM. Cells were allowed to incubate for two days before supplementing with 

Ac4ManNCyc (N-cyclopropeneacetylmannosamine) or Ac4GlcNAz (N- 

azidoacetylglucosamine). The cells were then analyzed via confocal microscopy and 

flow cytometry as described below.  

 

3.6.2 Live-cell microscopy  

The SK-BR-3 and LS174T cells were incubated for two days in the presence of 

100 µM of Ac4ManNCyc and/or 50 µM Ac4GlcNAz on a Lab-Tek chamber slide 

maintained in cDMEM medium. Treatment of cells with tunicamycin was done by 

preparing a 0.2 mg/mL stock in DMSO, which was diluted to a final working 

concentration of 1.2 µM tunicamycin in cDMEM (0.5% DMSO). Cells were washed 

3x with phosphate-buffered saline (PBS) and incubated for 1 hour at 37 °C in 10 µM 

tetrazine-BODIPY TMR-X, 10 µM tetrazine-Alexa flour 488 and/or 15 µM 

dibenzocyclooctyne (DIBO)- Alexa Fluor 647 in cDMEM. The media was aspirated, 



   

  

55 

and cells were washed twice with PBS before imaging. All photos were collected with 

an Olympus FV1000 confocal microscope using ImageJ 1.45j software package.  

 

3.6.3 Analysis of cell surface cyclopropenes by flow cytometry  

After the incubating the adherent SK-BR-3 cells in 100 µM of Ac4ManNCyc 

(1.2 µM tunicamycin and/or 1 mM αBnGalNAc was used in experiments requiring 

glycosylation inhibitors) they were washed twice in PBS and then incubated in 10 µM 

of tetrazine-Alexa flour 488 for 1 hour at 37 °C. Control cells were not exposed to 

Ac4ManNCyc and incubated in 10 µM of tetrazine-Alexa flour 488 for 1 hour at 37 

°C. Cells were then resuspended in 1-2 ml of cDMEM (5.0x105 to 1.0x106 per ml) 

using a rubber policeman. The cells were passed through a 25-gauge syringe to 

ameliorate excessive clumping, and subjected to analysis by flow cytometry using a 

200mW 488nm blue solid-state laser on the Partec Space Flow Cytometer (Partec).  

 

3.6.4 Fluorescence turn-on spectroscopy  

Mannosamine-cyclopropene (Ac4ManNCyc) and tetrazine-Alexa-Fluor 488 

stocks were prepared at 1 and 0.1 mM, respectively, in phosphate-buffered saline 

(PBS) pH 7.4. Fluorescence turn-on was measured using a Perkin Elmer LD-45 

spectrometer, with the excitation wavelength set to 480/5 nm, and emission scanned 

over 490-620 nm (5-nm slit width) at a rate of 50 nm/min. Reaction conditions were 

50 µM tetrazine-Alexa-Fluor 488 and 100 µM Ac4ManNCyc in PBS pH 7.4 buffer at 

room temperature.  
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3.6.5 Synthesis of 1,3,4,6-Tetra-O-acety-N-Boc-D-mannosamine 12  

 
 

 

A mixture of D-mannosamine hydrochloride (5.0 mg, 0.023mmol), N-

succinimidyl methyl cyclopropenoate 14 (5.0 mg, 0.026 mmol), and triethylamine (5.0 

mg, 0.046 mmol) in DMF (0.3 ml) was stirred at room temperature overnight. The 

reaction mixture was concentrated in vacuo, and the residue was dissolved in pyridine 

(0.3 mL) and Ac2O (25 mg) was added. The reaction was stirred at room temperature 

overnight and then was concentrated in vacuo; the residue was purified by prepared 

TLC (Hexane/EtOAc=1/1) to afford 2.0 mg of compound 12, in 20% yield.  

1H NMR (400 MHz, CDCl3) δ 1.97 (32H, m), 3.99-4.07 (4H, m), 4.19-4.22 

(2H, m), 4.63-4.68 (2H, m), 5.10-5.16 (2H, m), 5.25-5.31 (2H, m), 5.64-5.72 (2H, m), 

5.97-5.98 (2H, m), 6.43 (1H, s), 6.45 (1H, s); 13C (100 MHz, CDCl3) δ 10.70, 10.85, 

20.86, 20.90, 20.92, 20.96, 20.98, 21.08, 22.53, 22.56, 49.19, 49.24, 62.14, 62.30, 

65.40, 65.66, 69.12, 69.30, 70.25, 92.06, 95.50, 95.99, 113.63, 114.64, 168.44, 169.87, 

169.94, 170.26, 170.69, 176.22; HRMS [M+Na]+ m/z calculated for [C19H25NO10Na]+ 

450.1371, found 450.1373.  

 
 

14 

 

13 

 

12 

 

Scheme 3.2 Synthesis of 1,3,4,6-Tetra-O-acety-N-Boc-D-mannosamine 12 
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3.6.6 Synthesis of tetrazine-Alexa Flour 488 (15) 

 

 

 

To a stirred solution of Alexa Fluor 488 5-TFP (0.5 mg) in DMF (0.5) at room 

temperature was added (4-(1,2,4,5- tetrazin-3-yl)phenyl)methanamine1 (0.5 mg) and 

Et3N (0.5 mg). The reaction solution was stirred at room temperature for 30 minutes. 

The product 15 was purified by reverse phase TLC (MeOH:H2O=1:3) directly without 

work-up to afford 0.4 mg product as an orange solid in quantitative yield. HRMS [M-

H]- m/z calculated for [C30H20N7O10S2]+ 702.0719, found 702.0718.  

 

Notes about the Chapter: 

Chapter three, in full, is a reprint (with co-author permission) of the material as 

it appears in the publication; Christian M. Cole, Dr. Jun Yang, Dr. Jolita Šečkutė and 

Prof. Neal K. Devaraj "Fluorescent Live-Cell Imaging of Metabolically Incorporated 

Unnatural Cyclopropene-Mannosamine Derivatives" ChemBioChem, 2013, 14(2), 

205-208. I would like to thank Jun Yang, Jolita Seckute, and Neal Devaraj for their 

invaluable contributions to this chapter: Jun Yang synthesized and characterized all 

15 

 

Scheme 3.3 Synthesis of tetrazine-Alexa Flour 488 (15) 
 

15 
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the compounds presented in this chapter; Jolita Seckute measured the fluorogenic 

response of tetrazine-Alexa Fluor 488 and its derivatives. I would like to thank Neal 

Devaraj for directing the research and for preparing the majority of the manuscript. 

The author of the dissertation is the primary author of this manuscript.   
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~ CHAPTER 4 ~ 

 

4 Encapsulation of Living Cells within Giant Phospholipid Liposomes Formed by 
the Inverse-Emulsion Technique 
 
4.1 Brief history: Liposomes 

 
The history of liposomes originated early in the seventeenth century by a 

young neurologist named Hensing who identified a substance in brain matter, which 

upon burning in a crucible left behind a “greasy oil” that was highly enriched in 

phosphorous. 96 Decades later in 1846, Gobley realized that egg yolk contained the 

same phosphorous compound previously identified by Hensing. Working with hen’s 

egg yolk Gobley was the first to isolate phospholipid lecithin97, shortly thereafter 

Stricker correctly deduced its structure.98 However, it would take another hundred 

years before Dawson’s and Bangham’s work on phospholipase indirectly elucidates 

the existence of liposomes.99 First correctly described by Bangham in the 1960s100, 

liposomes are synthetic analogues to vesicles in which an aqueous volume is enclosed 

by a bilayer of natural or synthetic amphipathic molecules, commonly phospholipids. 

The lipid bilayer is a supermolecular structure with the all-important task of separating 

“inside” from “outside” or “self” from “non-self”. When dissolved in aqueous 

environments phospholipids spontaneously form stable phospholipid bilayers due to 

their intrinsic amphiphilic characteristics. This is a rare and unique trait in biology, 

where most macromolecular complexes are meticulously orchestrated and controlled 

at all steps by enzymes; the main driving force behind the assembly of the lipid bilayer 
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is thermodynamics, which is further enhanced by hydrogen bonding, van der Waals 

forces and other electrostatic interactions.101 

Considering the ease of lipid membrane formation, liposomes have an 

extensive history in drug delivery and other therapeutic applications. They provide an 

excellent delivery system because they can be easily outfitted with antibodies for 

targeting cells in vivo102, have a low immune response and are biodegradable.103 

Currently, liposomes are utilize for subcutaneous or sub-dermal drug delivery, but due 

to a short half-life in serum they need to be additionally modified with polyethylene 

glycol (PEG) to prevent immediate detection by monocytes.104 However, once 

modified liposomes have the ability to diffuse throughout the whole body and even 

can be adapted to transverse the blood brain barrier (BBB) making them suitable for 

releasing treatments for brain repair or anti-cancer therapies. As a consequence, new 

types of liposomes have been developed (e.g., nanosomes and niosome), although the 

drawback associated with liposomes still remain; notably, their small payloads and the 

relatively short time-release of therapeutics.  

One problem that researchers have encountered when packaging larger 

molecular weight compounds in liposomes is poor or even no observable 

encapsulation efficiency.105 In the next two chapters we will look at two powerful 

strategies to encapsulate large biomolecules easily and efficiently (i.e. invert emulsion 

technique to engulf live cells (Figure 4.1) and the NCL in situ vesicle formation to 

encapsulate eGFP).    
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4.2 Encapsulation of Live-Cells in Liposomes 

 

 

Liposomes form spontaneously by the assimilation of phospholipids, the 

primary component of cell membranes. Due to their unique ability to form selectively 

permeable bilayers in situ, they are widely used as nanocarriers for drug and small-

molecule delivery. However, there is a lack of straightforward methodologies to 

encapsulate living microorganisms. Here we demonstrate the successful encapsulation 

of whole cells in phospholipid vesicles by using the inverse-emulsion technique of 

generating unilamellar vesicles. This method of liposome preparation allows for a 

facile encapsulation of large biomaterials that previously was not easily attainable. 

Using Escherichia coli as a model organism, we found that liposomes can protect the 

bacterium against external protease degradation and from harsh biological 

Figure 4.1 Encapsulation of fluorescent GFP bacteria in a liposome stained with Texas red-
DHPE by the inverse emulsion method. 
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environments. Liposomes prepared by the inverse-emulsion method were also capable 

of encapsulating yeast and were found to be naturally susceptible to hydrolysis by 

enzymes such as phospholipases, thus highlighting their potential role as cell delivery 

carriers. 

The encapsulation of live cells has commonly been employed in the field of 

tissue engineering and drug delivery,106,107 but more recently this technology has been 

adapted for applications in biofuel production,108 environmental sensors,109 probiotics 

delivery,110 cultivation,111 and in the preservation and immobilization of bacteria.112 

Consequently, there is a growing need for suitable biomaterials that can achieve high 

encapsulation efficiency of live cells, but still provide select advantages, such as non-

immunogenicity, biodegradability, biocompatibility, mutable permeability, and 

protection from the environment. We have exploited the intrinsic characteristics of 

liposomes to confer several of these benefits when encapsulating Escherichia coli 

bacteria. 

Liposomes are a well-studied synthetic transporter used in many applications 

in a broad range of disciplines (e.g., colloid science, theoretical physics, biophysics, 

chemistry, biochemistry, and biology).113 Liposomes are an effective vehicle for 

packaging and delivering payloads because liposomes can be readily modified with 

antibodies or ligands for targeting,114 adapted to cross the blood–brain barrier,115 or 

made permeable by using pore-forming proteins.113 Additionally, liposomes have a 

low immune response and are biodegradable.116 As a consequence, natural and 

synthetic lipids used for encapsulation holds great promise for live-cell delivery. 
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Unfortunately, there are some drawbacks associated with several popular 

methods of liposome formation, such as poor encapsulation efficiency and an inability 

to engulf large-molecular-weight compounds efficiently. For instance, 

electroformation and rehydration cannot efficiently encapsulate relatively large 

biomolecules such as proteins or DNA.102 One of the few methods to achieve high 

encapsulation efficiency is microfluidic encapsulation.117 However, this technique 

requires the manufacturing of either polydimethylsiloxane (PDMS) or capillary 

systems, which are relatively challenging and time consuming.118 In addition, these 

systems are prone to clogging when cells are used, unless special precaution is 

taken.119 

 

4.3 The Inverse-Emulsion Method: GUV Formation 

The inverse-emulsion method of creating giant unilamellar vesicles (GUVs) 

has previously been reported to encapsulate large biomolecules, such as proteins, with 

high efficiency.120 Additionally, in contrast to microfluidics, electroformation, and 

rehydration methods, this technique is a fairly simple approach requiring few 

materials, while still maintaining scalability and a relatively high efficiency of 

encapsulation. We adapted a protocol published by the Weitz lab121 to form GUVs 

capable of encapsulating bacteria. Briefly, we created an inverse-emulsion by mixing 

an aqueous solution containing E. coli with oil of dissolved surfactants. 

The lipids present in the oil formed a monolayer around the drops of the 

dispersed aqueous solution; this trapped bacteria in the hydrophilic core of the 

inverted micelle. During centrifugation, the aqueous droplets in the emulsion collide 
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with the oil/water interface to form large unilamellar vesicles filled with bacteria 

(Figure 4.2).121 In order to use this method to encapsulate E. coli and yeast, it was 

necessary to increase the viscosity of the buffer substantially by either using glycerol 

or adjusting the final concentration of sucrose/glucose to approximately 1  m. On 

average, we obtained 500 liposomes in 0.1 µL of sample. This corresponds to a 

production efficiency of five liposomes per rectangular volume of 180×140×30 µm. 

We counted over 230 liposomes and found that more then 30  % of them contained at 

least ten live bacteria per liposome (Graph 4.1) with an encapsulation efficiency (EE) 

of 1.4  % as determined by:  
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Graph 4.1 Abundance of encapsulated bacteria per liposome when formed by the inverse-
emulsion technique. 152 liposomes from three independent preps were counted and the number 
of bacteria encapsulated per liposome is graphed above. The concentration of bacteria in the 
upper buffer was at 0.8 OD600. At this concentration less then 15% of the liposomes were 
empty and 30% had greater then 10 bacteria / liposome. Liposomes smaller then 1 µm were not 
counted.  
___________________________________________________________________ 
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where bacteria[total] is the initial amount of bacteria added to the upper buffer and 

bacteria[free] is the number of free bacteria that were not encapsulated. At OD=0.8, 

several bacteria per liposome can be encapsulated (Figure 4.3). Encapsulation 

efficiency can be improved to ∼13  % if the initial OD600 is less than 0.1 absorbance. 

However, this results in a lower density of bacteria per liposome and more empty 

liposomes. This is similar to the results reported by Tan et al., who demonstrated using  

Figure 4.2 Encapsulation of bacteria in vesicles. A) Schematic representation of the inverse-
emulsion method to form vesicles. Water droplets containing live cells are added to a solution 
of heavy mineral oil containing POPC phos- pholipids to generate a water/oil emulsion. Each 
droplet is surrounded by a monolayer of phospholipid. The entire emulsion is then layered over 
water. After centrifuging, the water droplets pass through the bulk oil and gain another 
phospholipid leaflet as they transverse the water-oil interface to become bilayer vesicles. B) 
Fluorescence microscopy image of a vesicle filled with HPTS, a water-soluble dye. Scale bar: 
10 mm. C) Bright-field microscopy image that shows the outline of the vesicle along with 
encapsulate bacteria (white arrows). D) Fluorescence microscopy image of a liposome en- 
capsulated with Hoechst-stained bacteria. 
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microfluidics encapsulation efficiencies of between 5–15  % according to the flow 

rate.117  

To determine if the amount of bacteria encapsulated is correlated to the size of 

the liposome, we used hydroxypyrene-1,3,6-trisulfonic acid (HPTS) dye as an 

indicator of internal volume. When a high density of cells is encapsulated, the 

fluorescent intensity of HPTS is low due to the buffer being secluded; when 

Figure 4.3 Encapsulation of E. coli in POPC liposomes using the inverse-emulsion method. 
The liposomes are texturized from the encapsulated bacteria. Figures A & C are membrane 
stained liposomes using 1 mole percent of Texas Red-DHPE. B & D are phase contrast images 
of the liposomes displaying a high yield of encapsulated E. coli. C & D are enlarged to better 
visualize the interior.  
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comparatively few bacteria are encapsulated, the fluorescent intensity is high (Figure 

4.4). Surprisingly, there was no correlation between the radius of a liposome and the 

amount of encapsulated bacteria. Under visual observation, the encapsulated bacteria 

appear to be randomly distributed among various sizes of liposomes. We additionally 

explored the use of divalent salts to increase our encapsulation efficiency.122  

 

 

 

 

Figure 4.4 Encapsulation of E. coli in POPC liposomes using HPTS as a volume indicator. A) 
Phase contrast image of a liposome containing little encapsulated bacteria. B) Fluorescent 
image of HPTS inside a liposome containing a low concentration of bacteria, thus illustrating a 
high amount of encapsulated HPTS. C) Hoechst stained bacteria. The image sequence A-C 
appears in Fig. 1 of the manuscript. D) Phase contrast image of a liposome containing a high 
concentration of bacteria. E) Fluorescent image of HPTS inside a liposome containing many 
bacteria, thus a high void volume lowers the amount of HPTS, which can be present. F) 
Hoechst stained bacteria. Scale bar is 10 µm.  
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We observed a drastic decrease in liposome formation when an equivalent amount of 

divalent or monovalent salts relative to buffer concentration was added (Graph 4.2). 

To maximize encapsulation, 0.1  % nonyl phenoxypolyethoxylethanol (NP-40) 

detergent was added to the upper buffer to help stabilize larger GUVs and to avoid 

premature rupturing. This is a nonionic, non-denaturing detergent chemically identical 

to IGEPAL CA-630. 

 

 

Graph 4.2 Graph showing the effect that divalent and monovalent salt has on the formation of 
liposomes using the inverse-emulsion method. The upper buffer was 100 mM HEPES pH 7.5, 
200 mM sucrose, and 100 mM salt (NH4Cl, MgCl2, CaCl2 or NaCl). This was pull downed into 
the lower buffer consisting of 200 mM HEPES pH 7.5 and 200 mM glucose. The control was 
supplemented with an addition of 100 mM HEPES pH to 7.5 to both the upper and lower 
buffers. Liposomes contained in an area of 90 µm2 were counted and the number of liposomes 
was plotted on the graph, error bars represent data from triplicate results. 
___________________________________________________________________ 
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4.4 Liposomes Protect Live-Cells from Harsh Environments 

We hypothesized that liposomes could protect bacteria by ensuring that the 

internal compartment is separated from the external biological environment, protecting 

them from any damaging effects of enzymes. In addition, the internal liposome 

solution has some buffering capacity and can even resist small changes in the external 

pH. In order to observe the beneficial effects, E. coli or yeast (Figure 4.5) was first 

encapsulated in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) liposomes 

by using the standard encapsulation method described in the Experimental Section. 

To authenticate that E. coli were encapsulated in liposomes, we initially stained the 

liposome with 1.0 mol  % of Texas Red-DHPE (Figures 4.3 and 4.6). Pepsin and 

hydrochloric acid were subsequently added to the mixture of encapsulated and free E. 

coli to measure the level of protection afforded by the liposome. 

 

 

Figure 4.5 Encapsulation of yeast in POPC liposomes using the inverse-emulsion method. A) 
Shows a liposome made using the inverse-emulsion method by employing an upper buffer (100 
mM HEPES pH to 7.5, 0.05% NP40 detergent, and 1M sucrose) and a lower buffer (100 mM 
HEPES pH to 7.5, 0.05% NP40 detergent and 1M glucose). This liposome was stained with 1 
mole percent of Texas Red-DHPE to better illustrate the membrane. B) Phase contrast image of 
a giant liposome completely filled with yeast. C) Merge fluorescent image of the membrane 
stained liposome and the phase contrast image. D) Merge image of the encapsulated yeast 
stained with hoechst and the Texas- red DHPE membrane of the liposome. Scale bar is 12µm  
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The presence of bacteria or yeast inside a liposome was determined by using 

epi-fluorescence and phase-contrast microscopy. The DNA of the cells was stained 

with Hoechst stain, a cell-permeable dye able to stain both live and dead cells. This 

dye was used in combination with propidium iodide (PI) stain. PI was used 

exclusively to visualize damaged E. coli with compromised membranes. Thus, the co-

localization of Hoechst and PI allows for the unambiguous determination of live and 

dead bacteria in liposomes. We estimated that 94  % of the encapsulated bacteria did 

not exhibit PI staining for over 6 h, but maintained viability for up to 24 h. These 

imaging results illustrate the effectiveness of liposomes in protecting encapsulated 

bacteria from enzymatic degradation and acidic environments (Figure 4.7). 

 
 
 

Figure 4.6 Encapsulation of yeast in POPC liposomes using the inverse-emulsion method with 
the same conditions as described in Figure 4.3. A) Liposomes stained with 1 mole percent of 
Texas Red-DHPE. B) Phase contrast image of the liposome and encapsulated yeast (arrows). 
C) Merge image of encapsulated yeast and the liposome stain. Scale bar is 12 µm  
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In order to better quantify the viability of encapsulated E. coli, we plated the 

solution containing the encapsulated bacterial liposomes on an agar plate and counted 

the colony-forming units (CFUs) of the pepsin- and HCl-treated E. coli. For these 

experiments, BL21 E. coli was grown to OD=0.6 and then aliquoted to both the 

Figure 4.7 Viability of E. coli encapsulated in liposomes. A)–B) Illustration of the microscopy 
images (D–E) that depicts a phospholipid membrane secluding the encapsulated bacteria from 
pepsin, while the internal buffer system delays the damage from the external acidity. A) 
Hoechst stain allows for the visualization of all bacteria, encapsulated and free. B) Propidium 
iodide will stain only the external bacteria, as these will have compromised membranes due to 
the pepsin activity. C) Phase-contrast image of a liposome with multiple bacteria encapsulated. 
Scale bar: 5 µm. D) Visualization of internal and external bacteria by using Hoechst stain. E) 
The solution was treated with hydrochloric acid in order to lower the pH of the solution and 
with pepsin in order to disrupt membrane proteins on the bacteria. The propidium iodide stain 
locates the bacteria with compromised membranes and it can be seen that only the external 
bacteria have been stained. 
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liposome and control samples, matching their respective ODs before liposome 

formation. We observed that the control samples, which contained only free E. coli, 

produced no colonies, thus resulting in a 100  % loss of viability (Graph 4.3). 

Interestingly, increasing the amount of encapsulated E. coli produced a dose-

responsive increase in CFUs. This further highlights the suitability of liposomes as 

carriers for live cells even under harsh biological conditions. 

 

 

 

To show the potential use of liposomes as cell-delivery carriers that could 

release a payload, we used phospholipase A2 (PA2) to hydrolyze the liposome 

Graph 4.3 Increase in CFUs from the protective effect of liposomes. We tested the viability of 
E. coli encapsulated in vesicles treated with pepsin and HCl in comparison to unprotected E. 
coli. The control, unprotected sample had no growth. There was a linear increase in CFU/mL in 
relation to the final amount of vesicle suspension in each sample. This demonstrates that the 
vesicles not only prevented the membranes of the bacteria from being compromised, but also 
ensured that the bacteria would remain viable after undergoing the treatment with pepsin in an 
acidic environment. 
__________________________________________________________________ 
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membrane. To observe the effects of PA2, we encapsulated E. coli and HPTS dye 

together in liposomes, and monitored the hydrolysis of the phospholipid membrane by 

time-lapse microscopy (Figure 4.8). The liposomes began to hydrolyze within 10 min, 

as observed by the loss of HPTS fluorescence. This event is also corroborated in the 

phase-contrast channel, as the bacteria can be observed to disperse as they are released 

from their liposome carrier. 

 
 

 

4.5 Summary of Encapsulation of Live-Cells   

In summary, we have demonstrated the suitability of the inverse-emulsion 

method for the effective encapsulation of living cells in liposomes. This approach 

generates 1–30 µm-sized GUVs that confine live cells into a micrometer-sized space. 

Figure 4.8 Time-lapse microscopy of liposome hydrolysis. Bacteria-encapsulated vesicles were 
observed in A) the fluorescence channel and B) the phase-contrast channel. The brightness of 
HPTS dye was used as an indicator of vesicle integrity. At 8 min, the liposome was still intact, 
and the bacteria were encapsulated. At 10 min, the vesicle membrane was hydrolyzed by 
phospholipase A2, which caused the vesicle to rupture and leak HPTS. Scale bar: 10 µm. 
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The size restriction could potentially benefit many applications, including tissue 

engineering, as highlighted by Uludag and co-workers123 who showed that more 

protein is secreted in smaller capsules than in larger ones. The food industry routinely 

encapsulates probiotics for fortification in food and discovered that a larger capsule 

size (≥100 µm) can negatively influence the texture and “mouth-feel” of a food 

product,124,125 Additionally, smaller capsules with higher surface-to-volume ratios 

might be desired if the secretion of biomolecules is governed by pumps or pores.126 

Functionally, these liposomes provide environmental protection from enzymes and pH 

changes. Although there are a variety of methods for the production of synthetic 

vesicles, there are many issues associated with each method. Rehydration suffers from 

liposome heterogeneity and aggregation.127 Moreover, rehydration and 

electroformation techniques are incapable of encapsulating large entities (i.e., 

bacteria). Microfluidic encapsulation does achieve high encapsulation efficiency, but 

requires the use of complex PDMS or capillary systems, which are generally time 

consuming and challenging to set up and run. The inverse-emulsion method provides a 

solution to all of these issues, creating a simple yet effective way of protecting living 

cells from harmful environments. The encapsulated cells prepared by this method 

retain their viability after being exposed to hazardous environments, such as changes 

in external pH and proteases. Lastly, we have shown a proof-of-concept liposome 

delivery system that can release encapsulated bacteria in the presence of 

phospholipase A2, thus mimicking probiotic delivery to the gut. 
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4.6 Experimental Section 

 

4.6.1 Standard encapsulation 

All chemicals and reagents were of reagent grade, obtained from Sigma 

Aldrich, unless otherwise stated. POPC was purchased from Avanti Inc. as a powder. 

POPC (5 mg) was dissolved in chloroform (100 µL, Fisher Scientific), and this 

mixture was dried under compressed nitrogen for 30 min to obtain a lipid film. The 

film was dissolved in heavy mineral oil (1 mL, Fisher Scientific) by using a bath 

sonicator for up to 1 h or until the solution was completely clear. Vesicles were 

prepared by adapting a previously published protocol.118 In brief, the upper buffer was 

prepared by using HEPES (100 mM, pH 7.5), sucrose (900 mM) and 0.1  % NP40 

detergent; according to the manufacturer (Sigma–Aldrich) it contains <0.5  % water. 

An aliquot (3 µL) of BL21 E. coli (Invitrogen) at OD=1.2 was added to the upper 

buffer (10 µL) and the oil/lipid solution (150 µL). A water-in-oil emulsion was created 

out of these solutions by agitating the mixture until it appeared homogeneous and 

turbid. The resulting emulsion was then layered over the lower buffer of HEPES (100 

mM, pH 7.5) and glucose (900 mM) by gently pipetting the emulsion. This was then 

centrifuged for 5 min at 7200  g at room temperature. The oil layer was aspirated off 

from the top of the solution, and the vesicles were collected from the resulting pellet 

near the bottom. 
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4.6.2 Staining experiment 

The standard encapsulation method was used, except that HPTS (10 mM) and 

PI (5 µg  mL−1) were added to the upper buffer. After the vesicles had been 

synthesized, pepsin (10 mg  mL−1) and Hoechst stain (2 µg  mL−1, Invitrogen) were 

added. The addition of HCl (12  M) brought the pH of the resulting solution to 3.5. The 

vesicle solution was then incubated for 1 h at room temperature, and the sample was 

centrifuged at 5000  g for 10 min. The resulting pellet and solution (5 µL) were put 

onto a slide to be examined under a microscope. 

 

4.6.3 Colony formation 

 After the vesicles had been formed according to the discussed method, pig 

pepsin (10 mg  mL−1, Spectrum, New Jersey) was added, and hydrochloric acid was 

used to bring the resulting solution to pH 3.5. The solution was then incubated for 1 h 

at room temperature. In parallel, a control solution of E. coli was created that had the 

same optical density as the vesicle solution; this was also incubated for 1 h in the 

presence of pepsin at pH 3.5. The bacterial solution containing vesicles was aliquoted 

(0, 25, 50 and 100 µL) into four tubes, and the control solution was used to bring the 

final volume to 100 µL. All four samples were plated on LB agar culture plates. The 

plates were left to grow overnight, and the colonies were counted the next day. This 

experiment was repeated in order to account for experimental errors. 
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4.6.4 Phospholipase hydrolysis 

The previous method of encapsulation was used, with the addition of KCl (10 

mM) and CaCl2 (35 mM) to both the upper and lower buffers and HPTS (1 mM, 

Sigma–Aldrich) dye was added to the upper buffer. After the vesicles had been made, 

the sample (3 µL) was added to a microscope slide, then phospholipase A2 (5 

µg  mL−1, Sigma–Aldrich) was added directly to the slide in order to hydrolyze the 

vesicles. The sample was then observed under the microscope every 2 min for 30 min. 

 

4.6.5 Encapsulation efficiency 

Liposomes were prepared with a bacterial concentration of OD600=0.8. The 

solution containing the liposomes and free bacteria were dialyzed against HEPES (100 

mM, pH 7.5) and glucose (900 mM) for 3 h in a Slide-A-Lyzer dialysis cassette 

(Thermo Fisher) containing a Whatman membrane filter with a nylonpore size of 1 

µm. The ODs of the free bacteria and that of the initial solution were compared on a 

NanoDrop 2000c UV/Vis spectrophotometer (Thermo Scientific). Alternatively, 

microscopy images were used to manually count a total of 589 bacteria to find the 

ratio of encapsulated bacteria compared with free bacteria. 

 

Notes about the Chapter: 

Chapter four, in full, is a reprint (with co-author permission) of the material as 

it appears in the publication; Sampreeti Chowdhuri, Christian M. Cole and Prof. Neal 

K. Devaraj "Encapsulation of Living Cells within Giant Phospholipid Liposomes 

Formed by the Inverse-Emulsion Technique" ChemBioChem, 2016, 17(10), 886-889. I 
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chapter: Sampreeti Chowdhuri prepared the encapsulated E. coli samples and carried 

out the CFU viability assay. I would like to thank Neal Devaraj for funding the 

research. The author of the dissertation is co-primary author of this manuscript and 

directed the research.   
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~ CHAPTER 5 ~ 

5 In Vas: Studying Biological Systems in Vesicles 
 
 
5.1 Introduction 

One of the more seductive goals of biochemistry is to understand the 

functional basic unit of living organisms, the cell. Our remarkable success in 

elucidating cellular function and dynamics is an impressive accomplishment; however, 

the complexity of our model is exponentially rising.128 The current cellular archetype 

has been evolving from past systems; with every iteration becoming more convoluted 

than the last. By analogy it is seeking to understand the fundamental workings of a 

central processing unit by looking inside the worlds most advance super computer. 

Thus, the current conception of a cell does not lend itself well to fundamental 

questions or computational modeling of its individual components. Taking steps to 

build a simplified system or a protocell can facilitate our understanding behind the 

fundamental biology, and may also provide insights into the emergence of intrinsic 

self-replicating & self-directing systems.  

Two complementary approaches are taken to construct artificial cells. The 

top-down approach, being pioneered by scientists such as Craig Venter, focuses on the 

minimal genome. This is achieved by synthesizing genes that are essential for life and 

transplanting them into a host cell.129,130 The bottom-up approach starts at the 

molecular level and adds elements to the system until it takes on life-like qualities. 
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Our lab has taken the latter approach in the development of a hybrid artificial 

protocell. The current development of the bottom-up approach is encapsulating cell-

free transcription–translation systems inside vesicles, consequently treating them as a 

micron-size flask for gene expression. This category of scientific inquiry really 

belongs to a new space in between the more traditional concepts of in vivo and in 

vitro. The Latin word vas is fitting to use since the original word is translated to mean 

“a vessel holding biological fluid”. In this chapter we will coalesce liposomes with a 

more dynamic system akin to living systems by employing bioorthogonal chemistry 

and the inclusion of genetic circuits, thus engendering a in vas framework to study 

artificial cells. The end goal is to progress this artificial cellular model using an 

engineering approach for its modular design and construction with known components 

and concentration of reagents. 

 

5.2 In Vitro Cell-Free TX-TL Reactions 

To begin development of an artificial cell model using the canonical biological 

dogma for transcription–translation (TX-TL), we first have to optimize gene 

expression of the cell-free systems (i.e. S30 cell lysate or PURExpress recombinant 

lysate). These systems offer a variety of benefits to build basic and complex networks: 

no cytotoxicity, mRNA lifetimes can be adjusted, high co-expression levels and finally 

additives can be added for added specialization (i.e. detergent, unnatural amino acids, 

metals, and stabilizers). 131 However, it is important to optimize the reaction to provide 

the best platform for robust and adaptable gene expression. This will later become 

significant, when a greater number of genes have to be expressed simultaneously to 
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form sophisticated protein networks and genetic circuits. The preferred readout for 

these experiments is fluorescence, which relies on the expression of fluorescent 

proteins (FP) to obtain real-time rates of the TX-TL system.  

Cell-free systems that employ prokaryotic elements (i.e. S30 cell lysate or 

PURExpress recombinant lysate) tend to provide a poor environment for the folding of 

recombinant proteins, especially ones derived from eukaryotes. To help ameliorate 

this problem we turned to high expressing plasmids. Accordingly, we primarily used 

plasmid constructs of eGFP controlled by a T7 promoter or the eGFP-Del6 reporter 

protein. The eGFP-Del6 gene was cloned on a pBEST plasmid, previously optimized 

by Vincent Noireaux for cell-free expression.132 This plasmid included a PtacI 

promoter, which is one of the strongest E. coli sigma factor 70 promoters.133 The 

untranslated region (UTR) was replaced by UTR1. The UTR1 sequence includes the 

T7 gene10 leader RNA, containing a strong ribosome binding site.134 Finally, the 

pBEST plasmid included the lac operator overlapping the -10 part of the promoter; 

Noireaux found that this modification increased expression by a factor of five to ten 

fold on average.132 Before characterizing the expression of eGFP-Del6 inside giant 

unilamellar vesicles (GUV’s), we compared the expression of three commercially 

available lysates; S30 lysate from Promega, S30 lysate from Invitrogen and a 

completely recombinant lysate, PURExpress from New England Biosciences (NEB).  

All of the discussed lysates come pre-equipped and are optimized to express 

genes off the T7 promoter. The lysates were tested with an eGFP plasmid containing a 

pT7, as expected the PURExpress resulted in lower expression of the reporter protein 

relative to its S30 counterparts (Figure 5.1).  
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Invitrogen’s lysate performed slightly better then PURExpress (data not 

shown), but its performance was underwhelming, therefore we employed Promega’s 

S30 lysate for all future experiments (excluding the thiol-galactose experiments, which 

required a S30 lysate free of the additive IPTG). However, from the perspective of 

Figure 5.1 In vitro cell-free transcription – translation assay comparing commercially purchase 
S30 lysate to PURExpress. a) 1 µg of GFPuv plasmid under control of pT7 in Promega lysate. 
b) 1 µg of GFPuv plasmid under control of pT7 in PURExpress lysate. c) Overlay of the 
Promega and PURExpress assays 

 

a 

b 
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bioengineering the PURExpress system is appealing due to its transparency and ease 

of modification. 

For this reason we investigated the possibility to improve the effectiveness of 

PURExpress by increasing the concentration of RNA polymerase holoenzyme. As 

shown in Figure 5.2a, as RNA polymerase concentration increases there is a respective 

increase in eGFP fluorescence until 1.5 units of RNA polymerase is added, at which 

point there is a resulting downward trend. The decrease in eGFP expression from the 

addition of RNA polymerase was reasoned to be due to the increasing concentration of 

stabilizing ingredients (i.e. glycerol) in the enzymes buffer. This was addressed by 

removing glycerol via buffer exchange in a 10 kDa spin column to afford RNA  

Figure 5.2 In vitro cell-free transcription – translation assay of PURExpress a) 1 µg of eGFP-
Del6 (pBEST plasmid) under control of an endogenous E. coli promoter (λ pL) with varying 
amounts of RNA polymerase. b) Graph representing the instantaneous fluorescence of the 
expression curves at time = 245 minutes. c) 1 µg of eGFP-Del6 (pBEST plasmid) under control 
of an endogenous E. coli promoter (λ pL) with varying amounts of RNA polymerase after 
removal of glycerol. Samples are 45% diluted d) Graph showing the instantaneous fluorescence 
at time = 245 minutes. A correlation between intensity and [RNA polymerase] is observed.  

a 

c 

b 

d 
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polymerase without the glycerol contamination. This sample demonstrated an increase 

of fluorescence relative to RNA polymerase for all concentrations, but was still low 

relative to bacterial lysate. With further improvements to this system it could serve as 

a viable replacement for the less informative S30 lysate.      

 

 5.3 In Vas Cell-Free TX-TL Reactions 

One of the considerations of designing a system in vas is to know the passive 

diffusion rates of small molecules and how they influence gene expression and 

changes to osmotic pressure. The first small molecules we studied that directly 

influence gene expression were the 20 amino acids. To investigate cell-free expression 

of eGFP relative to the flux of amino acids across a bilayer we packaged PURExpress 

and plasmid DNA in liposomes using the inverse pull down technique and either 

added the twenty amino acids to the inside or outside of the liposomes. To monitor the 

expression of eGFP in liposomes we either employed flow cytometry (Figure 5.3) or 

confocal microcopy (Figure 5.4). 

             

 

 

Figure 5.3 Monitoring eGFP-del6 expression in vas using flow cytometry. During Expression a 
sample of liposomes were analyzed at different time points.   
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The results of n > 100 liposomes are summarized in Graph 5.1 and 

representative liposomes are presented in Figure 5.5. This data agrees with previously 

published data135, which indicates the type of lecithin and its degree of 

saturation/length has an impact on the diffusion of amino acids across the bilayer and 

consequently, on gene expression inside the liposome. This significance of diffusion is 

non-apparent if the amino acids are placed inside, as the diffusion is sufficiently 

slower then expression (Graph 5.1).  

 

 

 

Figure 5.4 Monitoring eGFP-del6 expression in vas with POPC using confocal microscopy 
with a) amino acids on the inside or b) amino acids on the outside  

a 

b 
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Graph 5.1 Quantification of the fluorescence intensity of eGFP-del6 expression in 
vas with various phosphatidylcholine lipids using confocal microscopy with amino 
acids on the inside or outside the liposomes, n > 100. 
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Figure 5.5 Confocal micrographs of liposomes expressing eGFP-del6 in PURExpress with 
amino acids either added to the inside or outside. These are representative images that were 
used for Graph 5.1  
 



    

      

89 

5.4 Negative Feedback Genetic Circuits:  

Regulatory proteins in living systems are often dynamic and cyclic. 

Oscillations of biomolecules are necessary for the cell’s temporal and spatial 

regulation.136,137,138 To mimic this we incorporated oscillator gene circuits inside of the 

vesicle. In order to observe dynamic gene expression we needed protein degradation 

and expression to be simultaneously or intermittently linked. To achieve this we 

utilized the protein ClpXP and the ssrA recognition sequence to get time dependent 

degradation of our reporter protein. The buffered solution prepared to test the activity 

of ClpXP; and subsequently used as the “upper buffer” solution for the pull down 

method, was from single molecule experiments done by Lang et. al.139 and then 

adapted based on considerations of Weber-Ban.140 It is known from their experiments 
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Figure 5.6 In vitro assay of the enzymatic degradation of eGFP by ClpXP’s to optimize the 
concentration of KCl to make compatible with the inverse pull-down technique. 
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that the ionic concentration of sodium or potassium is necessary to help stabilize 

ClpXP; however, as discussed earlier in this chapter, high ionic concentrations can 

interfere with the pull-down technique preventing the formation of liposomes. To 

maximize liposome formation we found the lowest concentration of potassium 

chloride that could be used, while still maintaining high ClpXP activity (Figure 5.6). 

Next, we checked the activity of ClpXP at every stage of the pull down as shown in 

Figure 5.7. We concluded that ClpXP was losing activity from the emulsion stage and 

failed to recover activity after centrifugation. To combat this we added a low 

concentration of NP-40 detergent and BSA as a sacrificial protein to keep the ClpXP 

soluble and to prevent excess absorption and denaturation at the water-oil interface 

(Figure 5.8). 

 

  

Figure 5.7 In vitro assay of the enzymatic degradation of eGFP by ClpXP’s to evaluate activity 
for every step of the inverse pull-down technique. 
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With our current approach we have successfully encapsulated ClpXP close to 

its physiological concentration141 and observed degradation of purified eGFP-ssrA in a 

liposome via confocal microscopy that closely corresponds to the rate of the in vitro 

studies (Figure 5.9 and Figure 5.10). Combining ClpXP with a simple negative 

feedback oscillator (Figure 5.11), which was previously shown to function in vivo.142 

We were anticipating dynamic behavior of gene expression inside a vesicle with 

tunable degradation; however, the oscillations observed were not repeatable and 

suffered from low amplitudes. As Henrike et. al. later revealed143, cell-free circuits 

that employ a single form of feedback may fail to generate robust and measurable 

oscillations. This insight allows for future experiments to test genetic circuits, like the 

repressilator, inside liposomes with ClpXP to generate the first blinking liposomes.  
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Figure 5.8 In vitro assay of the enzymatic degradation of eGFP by ClpXP showing a rescuing 
of activity after the emulsion step by the addition of np-40 detergent and the sacrificial protein 
BSA. 

 

Figure 5.9 Comparing an in vitro assay with a in vas assay of the enzymatic degradation of 
eGFP by ClpXP showing similar rates 
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Figure 5.10 a-b) Time lapse of the degradation of eGFP by 0.3 µM ClpXP in a POPC 
liposome. c) Time lapse of the control population with no ClpXP. d) Random area on the 
control slide after 2.5 hours. e) Random area on the sample slide showing robust 
degradation of eGFP in POPC liposomes after 2.5 hours. 
 

a 
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c 
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5.5 Coupling Growth and Expression - Copper Sensing Circuit:  

One characteristic of all living cells is a semi-permeable barrier that separates 

the organisms from its environment; commonly the barrier is a phospholipid 

membrane. Our lab has been developing a biomimic of the phospholipid membrane by 

employing the copper catalyzed azide-alkyne cycloaddition reaction (CuAAC).144 This 

Cu(I)-catalyzed click reaction between an oleoyl azide 16 and alkyne 

lysophospholipid 17 forms a triazole phospholipid 18 capable of spontaneous vesicle 

formation (Figure 5.12b). To achieve a system that couples both growth and gene 

expression, we utilized the copper catalyzed azide-alkyne cycloaddition reaction and 

coupled it with the copper sensitive elements, CueR and p-CopA.145 This circuit 

design relies on the presence of copper to initiate both membrane growth and activate 

the copper sensitive polymerase CueR, which subsequently binds to p-CopA (Figure 

5.12a). Initially, we sought to characterize the concentration range of copper and 

sodium ascorbate needed for the CuAAC reaction to proceed at the same time scale as 

eGFP expression. Utilizing azide-alkyne FRET pairs (Figure 5.13) and measuring 

Figure 5.11 Diagram of a negative feedback circuit that utilizes ClpXP for the degradation of 
its genetic elements.  
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their emission intensity at 680 nm we were able to adjust all the relative parameters, 

providing the results in Figure 5.14. 

 

 

 

Figure 5.12 a) Diagram of a genetic circuit coupling gene expression and the CuAAC reaction. 
The circuit expresses CueR constitutively, which then binds to copper. The CueR copper 
complex then activates gene expression via CopA promoter.  b) Cu(I)-catalyzed click reaction 
between the non-membrane forming precursors oleoyl azide 16 and alkyne lysophospholipid 17 
to form the triazole phospholipid 18 capable of spontaneous vesicle formation. 
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Considering copper is highly cytotoxic and proteotoxic63 we characterized 

eGFP expression under control of a endogenous E. coli sigma factor 70 promoter. As 

expected, higher copper concentrations completely knocked down expression, while a 

moderate concentration of a 100 µM resulted in approximate half of the expression of 

the control (no copper, Figure 5.15a). Considering this result we expected the CueR / 

Figure 5.13 Azide-alkyne FRET pairs used to optimize the CuAAC reaction  
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p-CopA system to behave similarly, in that there would be an upper limit of copper 

before the system attenuated. We therefore looked at these components and tested 

them in vitro with respect to copper concentrations (Figure 5.15b). Intriguingly, the 

rate of eGFP expression of this system was not logarithmic, but instead appeared more 

linear between the bonds of 0 - 300 minutes. We hypothesized that such a delay could 

arise from the need to express CueR first, followed by its subsequent binding to 

copper before eGFP could be expressed off the p-CopA. To validate this reasoning we 

pre-incubated CueR and lysate for 10 min or 20 min before adding copper; thereby 

triggering eGFP expression after CueR had been expressed. As shown in Figure 5.15c, 

this time delay was sufficient to recover the rate of eGFP expression in the CueR 

system.  
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Figure 5.14 Azide-alkyne FRET pairs used to monitor the reaction kinetics and to optimize the 
copper concentration. All measurements were measured using ex510 nm and em670 nm. a) 
One representative kinetic assay using 1 µM FRET probes with 300 µM sodium ascorbate and 
500 µM copper. b) Average fluorescent intensity after 300 minutes over a range of copper 
concentrations. n=3  
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Figure 5.15 Effect of copper on gene expression. a) Effect that copper has on eGFP expression 
under control of the endogenous lambda promoter in Promega lysate. After 100 µM of copper 
the proteotoxicity results in decease fluorescence. b) Effect that copper has on eGFP expression 
under control of CueR and the CopA promoter in Promega lysate. Similarly after 100 µM of 
copper the proteotoxicity results in decease fluorescence. c) Shows altered kinetics of eGFP 
under control of CueR and the CopA promoter in Promega lysate. However, after waiting >10 
min the kinetic shows a rate recovery presumable due to the build up of CueR. 
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Accordingly, we found the copper concentrations for both the CuAAC reaction 

and gene expression to be well matched. To explore these results in vas, we first made 

liposomes via the inverse emulsion method containing Promega’s s-30 lysate, CueR 

plasmid, oleoyl azide 16 and alkyne phospholipid 17 with a fluorogenic 

 

 

 

 

+ 
3-Azido-7-hydroxycoumarin 

 

b                           c 

a 

Figure 5.16 a) Diagram of the CuAAC reaction between 3-azido-7-hydroxycoumarin and an 
alkyne lysolipid 17. After reaction the fluorogenic product inserts into the membrane of a pre-
existing liposome. b) Confocal fluorescent micrograph of a liposome containing S30 promega 
lysate, and 100 µM copper. The eGFP is being expressed from p-CopA. c) The same liposome 
also has membrane staining indicating the reaction between 3-azido-7-hydroxycoumarin and an 
alkyne lysolipid 17 has taken place demonstrating both expression and CuAAC lipid formation.   
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3-azido-7-hydroxycoumarin dye to visualize the progression of the CuAAC. As shown 

in Figure 5.16, we coupled gene expression (eGFP) and remodeled the membrane 

(CuAAC), indirectly indicated by the membrane staining of 3-azido-7-

hydroxycoumarin. These systems were coupled together through the availability of 

copper in the environment. However, the time scale of the reaction proved too slow to 

observe any discernable morphological changes to the membrane. This was further 

hindered by the presence of lysate, which also reduces the rate of the CuAAC (data 

not shown).  

 

5.6 Coupling Growth and Expression – NCL Controlled Circuit:  

The NCL system as described in the next chapter, spontaneous incorporation 

of membrane proteins does not require copper or another catalyst to initiate the 

ligation, in contrast to the previously explored CuAAC reaction. Thus, in order to link 

gene expression and membrane growth we employed an alternative system by 

modifying the NCL reaction between a c-16 lysolipid 19 with an oleoyl thio-galactose 

20 (Figure 5.17).  

 

Figure 5.17 Diagram of a genetic circuit coupling gene expression and the NCL reaction. The 
circuit expresses LacI constitutively. The NCL reaction proceeds between oleoyl thio-galactose 
20 and a c-16 cysteine lysolipid 19, which subsequently releases IPTG. Gene expression 
initiates once LacI binds IPTG off of a lac promoter. 
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             This effectively releases free IPTG upon coupling, which then induces gene 

expression under control of a lac repressor system (Scheme 5.1). The interaction 

between LacI and oleoyl thio-galactose 20 is low, probably due to the sterics of the 

oleoyl and sequestering of the thio-galactose in micelles. However, expression of the 

mCherry reporter under control of the lac promoter dramatically increased in the 

presence of lysolipid 19 (Figure 5.18). In addition, this reaction is completed in 10 min  

 

 

 

 

 

 

+ + 

Scheme 5.1 Schematic of NCL reaction between lysolipid 19 and oleoyl thio-galactose 20 to 
produce the amide lipid 21 and an analogue of IPTG. Gene expression initiates once LacI binds 
the IPTG analogue and expresses eGFP off of a lac promoter. 
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allowing changes in liposome morphology to be visualized during the experiment.  

These unique systems raise important questions in the areas of biophysical and 

medicinal sciences, providing insight into the concerted assimilation of complex 

systems bounded by a membrane. The networks discussed in this chapter coupled gene 

expression; either by the addition of copper or by the release of an analogue of IPTG, 

and the generation of membrane-forming products. While still in its infancy, more 

complex in vas systems could mimic the life-like qualities reminiscent of earlier 

protocells. 

 

 

 

Figure 5.18 In vitro assay using in house S30 lysate monitoring fluorescent intensity of 
expressed eGFP at time = 4 hours. The eGFP is under control of the Lac promoter and 
constitutively express LacI. When only oleoyl thiol-galactose is present there is marginal 
background fluorescence. In contrast, there is a 10 fold increase in fluorescence when both 
NCL precursors are incubated together, cysteine lysolipid 19 and oleoyl thio-galactose  20. 
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5.7 Experimentals and Methods 

 

5.7.1 Materials   

Commercially available 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine 

and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were used as obtained 

from Avanti® Polar Lipids. 4-pentynoic acid, oleoyl bromide, sodium azide, N-Boc-

Cys(Trt)-OH, N,N’-diisopropylcarbodiimide (DIC), 4-dimethylaminopyridine 

(DMAP), trifluoroacetic acid (TFA), triethylsilane (TES), oleic acid, N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC.HCl), sodium 2-

mercapto-ethanesulfonate (MESNA), dithiothreitol (DTT), phenylmethylsulfonyl 

fluoride (PMSF), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) 

sodium salt, Cy5-azide, Cy3-alkyne and 8-hydroxypyrene-1,3,6-trisulfonic acid 

(pyranine) were obtained from Sigma-Aldrich. Texas Red® 1,2-dihexadecanoyl-sn-

glycero-3-phosphoethanolamine, triethylammonium salt (Texas Red® DHPE) and 

Alexa Fluor® 488 NHS Ester were obtained from Life Technologies. Isopropyl β-D-

thiogalactoside (IPTG) was obtained from Teknova. Deuterated chloroform (CDCl3), 

methanol (CD3OD) and dimethyl sulfoxide (d6-DMSO) were obtained from 

Cambridge Isotope Laboratories. All reagents obtained from commercial suppliers 

were used without further purification unless otherwise noted. Analytical thin-layer 

chromatography was performed on E. Merck silica gel 60 F254 plates. Compounds, 

which were not UV active, were visualized by dipping the plates by dipping the plates 

in a ninhydrin or potassium permanganate solution and heating. Silica gel flash 

chromatography was performed using E. Merck silica gel (type 60SDS, 230-400 
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mesh). 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]. Proton nuclear magnetic resonance (1H NMR) spectra 

were recorded on a Varian VX-400 MHz, Varian VX-500 MHz or Jeol Delta ECA-

500 MHz spectrometers, and were referenced relative to residual proton resonances in 

CDCl3 (at 7.24 ppm), CD3OD (at 4.87 or 3.31 ppm) or d6-DMSO (at 2.50 ppm). 

Chemical shifts were reported in parts per million (ppm, d) relative to 

tetramethylsilane (d 0.00). 1H 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-400 

MHz, Varian VX-500 MHz or Jeol Delta ECA-500 MHz spectrometers, and were 

referenced relative to residual proton resonances in CDCl3 (at 77.23 ppm), CD3OD 

(at 49.15 ppm) or d6-DMSO (at 39.51 ppm). Electrospray Ionization-Time of Flight 

(ESI-TOF) spectra were obtained on an Agilent 6230 Accurate-Mass TOFMS mass 

spectrometer. Fluorescence measurements were performed on a LS 55 fluorescence 

spectrometer using a single cuvette reader. Absorbance readings were measured on a 

ThermoScientific NanoDrop 2000c UV-Vis spectrophotometer and fluorescence was 

measured using a 384-well Tecan Genios plate reader or a Tecan i200 plate reader.  
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. 

 

5.7.2 In Vitro Cell-Free TX - TL Assay of eGFP-del6 

The pBEST-OR2-OR1-Pr-UTR1-deGFP-T500 was a gift from Vincent 

Noireaux (Addgene plasmid # 40019)132. Promega’s S30 T7 High-Yield Protein 

Expression System was used as directed, with 1 µg of vector per half-reaction (25 µL). 

The PURExpress was used according to manufacturer’s protocol containing 1 µg of 

vector per reaction (25 µL). Fluorescence of eGFP-del6 was then measured in a 384-

well plate spectrophotometer (Genios), incubated at 32ºC. 

 

5.7.3 RNA polymerase Assay 

The same conditions were used as in the eGFP-del6 assay with the addition of 

0.5 – 3 units of E. coli RNA Polymerase, Holoenzyme (NEB, MA). Glycerol was 

removed from the RNA polymerase by using a 10 kDa spin column (Millipore, MA). 

The final concentration was 500 units per mL. All the reaction volumes were diluted 

to ddH2O to a final reaction volume of 35 µL.   

 

5.7.4 CueR Assay 

The pRC03-luxI plasmid containing the eGFP gene under control of p-CopA 

and CueR was donated by Robert Copper (Jeff Hasty, UCSD). Promega’s S30 T7 

High-Yield Protein Expression System was used as directed supplemented with 0 – 

300 µM copper sulfate, 50 – 100 µM sodium ascorbate and 2 µg of vector per reaction 
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(50 µL). Fluorescence of eGFP was then measured in a 384-well plate 

spectrophotometer (Genios), incubated at 32ºC. 

 

5.7.5 ClpXP Assay 

Purified ClpXP protein and eGFP superfolder-ssrA plasmid and protein was 

donated by Shi Xinying (Joseph lab, UCSD). The degradation of eGFP-ssrA by 

ClpXP was monitored at 488 nm in a 384-well plate spectrophotometer (Genios). 

ClpXP at a final concentration of 0.3 µM was added to a buffer solution containing 

400 mM HEPES, pH 7.5, 0 – 400 mM KCl and 1 µM eGFP. 200 mM sucrose, 0-100 

µg BSA, and 0% – 0.5% NP-40 was added during liposome formation. 

 

5.7.6 In Vitro Cell-Free TX - TL Assay of Thiol-Galactose 

The constitutively expressed LacI and RFP under control of the lac promoter 

was donated by Robert Copper (Jeff Hasty, UCSD). The S30 Lysate (without IPTG) 

was donated by Shi Xinying (Joseph lab, UCSD). The reaction was conducted in 15 

µL S30 lysate, 10 µL DNA (final concentration 1 µg / 50 µL) and 25 µL small 

molecule mix (50 mM K-HEPES, pH 8.2, 0.9 mM NTP (pH 7.0 with KOH), 0.6 mM 

ATP and GTP (pH 7.0 with KOH), 30 mM phosphoenol pyruvate, pH 7.0, 3 mM of 

each of the 20 amino acids, 2% w/v PEG 8000, 0.068 mg/mL folinic acid, 0.048 units 

/ mL pyruvate kinase, 0.2 mg / mL tRNA from E. coli, 1 mM putrescine, 4 mM Mg-

glutamate, 120 mM K-glutamate).   The reactions included a final concentration of 1 

mM of c-18 thiol-galactose 67 and c-12 lysolipid 67. The reaction was monitored at 

ex530 in a 384-well plate spectrophotometer (i200).  
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5.7.7 FRET Assay 

The commercially available Cy5-azide and Cy3-alkyne were added to a 

HEPES buffer solution (10 mM HEPES, pH 7.5, 0 – 1 mM copper sulfate, 0 – 1 mM 

sodium ascorbate) at a final concentration of 1 µM.  The reaction was monitored at 

ex510 nm and em670 nm in a 384-well plate spectrophotometer (i200).  

 

5.7.8 3-Azido-7-Hydroxycoumarin Assay 

Liposomes containing the S30 Promega lysate supplemented with 200 mM 

sucrose were made as previously discussed. The small molecule 3-azido-7-

hydroxycoumarin was dissolved in the mineral oil until it was saturated and 

precipitated out. The alkyne lysolipid 23 and oleoyl azide 23 were packaged either on 

the inside or outside of the liposome at a final concentration of 500 µM. The reaction 

was incubated at 32ºC up to 4 hours. 

  

5.7.9 Preparation of Giant Unilamellar Vesicles 

Liposomes were prepared by adapting the previously discussed inverse pull 

down method in chapter 4. Briefly, POPC was dissolved in chloroform at a 

concentration of 50 mg/mL and then dried using compressed nitrogen for 30 min to 

obtain a lipid film. Heavy mineral oil (1 mL, Fisher Scientific) was added to the lipid 

film to bring the final lipid concentration to 5 mg/mL. An aliquot of 10 µL of the 

upper solution was added to 100 µL of the oil-lipid mixture. These mixtures were 

forcibly agitated to form w/o emulsions that was then placed gently on top of 400 µL 
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of the lower solution, and centrifuged at 7200g, 24 °C, for 5 min. The pelleted vesicles 

were collected after aspirating off the top oil layer. 

The inner solution was the PURE system (0.3 mM each amino acid, 3.75 mM 

ATP, 2.5 mM GTP, 1.25 mM CTP and UTP, 1.5 mM spermidine, 25 mM creatine 

phosphate, 1.5 mM dithiothreitol (DTT), 0.01 µg/µL N5-formyl-5,6,7,8-

tetrahydropteroyl-L-glutamic acid (FD), 280 mM potassium glutamate, 18.9 mM 

Mg(OAc)2, 100 mM HEPES) and cell lysate supplemented with 200 mM sucrose, 1 

µg plasmid DNA, and 0.2 U/µL RNasin in place of ddH2O. The lower solution was 

either the PURE system supplemented with 200 mM glucose or 400 mM HEPES, pH 

7.5 with 200 mM glucose. Glucose was added at the same molarity as the sucrose in 

the inner solution to adjust the osmolarity. The amino acid solution was just included 

inside the upper solution or lower solution.  

 

5.7.10 Flow Cytometric Analysis 

The fluorescent signal for GFP was measured by FCM (Partec, Germany). We 

obtained 50  000 data samples for each measurement. GFP was excited with a 488 nm 

semiconductor laser, and the emission was detected through a 510 nm bandpass filter. 

Prior to the measurement, vesicles were diluted to an appropriate concentration with 

the lower buffer (400 mM HEPES, pH 7.5 with 200 mM glucose). Fluorescence 

intensities of GFP were plotted over time. 
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 5.7.11 Fluorescence Microscopy 

All 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). Fluorophores were excited with a 

405nm, 50 mW DPSS laser and a 488 nm, 100 mW OPSL laser.  

 

5.7.12 Synthesis of Oleoyl Azide (16).146  

 

A solution of oleoyl bromide (150.0 mg, 0.45 mmol) in DMF (1 mL) was 

reacted with sodium azide (100.0 mg, 1.54 mmol) overnight at 85 ºC under N2 

atmosphere. After the reaction, H2O (5 mL) was added, and the organic phase was 

extracted with CH2Cl2 (3 × 3 mL). After drying with MgSO4, the solvent was removed 

Scheme 5.2 Synthesis of Oleoyl Azide (16) 
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by rotary evaporation and the product isolated by flash column chromatography, 

affording 105.6 mg of 2a as a pale yellow oil [80%]. 1H NMR (CDCl3, 400.13 MHz, 

d): δ 5.40-5.30 (m, 2H, 1 × CH2), 3.30-3.20 (t, 2H, 1 × CH2), 2.10-1.95 (m, 4H, 2 × 

CH2), 1.70-1.50 (m, 2H, 1 × CH2) 1.40-1.20 (m, 22H, 11 × CH2), 0.90 (t, 3H, 1 × 

CH3). 

 

5.7.13 Synthesis of 1-palmitoyl-2-[pent-4-ynoyl]-sn-glycero-3-phosphocholine 
(17).144  

 

 

 A solution of 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (70.0 mg, 141.2 

mmol) in CH2Cl2 (10 mL) was stirred at rt for 10 min, and then 4-pentynoic acid (70.0 

mg, 713.6 mmol), DIC (774.1 mL, 1.11 mmol) and DMAP (25.0 mg,  

204.6 mmol) were successively added. After 12 h stirring at rt, the solvent was 

removed under reduced pressure, and the crude was purified by flash column 

Scheme 5.3 Synthesis of 1-palmitoyl-2-[pent-4-ynoyl]-sn-glycero-3-phosphocholine (17) 
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chromatography (CHCl3/MeOH/H2O), affording 57.2 mg of 1a as a white solid [70%]. 

1H NMR (CDCl3, 400.13 MHz, d): δ 5.25-5.20 (m, 1H, 1 × CH),  

4.40-4.30 (m, 3H, 1.5 × CH2), 4.20-4.10 (m, 2H, 1 × CH2), 4.05-4.00 (m, 1H, 0.5 × 

CH2) 3.95-3.90 (m, 2H, 1 × CH2), 3.40 (s, 9H, 3 × CH3), 2.60-2.40 (m, 4H, 2 × CH2), 

2.35-2.25 (t, 2H, 1 × CH2), 2.05 (t, 1H, 1 × CH), 1.60-1.50 (m, 2H, 1 × CH2), 1.35-

1.20 (m, 24H, 12 × CH2), 0.90-0.80 (t, 3H, 1 × CH3).  

MS (ESI-TOF) [m/z (%)]: 576 ([MH]+, 100). HRMS (ESI-TOF) calculated for 

C29H55NO8P ([MH]+) 576.36, found 576.48. 

 

5.7.14 Triazole phospholipid 1-palmitoyl-2-[triazole-(oleoyl)]-sn-glycero-3-
phosphocholine (18).144  

  

 

A solution of 1-palmitoyl-2-[pent-4-ynoyl]-sn-glycero-3-phosphocholine (17, 24 

mg, 41.7 mmol) and oleoyl azide (16, 13.0 mg, 44.3 mmol) in 20 mM HEPES pH 7.5 

Scheme 5.4 Synthesis of 1-palmitoyl-2-[triazole-(oleoyl)]-sn-glycero-
3-phosphocholine (18) 
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buffer (100 mL) was stirred for 2 h in the presence of 1 mM CuSO4.5H2O and 2 mM 

reducing agent (hydroquinone or sodium L-ascorbate). The solvent was evaporated 

and the resulting triazole phospholipid isolated by flash column chromatography, 

affording 23.6 mg of 18 as a white powder [65%]. 1H NMR (CDCl3, 400.13 MHz, d): 

δ 7.50 (s, 1H, 1 × CH), 5.40-5.30 (m, 2H, 1 × CH2), 5.25-5.20 (m, 1H, 1 × CH), 4.50-

4.25 (m, 5H, 2.5 × CH2), 4.20-4.10 (m, 1H, 0.5 × CH2), 4.05-4.00 (m, 2H), 3.90-3.80 

(m, 2H, 1 × CH2), 3.40 (s, 9H, 3 × CH3), 3.00 (m, 2H, 1 × CH2), 2.80-2.70 (m, 2H, 1 × 

CH2), 2.60-1.00 (56H, 28 × CH2), 0.90-0.80 (t, 6H, 2 × CH3). MS (ESI-TOF) [m/z 

(%)]: 869 ([MH]+, 100). HRMS (ESI-TOF) calculated for C47H90N4O8P 869.64 

found 869.73. 

 

5.7.15 Synthesis of galactopyranosyl thiooleate (20)  

 

   
Scheme 5.5 Synthesis of galactopyranosyl thiooleate (20)  
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A solution of oleic acid (14.5 µL, 45.8 µmol) in DMF (500 µL) was stirred at 0 ºC 

for 10 min, and then HATU (19.2 mg, 50.4 µmol) and DIEA (31.9 µL, 183.3 µmol) 

were successively added. After 10 min stirring at 0 ºC, 1-thio-b-D-galactopyranose 

sodium salt (10.0 mg, 45.8 µmol) was added. After 1 h stirring at rt, the solvent was 

removed under reduced pressure. The corresponding residue was dissolved in MeOH 

(500 µL), filtered using a 0.2 mm syringe-driven filter, and the crude solution was 

purified by HPLC, affording 18.1 mg of galactopyranosyl thiooleate as a colorless 

film [86%, Rt = 8.2 min (Zorbax SB-C18 semipreparative column, 95% Phase B, 15.5 

min)]. MS (ESI-TOF) [m/z (%)]: 483 ([M +Na]+, 100), 460 ([MH]+, 20). HRMS (ESI-

TOF) calculated for C24H44O6SNa ([M +Na]+) 483.2751, found 483.2748. 
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~ CHAPTER 6 ~ 

6 In Situ Vesicle Formation by Native Chemical Ligation  
 

 
 

 
6.1 Introduction 

Phospholipid vesicles are of intense fundamental and practical interest, yet 

methods for their de novo generation from reactive precursors are limited. A non-

enzymatic and chemoselective method to spontaneously generate phospholipid 

membranes from water-soluble starting materials would be a powerful tool for 

generating vesicles and studying lipid membranes. Here we describe the use of native 

chemical ligation (NCL) to rapidly prepare phospholipids spontaneously from 

thioesters. While NCL is one of the most popular tools for synthesizing proteins and 

nucleic acids, to our knowledge this is the first example of using NCL to generate 

phospholipids de novo. The lipids are capable of in situ synthesis and self-assembly 

into vesicles that can grow to several microns in diameter. The selectivity of the NCL 

reaction makes in situ membrane formation compatible with biological materials such 

as proteins. This work expands the application of NCL to the formation of 

phospholipid membranes. 

Phospholipid membranes are routinely employed in several practical 

applications such as the study of protein–membrane interactions,147–150 drug-

delivery,151 origin-of-life studies,152–154 bottom-up synthetic biology,155 and synthetic 

reactors.156,157 While the capability of phospholipids to self-assemble into membranes 

is well studied,103,158 the de novo synthesis and assembly of membranes from simple 
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non-membrane-forming reactive precursors is poorly understood. Living organisms 

are capable of synthesizing lipid membranes in situ by utilizing membrane-bound 

acyltransferases and reactive thioester precursors.159,160 Given the well-documented 

challenges associated with reconstituting lipid-synthesizing membrane proteins into 

vesicles,161,162 several groups have explored methods to generate lipid membranes de 

novo from reactive amphiphilic precursors.144,163,164 However, these methods generally 

suffer from a range of issues, including the necessity of catalysts, lack of soluble 

starting materials, use of biologically incompatible reactive precursors, and the 

formation of lipids that have limited structural similarity to natural 

phospholipids.144,164 Phospholipid membranes are often advantageous in complex 

environments due to their stability and biocompatibility.165 Simpler and more robust 

methods for phospholipid synthesis could also find use as drivers for the growth and 

division of primitive protocells.80,165,166 Therefore, it would be exciting to develop a 

catalyst-free method to generate and grow phospholipid membrane vesicles from 

reactive soluble precursors. Furthermore, it would be interesting to utilize water-

soluble thioester precursors, analogous to living cells.159,160,167 Here we demonstrate 

that the chemoselective native chemical ligation (NCL)168,169 is capable of in situ 

synthesis of phospholipid vesicles from long-chain thioesters. The lipids can self-

assemble in situ to form vesicles that can grow to several microns in diameter. 

Moreover, the chemoselectivity of the NCL reactions ensures that the phospholipid 

vesicles are compatible with biological materials such as proteins,170 and we 

demonstrate this by encapsulating green fluorescent protein (GFP) in situ. 
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6.2 NCL: Liposome Formation 

The native chemical ligation is one of the most popular tools for the synthesis 

of large peptides and small proteins.171–175 The mechanism of NCL involves a two-step 

process consisting of a thiol-exchange step between a C-terminal peptide thioester and 

the sulfhydryl moiety of an N-terminal cysteine residue in another peptide, which 

prompts an intramolecular nucleophilic attack by the α-amino group of the cysteine 

(S→N acyl rearrangement) to form the final amide bond (Figure 6.1). Further 

acylation of the resulting sulfhydryl (“reloading”) is also possible under specific 

conditions.176 NCL is extensively used for the synthesis of native proteins, because it 

efficiently and non-enzymatically connects two peptides to generate a protein with an 

amide linkage at the reaction site.177–180 Due to its exquisite chemoselectivity, the 

applications of NCL extend well beyond the scope of protein synthesis.181–191 Here, we 

demonstrate the use of NCL as a method to couple long-chain acyl thioesters to 

cysteine-functionalized lysolipids in a highly specific and chemoselective way to form 

the corresponding phospholipids. 
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We initially designed two substrates to mimic the native precursors of the 

common phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC): a 

cysteine-functionalized analogue of the lysolipid 1-palmitoyl-sn-glycero-3-

Figure 6.1 Top: Synthesis of phospholipids by NCL reaction of a cysteine-functionalized 
lysolipid and MESNA oleoyl thioester. Conditions: i) TFA/CH2Cl2/TES (1:1:0.1). Bottom: the 
mechanism of the NCL and the possible substrate reloading. 

22, 

19, 
23 

 

21 

 
24 
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phosphocholine 19 and a sodium 2-mercaptoethanesulfonate (MESNA) oleoyl 

thioester 23 in lieu of oleoyl-CoA (Figure 6.1). Precursors 19 and 23 are both water-

soluble amphiphiles, forming micelles of approximately 5.3 and 3.8 nm in diameter, 

respectively, with critical micelle concentrations (cmc values) below 100 µM (for 19) 

and 10 µM (for 23) (Graph 6.1).192 The high water solubility of both precursors 

facilitated NCL at mild conditions in the millimolar concentration range. Under typical 

NCL conditions [(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

buffer, pH 7.0 containing tris(2-carboxyethyl)phosphine hydrochloride (TCEPŊHCl) as 

reducing agent], unprotected segments 19 and 23 coupled to afford amidophospholipid 

21, a novel class of phospholipid that resembles POPC, with the exception of a 

cysteine-amido linker (Figure 6.1).  

 

 
Graph 6.1 Micelle sizes estimated from DLS studies corresponding to 1.0 mM aqueous 
solution of 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine Lysolipid OH (7.32 nm in 
diameter), 1-palmitoyl- 2-(L-Cys)-sn-glycero-3-phosphocholine 19 (5.32 in diameter) and 
MESNA thiooleate 23 (3.79 nm in diameter). 
____________________________________________________________________________
_ 

19                   23 
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Alternatively, addition of precursors in imidazole buffer at neutral pH allowed 

the NCL ligation and subsequent MESNA thioester reloading,176 leading to the 

formation of amidophospholipid 24, albeit in relatively lower yield, possibly because 

multiple reaction steps were required (Figure 6.1). This phospholipid, which 

incorporates a second oleoyl chain in the phospholipid architecture, is a novel 

membrane-forming phospholipid containing three alkyl chains and is reminiscent of 

unique multi-chain phospholipids such as 3-O-acyl-D-erythro-sphingomyelin.193 

Phospholipid synthesis was analyzed over time using combined liquid 

chromatography (LC), mass spectrometry (MS), and evaporative light-scattering 

detection (ELSD) measurements. Addition of MESNA thioester to the cysteine-based 

lysolipid in the appropriate buffer immediately led to amidophospholipid formation, 

and this process progressed to near completion over a period of 30 min using 

millimolar concentrations of reactants. 

As expected, neither the cysteine-modified lysolipid 19 nor the MESNA 

thioester 23 formed membranes in aqueous solution. However, the purified 

amidophospholipid products 21 and 24, when hydrated, readily formed membrane-

bound vesicles. Lipid vesicular structures were initially identified by fluorescence 

microscopy using the membrane-staining dye 1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine, triethylammonium salt (Texas Red DHPE) (Figure 6.2a). 

Confirmation that the resulting structures were membrane compartments was also 

achieved by transmission electron microscopy (TEM) (Figure 6.2b). In this case, 

aliquots of the hydrated and sonicated phospholipid samples were collected over 400 

mesh Cu/Rh grids, which were then negatively stained with uranyl acetate. Under  
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these conditions, electron microscopy revealed the presence of several populations of 

spherical compartments that were between 50–900 nm wide, consistent with the 

vesicle architecture. The efficient encapsulation ability of the vesicles was determined 

by inclusion of a polar fluorophore, 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS), in 

the hydration media, followed by vesicle characterization using fluorescence 

Figure 6.2 Characterization of the amidophospholipid vesicular structure. a) Fluorescence 
microscopy image of membrane-containing vesicles formed by hydration of a thin film of 
phospholipid 21. Membranes were stained using 1 µM Texas Red DHPE dye solution. b) TEM 
image of negatively stained self-assembled vesicular structures formed from 
amidophospholipid 21. c) Fluorescence microscopy image demonstrating the encapsulation of 
HPTS in membrane vesicles of phospholipid 21. d) Steady-state anisotropy of DPH in 
membranes formed from amidophospholipids 21 and 24 compared with those from native 
phosphatidylcholines with the indicated acyl chains. The unitless anisotropy ratio (R) is a 
measure of the acyl packing of the bilayer, with higher values indicating a more ordered 
membrane. 

 21        24 
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microscopy (Figure 6.2c). Finally, we determined the phase transition temperature of 

the lipids chains by performing steady-state anisotropy measurements as a function of 

temperature with the membrane fluidity probe 1,6-diphenyl-1,3,5-hexatriene (DPH).194 

The measurements indicate that the amidophospholipid membranes composed of 21 

and 22 are well-ordered, with fluidity and chain-melting temperatures comparable to 

those of native POPC membranes (Tc=270 K) (Figure 6.2d).195 

 

6.3 NCL Liposome Encapsulation  

We next explored de novo lipid vesicle formation in aqueous solvent. 

Remarkably, we found that the NCL coupling reaction is capable of driving the highly 

efficient in situ self-assembly of phospholipid membranes into vesicular structures 

(Figure 6.3a). When we combined an aqueous solution of 19 with thioester 23 in the 

presence of TCEP, we observed the formation of large vesicular structures, both 

spherical and tubular, by fluorescence microscopy (Figure 6.3b). One advantage of 

NCL-driven lipid formation compared to previous techniques used for the de novo 

assembly of vesicles is the chemoselectivity of the reaction, even in the presence of 

common biologically relevant functional groups. The selectivity of the reaction should 

enable compatibility with biological molecules such as proteins. To check for 

orthogonality and biocompatibility of the lipid-forming NCL reaction, as well as the 

functional stability of the vesicles, GFP was spontaneously encapsulated in situ. A 220 

µM solution of GFP was diluted in a small volume of HEPES buffer containing 

lysolipid 19 and TCEP, and thioester 23 was subsequently added. After 30 min of 

reaction, non-encapsulated GFP was removed by spin filtration. When the lipid  
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Figure 6.3 In situ assembly of phospholipid membranes driven by a non-enzymatic reaction. a) 
Model of spontaneous vesicle assembly induced by NCL-based amidophospholipid synthesis. 
b) Fluorescence microscopy image of the membrane-containing vesicles formed by 
spontaneous assembly directed by NCL-based synthesis of phospholipid 21. Membranes were 
stained using 1µM Texas Red DHPE dye solution. c) Fluorescence microscopy image 
demonstrating the encapsulation of GFP in vesicles driven by the in situ self-assembly of 
phospholipid 21 membranes. 
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containing solution was examined by fluorescence microscopy, stable vesicles 

containing GFP were observed (Figure 6.3c). The compatibility of the lipid formation 

with biological molecules could lead to applications involving the packaging of 

therapeutic proteins or the use of these vesicles as compartments for enzymatic 

reactions. 

 

6.4 NCL: Time-Lapse of Liposome Formation 

The morphological transformations of the vesicle assemblies were also 

monitored by time-lapse phase-contrast microscopy at room temperature (Figure 6.4). 

No observable aggregates were found immediately after 19 and 23 (1 mM for each) 

had been combined in the presence of TCEP (20 mM). Approximately 5 min after 

mixing, small granular aggregates began to appear, and then tubular vesicles grew, 

which were converted into spherical vesicles. This morphological conversion is 

analogous to the spontaneous transformation of some amphiphilic molecules from 

micelles to giant vesicles in aqueous dispersions.163 We also observed that the NCL 

between 19 and 23 frequently sustained the growth of vesicles present in the reaction 

medium (Figure 6.4). As a prototypical example, we specifically checked a population 

of two vesicles of 18 and 15 µm in diameter. We found that the size of the vesicles 

increased steadily, up to final values of 37 and 24 µm in diameter, respectively, after 

15 min. This result corresponds to an approximate quadrupling of the surface area and 

is possibly due to continued formation of phospholipid 21 within the bilayer of the in 

situ formed vesicles. Our observations of in situ vesicle formation correlate well with 
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our LC-MS characterization, which showed that the NCL reaction takes place in a fast, 

chemoselective, and highly specific fashion at neutral pH. 

 

 

6.5 Concluding Remarks 

In summary, we have explored the suitability of NCL for the de novo synthesis 

of phospholipid membranes. This highly specific and chemoselective approach has 

allowed the preparation and full characterization of a new class of 

Figure 6.4 In situ vesicle formation (top) and growth (bottom). An aqueous buffer solution of 
cysteine-functionalized lysolipid 19 (1 mM) and MESNA oleoyl thioester 23 (1 mM) in the 
presence of TCEP.HCl (20 mM) was imaged at different times after initial mixing. The top 
panels show phase-contrast images corresponding to the vesicle formation. Initially, 
phospholipid membranes were not present. However, shortly after the two precursors had been 
mixed, the spontaneous formation and growth of vesicle and tubular structures was observed. 
After 30 min, the starting materials were consumed and replaced with large fields of vesicles. 
The bottom panels are phase-contrast micrographs of vesicles growing over a period of 10 min 
in the presence of reactive lipid precursors. 
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amidophospholipids, which self-assemble in situ to form membrane-bound vesicles. 

Such amidophospholipids could also be utilized in applications involving protocells. 

Thus, the NCL reaction can be efficiently used as a non-enzymatic method to drive the 

de novo self-assembly of phospholipid membranes. Importantly, this protocol uses 

thioester precursors, analogous to enzymatically driven lipid synthesis. Moreover, the 

orthogonality, the high reaction rate, and the biocompatibility of this approach are key 

features that make it a powerful option for the efficient encapsulation of relevant 

biomolecules, such as proteins. We foresee future applications of the NCL membrane 

assembly in advanced synthetic cell studies utilizing phospholipid vesicles as well as 

in the construction of liposomal drug-delivery systems and bioreactors.  

 

6.6 Experimental and Methods 

 

6.6.1 Materials  

Commercially available 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine 

and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were used as obtained 

from Avanti® Polar Lipids. N-Boc-Cys(Trt)-OH, N,N’-diisopropylcarbodiimide 

(DIC), 4-dimethylaminopyridine (DMAP), trifluoroacetic acid (TFA), triethylsilane 

(TES), oleic acid, N-(3-dimethylaminopropyl)-N’- ethylcarbodiimide hydrochloride 

(EDC.HCl), sodium 2-mercapto-ethanesulfonate (MESNA), tris(2-

carboxyethyl)phosphine hydrochloride (TCEP.HCl), 8-hydroxypyrene-1,3,6-

trisulfonic acid (HPTS), dithiothreitol (DTT), 4-(2-hydroxyethyl)piperazine-1-

ethanesulfonic acid (HEPES) sodium salt and 1,6-diphenyl-1,3,5-hexatriene (DPH) 
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were obtained from Sigma-Aldrich. Texas Red® 1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine, triethylammonium salt (Texas Red® DHPE) was obtained from 

Life Technologies. Deuterated chloroform (CDCl3), methanol (CD3OD) and dimethyl 

sulfoxide (d6-DMSO) were obtained from Cambridge Isotope Laboratories. All 

reagents obtained from commercial suppliers were used without further purification 

unless otherwise noted. Analytical thin-layer chromatography was performed on E. 

Merck silica gel 60 F254 plates. Compounds, which were not UV active, were 

visualized by dipping the plates in a ninhydrin or potassium permanganate solution 

and heating. Silica gel flash chromatography was performed using E. Merck silica gel 

(type 60SDS, 230-400 mesh). 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]. Proton nuclear magnetic 

resonance (1H NMR) spectra were recorded on a Varian VX-500 MHz or Jeol Delta 

ECA-500 MHz spectrometers, and were referenced relative to residual proton 

resonances in CDCl3 (at 7.24 ppm), CD3OD (at 4.87 or 3.31 ppm) or d6-DMSO (at 

2.50 ppm). Chemical shifts were reported in parts per million (ppm, δ) relative to 

tetramethylsilane (δ 0.00). 1H 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 
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nuclear magnetic resonance (13C NMR) spectra were recorded on a Varian VX-500 

MHz or Jeol Delta ECA-500 MHz spectrometers, and were referenced relative to 

residual proton resonances in CDCl3 (at 77.23 ppm), CD3OD (at 49.15 ppm) or d6-

DMSO (at 39.51 ppm). Electrospray Ionization-Time of Flight (ESI-TOF) spectra 

were obtained on an Agilent 6230 AccurateMass TOFMS mass spectrometer. 

Anisotropy measurements were obtained on a SPEX FluoroMax-3 spectrofluorometer. 

Transmission electron microscopy 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. 

 

6.6.2 Synthesis of 1-palmitoyl-2-[N-Boc-L-Cys(Trt)]-sn-glycero-3-phosphocholine 
(22)  

 
 

A solution of N-Boc-LCys(Trt)-OH (93.7 mg, 201.6 µmol) in CH2Cl2 (7.5 mL) 

was stirred at rt for 10 min, and then DIC (47.0 µL, 302.4 µmol) and DMAP (12.3 mg, 

Scheme 6.1 Synthesis of 1-palmitoyl-2-[N-Boc-L-Cys(Trt)]-sn-glycero-3-phosphocholine (22) 
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100.8 µmol) were successively added. After 10 min stirring at rt, 1-palmitoyl-2-

hydroxy-sn-glycero-3-phosphocholine (25.0 mg, 50.4 µmol) was added. After 12 h 

stirring at rt, the solvent was removed under reduced pressure, and the crude was 

purified by HPLC, affording 29.6 mg of 22 as a colorless foam [88%, Rt = 12.5 min 

(Zorbax SB-C18 semipreparative column, 5% Phase A in Phase B, 15.5 min)]. 1H 

NMR (CDCl3, 500.13 MHz, δ): 7.38-7.31 (d, J = 8.0 Hz, 6H, 6 × CHAr), 7.30-7.23 (m, 

6H, 6 × CHAr), 7.22-7.16 (m, 3H, 3 × CHAr), 5.25-5.13 (m, 1H, 1 × CH), 5.10 (d, J = 

7.8 Hz, 0.3H, 1 × NH), 5.01 (d, J = 7.8 Hz, 0.7H, 1 × NH), 4.38-4.21 (m, 3H, 1.5 × 

CH2), 4.20-4.11 (m, 1H, 1 × CH), 4.10-3.87 (m, 3H, 1.5 × CH2), 3.86-3.66 (m, 2H, 1 × 

CH2), 3.25 (s, 9H, 3 × CH3), 2.73-2.45 (m, 2H, 1 × CH2), 2.33-2.06 (m, 2H, 1 × CH2), 

1.62-1.43 (m, 2H, 1 × CH2), 1.38 (s, 9H, 3 × CH3), 1.31-1.16 (m, 24H, 12 × CH2), 

0.85 (t, J = 7.0 Hz, 3H, 1 × CH3). 13C NMR (CDCl3, 125.77 MHz, δ): 173.6, 170.4, 

163.9, 155.3, 144.5, 129.7, 128.3, 121.2, 80.2, 72.2, 67.3, 66.4, 64.1, 62.6, 59.9, 54.7, 

52.8, 34.2, 34.1, 32.1, 29.9, 29.9, 29.9, 29.7, 29.6, 29.5, 29.4, 29.3, 28.6, 24.9, 22.9, 

14.3. MS (ESI-TOF) [m/z (%)]: 941 ([MH]+ , 100). HRMS (ESI-TOF) calculated for 

C51H78N2O10PS ([MH]+ ) 941.5109, found 941.5111. 
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6.6.3 Synthesis of 1-palmitoyl-2-(L-Cys)-sn-glycero-3-phosphocholine (19)  

 

 

A solution of 1-palmitoyl-2-[N-Boc-LCys(Trt)]-sn-glycero-3-phosphocholine 

(22, 30.0 mg, 31.9 µmol) in 6 mL of TFA/CH2Cl2/TES (2.85:2.85:0.3) 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 diluted in MeOH (1 mL), filtered using a 0.2 

µm syringe-driven filter, and the crude solution was purified by HPLC, affording 14.2 

mg of the lysolipid 19 as a colorless foam [64%, Rt = 9.0 min (Zorbax SB-C18 

semipreparative column, 50% Phase A in Phase B, 5 min, and then 5% Phase A in 

Phase B, 10 min)]. 1H NMR (CDCl3, 500.13 MHz, δ): 5.37 (m, 1H, 1 × CH), 4.43-

4.36 (m, 1H, 0.5 × CH2), 4.35-4.28 (m, 1H, 1 × CH), 4.27-4.14 (m, 3H, 1.5× CH2), 

4.13-3.98 (m, 2H, 1 × CH2), 3.63-3.56 (m, 2H, 1 × CH2), 3.17 (s, 9H, 3 × CH3), 3.16-

2.99 (m, 2H, 1 × CH2), 2.33-2.25 (m, 2H, 1 × CH2), 1.60-1.49 (m, 2H, 1 × CH2), 1.31-

1.19 (m, 24H, 12 × CH2), 0.84 (t, J = 6.9 Hz, 3H, 1 × CH3). 13C NMR (CDCl3, 125.77 

MHz, δ): 175.0, 168.5, 75.0, 67.5, 65.1, 63.3, 60.7, 55.9, 54.8, 34.9, 33.2, 31.0, 31.0, 

Scheme 6.2 Synthesis of 1-palmitoyl-2-(L-Cys)-sn-glycero-3-phosphocholine (19) 
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30.9, 30.9, 30.9, 30.8, 30.7, 30.6, 30.4, 26.1, 25.5, 25.3, 23.9, 14.6. MS (ESI-TOF) 

[m/z (%)]: 599 ([MH] +, 10). HRMS (ESI-TOF) calculated for C27H56N2O8PS ([MH]+) 

599.3490, found 599.3484. 

 

6.6.4 Synthesis of MESNA thiooleate (23) 

  

A solution of oleic acid (189.2 mg, 670.0 µmol) in CH2Cl2 (5 mL) was stirred 

at 0 ºC for 10 min, and then DMAP (7.4 mg, 60.9 µmol) and EDC.HCl (128.4 mg, 

670.0 µmol) were successively added. After 10 min stirring at 0 ºC, sodium 2-

mercaptoethanesulfonate 196 (MESNA, 100.0 mg, 609.1 µmol) was added. After 5 h 

stirring at rt, the mixture was extracted with H2O (2 × 3 mL) and the combined 

aqueous phases were washed with EtOAc (3 mL). After evaporation of H2O under 

reduced pressure, the residue was washed with CH3CN (5 mL), and then filtered to 

yield 194.7 mg of 23 as a white solid [75%]. 1H NMR (d6-DMSO, 500.13 MHz, δ): 

5.36-5.27 (m, 2H, 2 × CH), 3.05-2.99 (m, 2H, 1 × CH2), 2.60-2.51 (m, 4H, 2 × CH2), 

Scheme 6.3 Synthesis of MESNA thiooleate (23) 
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2.02-1.92 (m, 4H, 2 × CH2), 1.58-1.49 (m, 2H, 1 × CH2), 1.34-1.18 (m, 20H, 10 × 

CH2), 0.85 (t, J = 6.9 Hz, 3H, 1 × CH3). 13C NMR (d6-DMSO, 125.77 MHz, δ): 198.7, 

129.8, 129.7, 51.0, 43.4, 31.4, 29.2, 29.1, 28.9, 28.8, 28.7, 28.6, 28.5, 28.3, 26.7, 26.6, 

25.1, 24.4, 22.2, 14.1. MS (ESI-TOF) [m/z (%)]: 429 ([MH]+, 100). HRMS (ESI-

TOF) calculated for C20H38NaO4S2 ([MH]+) 429.2104, found 429.2105. 

 

6.6.5 Synthesis of Phospholipids Amidophospholipid 1-palmitoyl-2-[β-Cys-
(oleoyl)]-sn-glycero-3-phosphocholine (21).  
 

 
 

1-palmitoyl- 2-(β-Cys)-sn-glycero-3-phosphocholine (19, 5.00 mg, 7.18 µmol) 

and MESNA-thiooleate (23, 3.07 mg, 7.18 µmol) were dissolved in 1.44 mL of 20 

mM TCEP.HCl in 150 mM HEPES pH 7.0 buffer and stirred under N2 at rt. After 30 

min, the corresponding mixture was filtered using a 0.2 µm syringe-driven filter, and 

the crude solution was purified by HPLC, affording 4.2 mg of the amidophospholipid 

Scheme 6.4 Synthesis of Phospholipids Amidophospholipid 1-palmitoyl-2-[β-Cys-(oleoyl)]-sn-
glycero-3-phosphocholine (21). 
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21 as a white solid [68%, Rt = 12.7 min (Zorbax SB-C18 semipreparative column, 

Phase B, 15.5 min)]. 1H NMR (CDCl3, 500.13 MHz, δ): 6.87 (d, 1H, 1 × NH, J = 7.5 

Hz), 5.37-5.29 (m, 2H, 2 × CH), 5.28-5.18 (m, 1H, 1 × CH), 4.88-4.77 (m, 1H, 1 × 

CH), 4.46-4.24 (m, 3H, 1.5 × CH2), 4.23-3.99 (m, 3H, 1.5 × CH2), 3.98-3.80 (m, 2H, 1 

× CH2), 3.36 (s, 9H, 3 × CH3), 3.08-2.81 (m, 2H, 1 × CH2), 2.34-2.17 (m, 4H, 2 × 

CH2), 2.04-1.87 (m, 4H, 2 × CH2), 1.67-1.48 (m, 4H, 2 × CH2), 1.35-1.16 (m, 45H, 22 

× CH2 + 1 × SH), 0.85 (t, J = 6.8 Hz, 6H, 2 × CH3). 13C NMR (CDCl3, 125.77 MHz, 

δ): 173.7, 169.9, 163.5, 130.7 and 130.4, 130.2 and 129.9, 72.3, 66.3, 64.6, 62.4, 60.2, 

54.7, 53.7, 36.5, 34.2, 32.9, 32.1, 30.0, 29.9, 29.9, 29.9, 29.8, 29.7, 29.6, 29.6, 29.6, 

29.5, 29.4, 29.4, 29.3, 27.4, 26.9, 25.9, 25.0, 22.9, 14.4. MS (ESI-TOF) [m/z (%)]: 863 

([MH]+, 100), 885 ([M +Na] + , 60). HRMS (ESI-TOF) calculated for C45H88N2O9PS 

([MH]+) 863.5943, found 863.5948. 
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6.6.6 Amidophospholipid 1-palmitoyl-2-[β-Cys(oleoyl)-(oleoyl)]-sn-glycero-3-

phosphocholine (24). 

  

 1-palmitoyl-2-(β-Cys)-sn-glycero-3-phosphocholine (19, 5.00 mg, 7.18 µmol) 

and MESNA-thiooleate (23, 6.14 mg, 14.36 µmol) were dissolved in 1.44 mL of 500 

mM imidazole pH 7.0 buffer and stirred under N2 at rt. After 30 min, the 

corresponding mixture was filtered using a 0.2 µm syringe-driven filter, and the crude 

solution was purified by HPLC, affording 4.3 mg of the amidophospholipid 24 as a 

white solid. [53%, Rt = 13.5 min (Zorbax SB-C18 semipreparative column, Phase B, 

15.5 min)]. 1H NMR (CDCl3, 500.13 MHz, δ): 6.82 (d, 1H, 1 × NH, J = 7.6 Hz), 5.49-

5.24 (m, 4H, 4 × CH), 5.23-5.16 (m, 1H, 1 × CH), 4.87-4.73 (m, 1H, 1 × CH), 4.48-

4.24 (m, 3H, 1.5 × CH2), 4.23-3.96 (m, 3H, 1.5 × CH2), 3.95-3.76 (m, 2H, 1 × CH2), 

3.36 (s, 9H, 3 × CH3), 3.28-2.94 (m, 2H, 1 × CH2), 2.36-2.15 (m, 6H, 3 × CH2), 2.09-

Scheme 6.5 Synthesis of 1-palmitoyl-2-[N-Boc-L-Cys(Trt)]-sn-glycero-3-phosphocholine (22) 
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1.86 (m, 8H, 4 × CH2), 1.69-1.44 (m, 6H, 3 × CH2), 1.35-1.16 (m, 64H, 32 × CH2), 

0.86 (t, J = 6.9 Hz, 9H, 3 × CH3). 13C NMR (CDCl3, 125.77 MHz, δ): 198.9, 173.4, 

170.0, 163.7, 130.5, 130.2, 130.1, 129.6, 72.2, 66.5, 64.8, 62.3, 60.2, 54.5, 53.7, 42.1, 

36.5, 34.2, 32.9, 32.8, 32.1, 32.0, 30.0, 29.9, 29.9, 29.8, 29.8, 29.7, 29.6, 29.6, 29.6, 

29.5, 29.5, 29.4, 29.4, 29.4, 29.3, 29.2, 27.4, 26.9, 26.9, 25.8, 25.0, 22.9, 14.3. MS 

(ESI-TOF) [m/z (%)]: 1127 ([MH]+, 100), 1149 ([M +Na]+, 40). HRMS (ESI-TOF) 

calculated for C63H120N2O10PS ([MH]+) 1127.8401, found 1127.84035.  

 

6.6.7 Micelle sizes: critical micelle concentrations (cmc) 

100 µL of aqueous solutions (10 mM, 1 mM, 100 µM, 10 µM and 1 µM) of 

the control (1-palmitoyl-2- hydroxy-sn-glycero-3-phosphocholine Lysolipid OH) and 

the precursors (19 or 23) were analyzed by Dynamic Light Scattering (DLS) in order 

to determine the micelle sizes and the critical micelle concentrations (cmc’s). 

 

 6.6.8 LC/MS Analysis 

  LC/MS Analysis Membrane assembly was performed in the appropriate 

buffer (150 mM HEPES pH 7.0 buffer containing 20 mM TCEP.HCl for phospholipid 

21; 500 mM imidazole pH 7.0 buffer for phospholipid 24) as described above. 

Aliquots of 1.5 µL of sample were taken at various time points, diluted with 50 µL of 

MeOH and analyzed using an Eclipse Plus C8 analytical column (5% Phase A in 

Phase B, 5.5 min) with an Evaporative Light Scattering Detector (ELSD) at a flow of 

1.0 mL/min. For all LC/MS runs, solvent Phase A consisted of H2O with 0.1% formic 

acid and solvent Phase B of MeOH with 0.1% formic acid.  
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6.6.9 NCL Fluorescence Microscopy: Hydration Method 

10 µL of a 20 mM solution of phospholipid (21 or 24) in CHCl3 was added to a 

1 mL vial, placed under N2 and dried for 15 min to prepare a lipid film. Then, 200 µL 

of H2O was added and the solution was tumbled at 25 ºC for 1 h. Afterward, to 10 µL 

of this 1 mM aqueous solution of phospholipid (21 or 24) was added 0.1 µL of a 100 

µM Texas Red® DPHE dye solution in EtOH, and the mixture was briefly agitated. 

The corresponding mixture was finally monitored by fluorescence and phase contrast 

microscopy in order to determine the vesicle structure.  

 

6.6.10 NCL Fluorescence Microscopy: Sonication Method. 

 10 µL of a 20 mM solution of phospholipid (21 or 24) in CHCl3 was added to 

a 1 mL vial, placed under N2 and dried for 15 min to prepare a lipid film. Then, 200 

µL of H2O was added, and the resulting mixture was sonicated with heat (≈55ºC) for 1 

h. Afterward, to 10 µL of this 1 mM aqueous solution of phospholipid (21 or 24) was 

added 0.1 µL of a 100 µM Texas Red® DPHE dye solution in EtOH, and the mixture 

was briefly agitated. The corresponding mixture was finally monitored by 

fluorescence and phase contrast microscopy in order to determine the vesicle structure 

 

6.6.11 Transmission Electron Microscopy (TEM) Studies 

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 
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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 sonicated at ≈55ºC C 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 

(50-900 nm in diameter), consistent with the vesicle architecture. 

 

6.6.12 Encapsulation Experiments  

Encapsulation of HPTS. 60 µL of a 20 mM solution of phospholipid (21 or 24) 

in CHCl3 was added to a 1 mL vial, placed under N2 and dried for 15 min to prepare a 

lipid film. Then, 200 µL of mineral oil was added and placed under N2 to displace the 

air above the mineral oil. The resulting mixture was sonicated with heat (≈55ºC) for 1 

h. Afterward, 100 µL of the amidophospholipid oil was added to a 1 mL eppendorf. 

Then, 10 µL of the upper buffer [1mM HPTS + 1 mM DTT + 50 mM NaCl + 200 mM 
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sucrose in 100 mM HEPES buffer pH 7.5 solution] was added, and the resulting 

mixture was flicked and vortexed till it was a cloudy emulsion. The corresponding 

emulsion was added to a 1 mL eppendorf containing 100 µL of the lower buffer [1 

mM DTT + 50 mM NaCl + 200 mM glucose in 100 mM HEPES buffer pH 7.5 

solution], so it floated on top. Then, we waited for 10 min. After this time, the sample 

was centrifuged for 10 min at 9000-10000 rcf. The sample was separated from the oil 

(either aspirating off the oil or using a syringe/needle to collect the sample from the 

bottom). The corresponding sample contained vesicles encapsulating HPTS that were 

observed using fluorescence microscopy.  

 In situ encapsulation of GFP. 1-palmitoyl-2-(β-Cys)-sn-glycero-3-phospho-

choline (19, 0.50 mg, 0.72 µmol) was dissolved in 66 µL of a 220 µM solution of 

previously purified Green Fluorescent Protein (GFP) in 20 mM HEPES buffer pH 7.0. 

Then, 79 µL of a 20 mM TCEP.HCl solution in 300 mM HEPES pH 7.0 was added. 

Finally, MESNA-thiooleate 23 (0.31 mg, 0.72 mmol) was added and the resulting 

mixture was stirred under N2 at rt. After 30 min, the reaction was transferred to a 100 

kDa spin filter and centrifuged for 10 min at 9000-10000 rcf in order to remove the 

non-encapsulated GFP. Then, the sample was washed and centrifuged with a 150 mM 

solution of HEPES buffer pH 7.0 (5 × 250 µL). The lipid containing solution was 

finally examined by fluorescence microscopy, observing vesicles containing the 

desired GFP 
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6.6.13 Anisotropy Studies  

 Vesicle preparation and extrusion. 50 µL of a 20 mM solution of phospholipid 

(POPC, 21 or 24) in CHCl3 was added to a 1 mL vial, placed under N2 and dried for 

15 min to prepare a lipid film. The dried film was hydrated in 500 µL of H2O [Final 

concentration of phospholipid: 2 mM]. The lipid solution was briefly vortexed and 

then sonicated with heat (≈55ºC) for 45 min. Once the sample was fully hydrated, the 

vesicles were extruded through 100 nm membrane. Extruded vesicles were finally 

analyzed by Dynamic Light Scattering (DLS).  

  Anisotropy measurements. 2 µL of a 500 µM solution of DPH in EtOH was 

added to 198 µL of 100 nm phospholipid (POPC, 21 or 24) extruded vesicles [Final 

concentration of DPH: 5 µM, 1% v/v]. The solution was tumbled at 25 ºC overnight. 

Steady-state anisotropy was measured at different temperatures (from -10 to 40 ºC) on 

a Perkin spectrophotometer with a manual polarizer accessory and peltier temperature 

controller.  

 

6.6.14 Membrane Assembly 

in situ vesicle formation and growth 5.0 µL of a 40 mM TCEP.HCl solution in 

150 mM HEPES buffer pH 7.0 was added to 2.5 µL of a 4 mM solution of free 

cysteine-based lysolipid 19 in 150 mM HEPES buffer pH 7.0. Then, 2.5 µL of a 4 mM 

solution of MESNA thiooleate 23 in 150 mM HEPES buffer pH 7.0 was added, and 

the mixture was briefly agitated. The corresponding mixture was then monitored by 

fluorescence and phase contrast microscopy in order to analyze the in situ formation 

and growth of the resulting vesicles. 
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Notes about the Chapter: 

Chapter six, in full, is a reprint (with co-author permission) of the material as it 

appears in the publication; Dr. Roberto J. Brea, Christian M. Cole, Prof. Neal K. 

Devaraj "In Situ Vesicle Formation by Native Chemical Ligation" Angew. Chem. Int. 

Ed., 2014, 53(51), 14102-14105. I would like to thank Roberto Brea and Neal Devaraj 

for their invaluable contributions to this chapter: Roberto Brea synthesized and 

characterized the majority of compounds presented in this chapter and characterized 

all the phospholipid analogues; I would like to thank Neal Devaraj for directing the 

research. I purified eGFP, assisted in the synthesis of 19, 21 and helped with all 

microscopy.  
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~ CHAPTER 7 ~ 

7 Spontaneous Reconstitution of Functional Transmembrane Proteins During 
Bioorthogonal Phospholipid Membrane Synthesis 
 
 
 

 
7.1 Introduction 

Transmembrane proteins are critical for signaling, transport, and metabolism, 

yet their reconstitution in synthetic membranes is often challenging. Non-enzymatic 

and chemoselective methods to generate phospholipid membranes in situ would be 

powerful tools for the incorporation of membrane proteins. Herein, the spontaneous 

reconstitution of functional integral membrane proteins during the de novo synthesis 

of biomimetic phospholipid bilayers is described. The approach takes advantage of 

bioorthogonal coupling reactions to generate proteoliposomes from micelle-

solubilized proteins. This method was successfully used to reconstitute three different 

transmembrane proteins into synthetic membranes. This is the first example of the use 

of non-enzymatic chemical synthesis of phospholipids to prepare proteoliposomes. 

Membrane proteins are key regulators of communication between cellular 

compartments, functioning primarily as receptors and transporters.197,198 They also 

determine the distinctive architecture and adhesion properties of cells.199,200 Membrane 

proteins are targeted by the majority of approved pharmaceuticals;201 loss of their 

function can lead to numerous disease states, including metabolic dysfunction,202 

neurodegenerative disorders,203 and cardiovascular malfunctions.204 To study their
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structure, dynamics, and function, membrane proteins are often reconstituted into lipid 

bilayers to create proteoliposomes.205 The conventional reconstitution of membrane 

proteins into proteoliposomes is achieved by using organic extraction, mechanical 

fragmentation, or detergent solubilization to remove the proteins from native 

bilayers.205 The ensuing membrane proteins are subsequently introduced into a 

liposome. This often requires high concentrations of detergent to solubilize proteins 

from the native bilayer, followed by depletion of the detergent in the presence of 

phospholipids.206 However, while effective for select membrane proteins, this method 

is generally time-consuming, and remnants of detergent often remain absorbed on the 

proteoliposome after detergent removal.207 Therefore, it would be exciting to develop 

a strategy to spontaneously reconstitute membrane proteins into synthetic lipid 

bilayers in a highly specific and chemoselective manner. 

 

7.2 Spontaneous Liposome Formation  

In searching for methods to spontaneously form proteoliposomes, we were 

attracted to the possibility of harnessing bioorthogonal coupling reactions.15,178,208 We 

previously demonstrated the de novo synthesis of non-natural phospholipid 

membranes from bioorthogonally reactive precursors (Figure 7.1A).144,209,210 Synthetic 

membranes capable of forming vesicles and entrapping polar molecules are rapidly 

generated by exploiting chemoselective reactions, such as copper catalyzed azide–

alkyne cycloaddition (CuAAC)144,209,211–213 or native chemical ligation (NCL; Figure 

7.1A).168,177,181,210 However, it was unknown whether integral membrane proteins 

could incorporate or remain functional in artificial membranes formed through these 
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bioorthogonal coupling reactions. Herein, we describe the spontaneous reconstitution 

of a variety of membrane proteins during bioorthogonal lipid membrane synthesis, 

with retention of functionality (Figure 7.1B). Bioorthogonal proteoliposome formation 

could be a powerful method for the study of membrane proteins and/or their 

incorporation into synthetic cells. 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 7.1 De novo synthesis of phospholipid membranes and concurrent in situ incorporation 
of proteins. A) Two unique bioorthogonal routes to produce synthetic analogues of POPC. 
Phospholipid 18 is formed by CuAAC between alkyne lysolipid 17 and alkyl azide 16. 
Phospholipid 21 is formed via NCL between cysteine lysolipid 19 and thioester 23. B) Model 
for spontaneous reconstitution of transmembrane proteins during the non-enzymatic formation 
of phospholipid membrane. Protein is solubilized with synthetic mimetics of 
lysophosphatidylcholine, which act as the detergent to form micelle-solubilized protein 
complexes. Addition of the reactive alkyl precursor and subsequent coupling results in the 
spontaneous generation of the corresponding proteoliposomes. 

17, 

19, 

16, 

23, 

18, 

21, 
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We initially designed analogues of palmitoyl lysophosphatidylcholine that 

were conveniently functionalized at the sn2 position with a bioorthogonal reactive 

group (17 or 19; Figure 7.1A). The corresponding reactive lysolipid detergents can be 

used to solubilize membrane proteins. Upon addition of an alkyl chain bearing a 

mutually reactive functional group (16 or 2  3), a chemoselective coupling reaction 

transforms the non-membrane-forming precursors into a synthetic mimetic (18 or 21) 

of the common phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC), which is capable of spontaneously self-assembling to form bilayer 

membranes. As previously mentioned, CuAAC between an alkyne-modified lysolipid 

(17) and an oleoyl azide (16) can be employed to efficiently construct a triazole-

containing phospholipid (18; Figure 7.1A and Figure 7.2).144,209 Alternatively, the 

NCL approach can be also utilized to rapidly form phospholipids from a cysteine-

modified lysolipid (19) and a thioester derivative of oleic acid (23) to produce an 

amide-containing phospholipid (21; Figure 7.1A, Figure 7.3).210 Both non-natural 

phospholipids (18 and 21) share many characteristics with native POPC,144,209,210 

including their structure, fluidity, and ability to encapsulate small molecules, thus 

leading us to hypothesize that the reconstitution of membrane proteins would be 

possible. 
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Figure 7.2 HPLC/ELSD spectra monitoring the progress of the CuAAC reaction. A) Using 

hydroquinone as reducing agent (for the reconstitution of CcO). B) Employing sodium L-

ascorbate as reducing agent (for the reconstitution of MsbA or PMCA2). Retention times (Rt’s) 

for lysolipid (17), oleoyl azide (16) and triazole phospholipid (18) were verified by mass 

spectrometry. 

 

A)                                               B)                                                     C) 

Figure 7.3 HPLC/ELSD spectra corresponding to lysolipid 19 (A), MESNA thiooleate 23 (B) 

and phospholipid 21 (C). Retention times (Rt’s) were verified by mass spectrometry. 
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7.3 Reconstitution of cytochrome c oxidase 

 

 

 

The feasibility of incorporating transmembrane proteins during lipid 

preparation was demonstrated by synthesis of the triazole phospholipid 18 in the 

presence of commercially purified cytochrome c oxidase (CcO) from bovine heart.214 

The active CcO dimer is an approximately 200 kDa transmembrane protein complex 

found in bacteria and mitochondria.214 CcO is the terminal protein in aerobic 

respiration, coupling the reduction of oxygen to proton pumping.215 Despite its large 

size, CcO can be reconstituted in natural lipid membranes with minimal loss of 

Figure 7.4 Ribbon Structure of CcO oxidizing its endogenous substrate cytochrome C. During 
this process diatomic oxygen is reduced to water and protons get shuttled across the membrane   
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activity,216 thus making it an appealing choice for initial proof-of-concept studies. 

We first measured the activity of CcO by monitoring the decrease in 

absorbance of its substrate, cytochrome c, as it undergoes CcO catalyzed oxidation 

(Figure 7.4).217 CcO was initially solubilized with n-dodecyl β-d-maltoside (DDM).218 

This detergent possesses stabilizing properties that can maintain 100  % of the CcO as 

a highly active monodisperse dimer.218 Measurement of the activity of CcO in DDM 

was used as a positive control (Figure 7.5A, (+)  DDM). We next removed the DDM 

with Bio-Beads SM-2219 and overnight dialysis, which led to a significant drop in 

activity (Figure 7.5A, (−)  DDM). CcO could be reconstituted into POPC liposomes by 

introducing POPC into the DDM–protein complexes (POPC/CcO molar ratio of 

1400:1). The excess DDM detergent was then removed with Bio-Beads SM-2 and 

overnight dialysis to create functional proteoliposomes containing highly active CcO 

(Figure 7.5A, POPC). In situ triazole reconstitution was accomplished by first 

exchanging the DDM with the lysolipid 17. The bioorthogonal CuAAC coupling 

reaction was carried out with an equimolar concentration of the oleoyl azide 16, 1 mm 

CuSO4, and 2 mm hydroquinone. After 2 h, the copper-catalyzed process resulted in  
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Figure 7.5 A) Representative absorbance scans showing the change in absorption of 
cytochrome c in the presence of 0.39 mM DDM with cytochrome c oxidase over an interval of 
2 min. B) Absorbance at 550 nm plotted against time showing the kinetics of CcO in the 
presence of 0.39 mM DDM. C) Linear phase of CcO kinetics. The slope was used as the 
measure of the change in cytochrome c activity. 
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the formation of compound 18 and complete disappearance of 17, as judged using 

combined liquid chromatography (LC), mass spectrometry (MS), and evaporative light 

scattering detection (ELSD) measurements (Figure 7.2). To further ensure that the 

observed CcO activity was not due to residual lysophospholipid detergent, the vesicles 

were treated with Bio-Beads SM-2 and dialyzed overnight. Remarkably, the activity of 

the CcO that was spontaneously reconstituted during triazole lipid synthesis closely 

mirrors the activity of CcO reconstituted in POPC by using the more traditional 

methods (Figure 7.5A, in situ CuAAC; Graph 7.1). This demonstrates that the 

bioorthogonal triazole reaction can spontaneously reconstitute active CcO into a 

bilayer. Solubilizing detergent is consumed during phospholipid formation and is thus 

eliminated. We estimated the yield of reconstituted CcO using the CuAAC 

methodology to be 3.0 µg, which corresponds to 60  % incorporation. CcO 

reconstitution using traditional methods and POPC gave us yields closer to 3.4 µg, 

which corresponds to 70  % incorporation. 

 

 
 
 

Graph 7.1 Effect of sonication on CuAAC proteoliposomes with reconstituted CcO. 
Sonication of triazole liposomes further increases the observed activity, probably due to the 
breakup of multilamellar vesicles and the creation of smaller unilamellar vesicles, which 
facilitates the ability of cytochrome c to react with incorporated CcO. 
____________________________________________________________________________
_ 
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Figure 7.6 Characterization of CcO activity. A) Normalized activity of CcO determined by 
measuring the absorption peak of cytochrome c at 550 nm. (+)  DDM: CcO activity as measured 
in n-dodecyl β-d-maltoside (DDM) [positive control]. (−)  DDM: CcO activity in DDM 
following detergent removal using Bio-Beads SM-2 and dialysis [negative control]. POPC: 
CcO activity after reconstitution in POPC and the removal of detergent with Bio-Beads SM-2 
and dialysis. In situ CuAAC: CcO activity after spontaneous reconstitution in the triazole-
containing phospholipid membranes. As a precaution, membranes were treated with Bio-Beads 
SM-2 and dialyzed. B) Fluorescence in relative fluorescence units (RFUs) of the pH sensitive 
dye (pyranine) encapsulated in CcO proteoliposomes formed in situ by the CuAAC approach. 
Upon adding cytochrome c, there is a gain in fluorescence at 515nm, thus indicating that 
pyranine is being deprotonated as a result of the shuttling of protons across the membrane. 



      

       

152 

One of the advantages of studying proteins in well-defined membranes is the 

ability to evaluate functions that rely on the selective permeability of phospholipid 

membranes. Although we demonstrated that CcO retained its ability to oxidize 

cytochrome c, we were interested in analyzing whether the triazole membranes could 

support the proton-pumping function of CcO. Adapting a previously published 

procedure,220 we employed the pH-sensitive dye pyranine on the inside of the in situ 

generated vesicles to test the proton-pumping activity of the transmembrane protein 

complex (Figure 7.5B). While monitoring fluorescence at 515 nm, cytochrome c was 

added. We observed an increase in fluorescence with time, which is indicative of 

protons being pumped across the membrane. This experiment demonstrates that CcO 

proton pumping remains functional and that the membranes formed via CuAAC 

coupling can maintain a proton gradient. 

We next investigated the morphology and type of membrane structures formed 

during in situ bioorthogonal proteoliposome synthesis by using spinning-disk confocal 

microscopy (Figure 7.6, CcO; Figure 7.7). CcO was labeled using 10 equivalents of 

the AlexaFluor488 N-hydroxysuccinimide (NHS) ester before the maltoside detergent 

was exchanged with 17. The fluorophore-modified CcO was then used for the in situ 

CuAAC coupling as previously described. After proteoliposome formation, the lipid-

staining dye Texas Red DHPE was added at 1.0 mol  %. As expected for a 

reconstituted membrane protein, we observed strong colocalization of CcO with Texas 

Red DHPE, thus indicating that CcO is primarily localized to the triazole-containing 

phospholipid membranes (Figure 7.6, CcO; Figure 7.7). 
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7.4 Reconstitution of Membrane Proteins  

Having shown that purified proteins could be spontaneously reconstituted, we 

next determined whether it would be possible to directly reconstitute membrane 

proteins overexpressed in bacteria into artificial membranes. To answer this question, 

we synthesized the membrane protein MsbA,221–223 which is a member of a class of 

ABC transporters responsible for multiple-drug resistance, in E. coli cells. After 

protein production, cells were lysed and proteins were solubilized with 500 µm of 

reactive lysolipid 17. Subsequent affinity purification allowed us to obtain the pure 

Figure 7.7 Spinning-disk confocal fluorescence microscopy images of spontaneously 
reconstituted proteoliposomes produced by using either CuAAC (left) or NCL (right). The lipid 
channel shows the location of the lipid membrane staining dye Texas Red DHPE. The protein 
channel shows the location of fluorescent transmembrane proteins [Proteins modified with 
AlexaFluor488 NHS ester (CcO and MsbA) or EGFP (PMCA2)]. CuAAC scale bar: 5 µm. 
NCL scale bar: 10µm. 
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protein, which was then modified by using 10 equivalents of the AlexaFluor488 NHS 

ester. The labeled protein/alkyne-lysolipid micelles were reacted by CuAAC with an 

equimolar concentration of oleoyl azide 16. Fluorescently modified MsbA showed 

excellent colocalization with the synthetic membrane, thus indicating that the protein 

can be reconstituted successfully into proteoliposomes directly from cell lysate (Figure 

7.6, MsbA).  

 

 

As a final test, we reconstituted a mammalian plasma membrane calcium 

ATPase fusion protein (PMCA2-EGFP) into proteoliposomes (Figure 7.6, 

PMCA).224,225 Calcium ATPases are key components in the regulation of cellular 

calcium ion homeostasis and signaling.226 Owing to its ten membrane-spanning 

segments, PMCA2 can be a challenging protein to reconstitute into membranes.227 

Figure 7.8 Spinning disk confocal microscopy of spontaneously reconstituted CcO 
proteoliposomes using the CuAAC methodology. A) Fluorescence microscopy image of a CcO 
proteoliposome. Membranes were stained using 1 µM Texas Red® DHPE dye solution. B) 
Fluorescence microscopy image of a CcO proteoliposome fluorescently modified with 
AlexaFluor® 488-NHS ester. C) Phase contrast image of a CcO proteoliposome, showing a 
darken bilayer. Scale bar denotes 5 µm. 
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Furthermore, expression is typically performed in mammalian cells, which often 

results in unsatisfactory protein yields.228 We utilized a recombinant PMCA2 fused to 

EGFP to aid in visualizing membrane incorporation.229 HeLa cells expressing the 

protein were physically lysed, and high-speed centrifugation was used to collect the 

insoluble membrane fraction, which was solubilized with 600 µm of alkyne lysolipid 

19. The His-tagged protein was then purified using Ni-NTA resin. The elution buffer 

contained 300 mM imidazole in order to elute the PMCA2-EGFP. However, we found 

that the protein required extensive washing to remove free imidazole, since millimolar 

concentrations of imidazole can coordinate the copper catalyst and inhibit the CuAAC 

reaction. The incompatibility of CuAAC with high concentrations of imidazole is a 

limitation when working with His-tagged proteins. However, after the removal of 

excess imidazole, CuAAC was successfully used to reconstitute the mammalian 

protein (Figure 7.6, CuAAC/PMCA). 

Since it would be useful to enable spontaneous proteoliposome formation in 

the presence of imidazole, we explored the reconstitution of PMCA2 into synthetic 

membranes produced through NCL. NCL does not require metal catalysts and is 

compatible with high concentrations of imidazole.230 Reconstitution of PMCA2 by 

using NCL was performed in a similar manner to that described above, except that 600 

µm of compound 19 was used for solubilization. After elution from the Ni-NTA resin, 

the NCL reaction was initiated by addition of equimolar amounts of oleoyl thioester 

23 in the presence of 10 mm DTT. In situ vesicle formation took place and PMCA2-

EGFP incorporation was verified by fluorescence microscopy (Figure 7.6, NCL 

PMCA). 
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PMCA2 is a complex transmembrane protein that has been previously shown 

to mediate transient current fluctuations of calcium ions across membranes.224,225 To 

determine whether PMCA2-EGFP was active within membranes composed of amide-

containing phospholipid 21, we monitored calcium ion transport by using a standard 

black lipid membrane (BLM) setup (Figure 7.8 and Figure 7.9).231,232 A bilayer of 

phospholipid 21 in n-decane was painted onto a Teflon pore separating two aqueous 

chambers as described previously.233,234 The painted membranes formed from 

phospholipid 21 were stable for at least 2 h and exhibited a constant membrane 

capacitance of approximately 60 pF. This membrane capacitance value provides an 

estimate for the membrane thickness of approximately 3 nm,235 which suggests that 21 

forms a single bilayer rather than a multilayered structure in these BLM experiments. 

The BLM studies also demonstrate that the membrane characteristics of synthetic 

phospholipid 21 are comparable to those of other typical phospholipids in terms of the 

formation of stable suspended lipid bilayers.236,237 After determining that the 

suspended membranes formed from 21 are stable, PMCA2-EGFP proteoliposomes 

were then fused with the bilayer. To verify that PMCA2 could mediate a flux of 

calcium ions across the membrane, we monitored the current versus time across the 

membrane in the presence of an 80 mV applied potential and observed transient ion 

current fluctuations that resembled previously reported ion current events from 

purified PMCA2 in proteoliposomes (Figure 7.8 and Figure 7.9).224,225 Measurement 

of the current at different applied potentials revealed at least two conductance states 

for PMCA2-EGFP under our recording conditions, with estimated conductance values 

of 10 and 31 pS (Figure 7.9). These conductance values are similar to previously 
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reported divalent conductance states of PMCA2 as estimated from patch-clamp 

recordings.238 On the other hand, when Na+ ions were introduced to the recording 

media instead of Ca2+ ions, no ion-current events were observed under the same 

recording conditions (Figure 7.8B and Figure 7.9). These BLM recording experiments  

Figure 7.9 Monitoring the activity of the selective calcium ion transport protein PMCA2 by 
measuring the change in conductance across a planer lipid bilayer. A) The flux of Ca2+ through 
PMCA2 was observed in a black lipid membrane (BLM) system with synthetic phospholipid 3 
b. Ca2+ ion flux across the membrane mediated by PMCA2 was measured under an applied 
potential of 80 mV. B) In comparison, no ion current events were observed when Ca2+ ions 
were replaced by Na+ ions in the recording medium. The dashed line in A corresponds to the 
current trace in B. 
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Figure 7.10 A) Planar lipid experiment done by painting compound 21 onto a Teflon® pore 
and fusing NCL formed proteoliposomes containing PMCA2 with an applied voltage of 80mV 
in the presence of 1 mM ATP and 1 mM CaCl2. B) Negative control using 1 mM NaCl instead 
of CaCl2. C) Membranes comprised of 3b were stable and quiescent for hours in the presence 
of 1 mM ATP and 1 mM CaCl2, but lacking PMCA2. D) Current-voltage (I-V) curves for two 
observed conductance states of PMCA2-EGFP. 
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demonstrate that PMCA2-EGFP retains its ability to mediate the transport of calcium 

(and not sodium) ions when embedded in synthetic membranes formed through NCL.  

 

7.5 Concluding Remarks   

In summary, we have explored the suitability of bioorthogonal coupling 

reactions for driving the in situ formation phospholipid membranes and concomitant 

spontaneous reconstitution of functional membrane proteins. This method should be 

compatible with alternative reactive lipids to create specific compositions of lipid 

membranes. Additionally, lysolipid derivatives could be used to solubilize and 

incorporate natural lipids. We are currently exploring the in situ synthesis of more-

complex lipid membranes, as well as developing a small library of lysolipid and 

thioester detergents that can be used to optimize the reconstitution of alternative 

membrane proteins. We foresee biotechnological applications that make use of the 

spontaneous reconstitution of transport proteins to control the composition inside 

synthetic cells, which could be used as chemical microreactors or biosensors.  
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7.6 Experimental and Methods 

 

7.6.1 Materials  

Commercially available 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine 

and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were used as obtained 

from Avanti® Polar Lipids. 4-pentynoic acid, oleoyl bromide, sodium azide, N-Boc-

Cys(Trt)-OH, N,N’-diisopropylcarbodiimide (DIC), 4-dimethylaminopyridine 

(DMAP), trifluoroacetic acid (TFA), triethylsilane (TES), oleic acid, N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC.HCl), sodium 2-

mercapto-ethanesulfonate (MESNA), dithiothreitol (DTT), phenylmethylsulfonyl 

fluoride (PMSF), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) 

sodium salt, n-dodecyl β-D-maltoside (DDM), 8-hydroxypyrene-1,3,6-trisulfonic acid 

(pyranine), cytochrome c and cytochrome c oxidase (CcO) were obtained from Sigma-

Aldrich. Texas Red® 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, 

triethylammonium salt (Texas Red® DHPE), Penicillin-Streptomycin and Alexa 

Fluor® 488 NHS Ester were obtained from Life Technologies. Bio-Beads® SM-2 was 

obtained from Bio-Rad. Isopropyl β-D-thiogalactoside (IPTG) was obtained from 

Teknova. McCoy's 5A high glucose media was purchased from Corning Cellgro. L-

Glutamine was obtained from Carl Roth. Fetal bovine serum (FBS) was purchased 

from Thermo Fisher Scientific Inc. Deuterated chloroform (CDCl3), methanol 

(CD3OD) and dimethyl sulfoxide (d6-DMSO) were obtained from Cambridge Isotope 

Laboratories. All reagents obtained from commercial suppliers were used without 

further purification unless otherwise noted. Analytical thin-layer chromatography was 



      

       

161 

performed on E. Merck silica gel 60 F254 plates. Compounds, which were not UV 

active, were visualized by dipping the plates in a ninhydrin or potassium 

permanganate solution and heating. Silica gel flash chromatography was performed 

using E. Merck silica gel (type 60SDS, 230-400 mesh). 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]. Proton nuclear magnetic resonance (1H NMR) spectra were recorded on a 

Varian VX-400 MHz, Varian VX-500 MHz or Jeol Delta ECA-500 MHz 

spectrometers, and were referenced relative to residual proton resonances in CDCl3 

(at 7.24 ppm), CD3OD (at 4.87 or 3.31 ppm) or d6-DMSO (at 2.50 ppm). Chemical 

shifts were reported in parts per million (ppm, d) relative to tetramethylsilane (d 0.00). 

1H 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-400 MHz, Varian VX-500 MHz or Jeol 

Delta ECA-500 MHz spectrometers, and were referenced relative to residual proton 

resonances in CDCl3 (at 77.23 ppm), CD3OD (at 49.15 ppm) or d6-DMSO (at 39.51 

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

Agilent 6230 Accurate-Mass TOFMS mass spectrometer. Fluorescence measurements 
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were performed on a LS 55 fluorescence spectrometer using a single cuvette reader. 

Absorbance readings were measured on a ThermoScientific NanoDrop 2000c UV-Vis 

spectrophotometer. 

See Chapter 5 for synthesis of oleoyl azide (16), 1-palmitoyl-2-[pent-4-ynoyl]-sn-

glycero-3-phosphocholine (17), Triazole phospholipid 1-palmitoyl-2-[triazole-

(oleoyl)]-sn-glycero-3-phosphocholine (18) 

See Chapter 6 for synthesis of 1-palmitoyl-2-(L-Cys)-sn-glycero-3-phosphocholine 

(19), Amidophospholipid 1-palmitoyl-2- [L-Cys-(oleoyl)]-sn-glycero-3-

phosphocholine (21), 1-palmitoyl-2-[N-Boc-L-Cys(Trt)]-sn-glycero-3-phosphocholine 

(22), MESNA thiooleate (23),  

 

7.6.2 Spectroscopic Cytochrome c Oxidase Activity Assay 

Cytochrome c reduction: Reduced cytochrome c was prepared by dissolving 

100.0 mg of cytochrome c in 8 mL of 20 mM HEPES pH 7.0 buffer containing 4.0 mg 

of sodium L-ascorbate. The excess ascorbate was removed by dialyzing in 2 L of 20 

mM HEPES pH 7.0 buffer with two exchanges over a 16 h period. The sample was 

brought up to 10 mL to give a final concentration of 0.83 mM reduced cytochrome c.  

Cytochrome c oxidase labeling: CcO was labeled using 10 equivalents of 

Alexa Fluor® 488 NHS Ester in 20 mM HEPES pH 8.2 buffer for 2 h at rt. The 

modified protein was then washed with 20 mM HEPES pH 7.5 buffer, 150 mM NaCl 

and 400 µM of compound 17 in a spin column.  

Cytochrome c oxidase activity: CcO activity was measured 

spectrophotometrically by quantifying the change in absorbance of reduced 
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cytochrome c at 550 nm. To calculate incorporation we assume activity of CcO to be 

20 units / mg protein and the unit definition is 1 unit CcO will oxidize 1.0 µmole of 

cytochrome c per min. at 25 °C. 

The positive control sample [(+) DDM] contained 100 mU of cytochrome c 

oxidase in 20 mM HEPES pH 7.5 buffer containing 0.39 mM n-dodecyl β-D-

maltoside (DDM). A final concentration of 140 µM of cytochrome c was added to the 

cuvette and measurements were immediately made at 5 s intervals during the linear 

phase of cytochrome c oxidase.  

The negative control sample [(-) DDM] was prepared by incubating the (+) 

DDM for 2 h with 30.0 mg of pre-washed Bio-Beads® SM-2. Bio-Beads SM-2® were 

then washed with 2-3 volumes of MeOH, distilled H2O, and 20 mM HEPES pH 7.5. 

This was followed by overnight dialysis in 20 mM HEPES pH 7.5. The (-) DDM 

sample was then measured as previously described for the (+) DDM sample. The 

POPC sample (POPC) was prepared by first incubating the (+) DDM for 2 h with 

150.0 mg of pre-washed Bio-Beads® SM-2 and 400 µM of POPC, followed by 

overnight dialysis in 20 mM HEPES pH 7.5 buffer. Prior to measuring, the vesicles 

were sonicated in a bath sonicator for 30 min. 

 

7.6.3 Spectroscopic Cytochrome c: In situ CUAAC 

In situ copper catalyzed azide alkyne cycloaddition reconstituted sample (in 

situ CuAAC) was accomplished by exchanging the DDM with compound 17. This was 

done by lowering the concentration of DDM near its critical micelle concentration 

(cmc) (0.17 mM) with Bio-Beads® SM2 for 2 h as previously described, and then 
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using a spin filter to exchange the DDM with 400 µM of 17. Once exchanged, the 

coupling reaction was carried out with equal molar of compound 16, 1 mM 

CuSO4.5H2O, and 2 mM hydroquinone. After 2 h, the copper catalyzed cycloaddition 

resulted in the formation of compound 18. This was also dialyzed overnight to remove 

any remaining DDM. Before measuring the CcO activity in the vesicles, they were 

sonicated for 30 min. Additional CuSO4.5H2O solution was then added (final 

concentration: 1 mM) to replace any Cu(II) that may have been reduced in the active 

site of CcO during CuAAC. Appropriate control experiments showed that this 

additional amount of CuSO4.5H2O did not change the activity of CcO. 

 

7.6.4 Cytochrome c Oxidase Proton Pump Activity 

POPC/Bio-Beads® SM-2 methodology (Traditional methodology): 10 mL of a 

20 mM solution of POPC in CHCl3 was added to a 1 mL vial, placed under N2 and 

dried for 15 min to prepare a lipid film. Then, 200 mL of hydrating buffer [5 mM 

HEPES pH 7.1, 10 mM pyranine, 0.5 U CcO and 3.9 mM DDM] was added and the 

solution was tumbled for 2 h at rt. Afterward, the DDM was removed by incubating 

the resulting solution for 2 h with pre-washed Bio-Beads® SM-2. The corresponding 

proteoliposomes were then washed with 5 mM HEPES pH 7.1 buffer containing 10 

mM glucose, and centrifuged in a 100 kDa spin filter (6 × 5 mL). The mixture was 

subsequently added to a quartz cuvette and the CcO pump activity was directly 

measured by monitoring the fluorescence at 515 nm. Finally, 10 µL of the previously 

prepared reduced cytochrome c solution was added, and then immediately 

fluorescence scans were acquired every 30 s. Control experiments were performed 
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demonstrating that reduced cytochrome c in the presence of pyranine had no 

observable change in fluorescence without CcO proteoliposomes. 

CuAAC methodology: CcO (1.0 U) was initially exchanged with 1 mL of 

exchanging buffer [5 mM HEPES pH 7.1, 1 mM CuSO4.5H2O, 2 mM hydroquinone 

and 1 mM lysolipid 17]. The protein was then mixed with a stock solution of pyranine 

(final concentration: 35 mM) and 1 mM of oleoyl azide 16. The mixture was 

subsequently tumbled for 2 h at rt. The corresponding proteoliposomes were then 

washed with 5 mM HEPES pH 7.1 buffer containing 38 mM glucose, and centrifuged 

in a 100 kDa spin filter (6 × 3 mL). The mixture was subsequently added to a quartz 

cuvette and the CcO pump activity was directly measured by monitoring the 

fluorescence at 515 nm. Finally, 10 µL of the previously prepared reduced cytochrome 

c solution was added, and then immediately fluorescence scans were acquired every 

30 s. Control experiments were performed demonstrating that reduced cytochrome c in 

the presence of pyranine had no observable change in fluorescence without CcO 

proteoliposomes. 

 

7.6.5 MsbA Expression and Purification 

The MsbA pET19b plasmid239 was initially transformed into Rosetta™ (DE3) 

Competent Cells (Novagen) and an overnight cell culture was grown at 37 °C in 

Luria-Bertani (LB) broth, supplemented with 100 µg/mL ampicillin. This was used to 

inoculate a 4 L culture of fresh medium. Cells were grown at 37 °C until the OD600 

reached ≈ 0.6 A. MsbA overexpression was then induced by the addition of 1 mM 

IPTG. The cells grew for an additional 4 h at 37 °C, and then were harvested by 
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centrifugation at 10000 g for 10 min at 4 °C. Cell pellets were re-suspended in lysis 

buffer [50 mM HEPES pH 7.5, 150 mM NaCl, 5 mM DTT, 400 µM 17 and 1 mM 

PMSF], and passed through a French pressure cell disrupter at 1200 psi. Cell debris 

was removed by centrifugation at 15000 g for 20 min at 4 °C. The supernatant was 

incubated for 2 h at 4 °C with Ni-NTA (Ni2+-nitrilotriacetate) agarose pre-equilibrated 

with wash buffer [50 mM HEPES pH 7.5, 150 mM NaCl, 400 µM 17  and 10 mM 

imidazole]. After incubation, the resin was washed in a gravity column with 3 volumes 

of wash buffer. MsbA was eluted with elution buffer [50 mM HEPES pH 7.5, 150 mM 

NaCl, 400 µM 17 and 300 mM imidazole]. Fractions containing MsbA, as determined 

by SDS/PAGE analysis and coomassie blue staining, were pooled and washed to 

remove traces of imidazole. 

 

7.6.6 MsbA Labeling and Reconstitution into Proteoliposomes 

Purified MsbA was labeled using 10 equivalents of Alexa Fluor® 488 NHS 

Ester in 50 mM HEPES pH 8.2 buffer for 2 h at rt. The protein solution was then 

washed with 50 mM HEPES pH 7.5, 150 mM NaCl and 400 µM of compound 17 in a 

spin column. Alexa Fluor® 488 modified MsbA was diluted to a final concentration of 

0.4 µM with 50 mM HEPES pH 7.5, 150 mM NaCl, and 400 µM 17. To reconstitute 

MsbA into proteoliposomes, 100 ml of previously Alexa Fluor® 488 modified MsbA 

solubilized with 17 micelles was reacted with 400 µM of 16, 1 mM CuSO4.5H2O, and 

2 mM hydroquinone for 2 h at rt. 
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7.6.7 Cell Culture Conditions 

HeLa cells were cultured in McCoy's supplemented media with 2 mM L-

Glutamine, 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin. Cultures 

were incubated at 37 °C with 5% CO2 and 95% humidity. 

 

7.6.8 PMCA2 Purification 

HeLa cells were grown to ≈ 90% confluency and transfected with EGFP-

hPMCA2z/b plasmid,240,with Lipofectamine® 2000 following the manufacturer’s 

instructions. After 2 days, the cells were physically detached using a rubber 

policeman, and counted with the Countess® (Invitrogen), yielding ≈ 5.1x106 cells. 

Cells were then centrifuged and the supernatant discarded. Cells were kept on ice for 

the remaining procedure. Cells were then re-suspended in 1 mL of lysis buffer [20 mM 

HEPES, 100 mM NaCl, SIGMAFAST™ Protease Inhibitor Tablet, and 1 mM DTT], 

and lysed with a homogenizer or vortexing with glass beads for 10 min. The mixture 

was ultracentrifuged at 130000 g for 2 h. The supernatant was discarded and the pellet 

was placed on a magnetic stirrer with either 500 µl of solubilization buffer CuAAC [20 

mM HEPES, 100 mM NaCl, SIGMAFAST™ Protease Inhibitor Tablet, 1 mM DTT, 

10 mM imidazole and 500 µM 17] or solubilization buffer NCL [20 mM HEPES, 100 

mM NaCl, SIGMAFAST™ Protease Inhibitor Tablet, 1 mM DTT, 10 mM imidazole 

and 600 µM 19] for 6 h. The solution was left for an additional 2 h or overnight with 

Ni-NTA agarose pre-equilibrated with the corresponding solubilization buffer for 

batch binding. The resin was washed with 3 volumes of solubilization buffer via 

gravity column, and then eluted with the solubilization buffer containing 300 mM 
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imidazole. In the case of the CuAAC methodology (using compound 17 as a 

detergent), the protein needed to be washed 10 times using a spin column with 20 mM 

HEPES, 100 mM NaCl, 1 mM DTT, and 500 µM 17, to remove excess imidazole. In 

the case of the NCL methodology (using compound 19 as a detergent), no additional 

washes to remove excess imidazole were performed. 

 

7.6.9 PMCA2 Reconstitution 

CuAAC methodology: To reconstitute purified PMCA2 into CuAAC 

proteoliposomes, the micelle-solubilized protein (PMCA2-17) (final concentration of 

lysolipid 17: 500 mM) was reacted with 1 mM CuSO4.5H2O, 2.5 mM sodium L-

ascorbate and 500 µM oleoyl azide (16) for 2 h at rt. The concentration of PMCA2 

was adjusted to maximize fluorescent signal without forming protein/lipid 

aggregations as observed with microscopy. 

NCL methodology: To reconstitute purified PMCA2 into NCL 

proteoliposomes, the micelle-solubilized protein (PMCA2-19) (final concentration of 

lysolipid 19: 600 mM) was reacted with a 600 mM solution of MESNA oleoyl 

thioester (23) in the presence of 20 mM HEPES pH 7.5 buffer containing 10 mM DTT 

and 300 mM imidazole for 20 min at rt. 

 

7.6.10 Fluorescence 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 
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Evolve 512x512 EMCCD camera (Photometrics, Canada) using ZEN imaging 

software (Carl Zeiss Microscopy GmbH, Germany). Fluorophores were excited with a 

561 nm, 40 mW DPSS laser and a 488 nm, 100 mW OPSL laser. Large un-sonicated 

vesicles were chosen to highlight the fluorescent membrane stain of the proteins. 

However, the mixtures consist of a heterogeneous population of vesicles with the 

majority being small vesicles. 

 

7.6.11 Measurement of Ion Transport Across Planar Lipid Bilayers  
 

The “painting method” was used for formation of planar lipid membrane by 

dissolving phospholipid 21 in n-decane (final concentration: 10 mg mL-1). We used a 

customized Teflon® chamber with two 4 mL wells separated by a thin Teflon® film 

containing a100 µm pore. The aperture was pre-treated by a drop of 10 mg mL-1 

phospholipids 21 in n-decane and dried under vacuum before membrane formation.  

10 mM HEPES buffer containing 150 mM KCl, pH 7 with either 1 mM CaCl2 or NaCl 

were first filled into both parts of the chamber symmetrically. To check the membrane 

stability for every measurement, 80 mV was applied for 10 min before adding PMCA2 

proteoliposomes with 1 mM ATP on one side of the chamber. The solution was stirred 

using a small magnetic bar (SPIN-2, Warner Instruments) for 15-20 min. Ion transport 

across the membrane was monitored in voltage clamp mode using Ag/AgCl electrodes 

(Warner Instruments). Data was acquired by customized software connected to the 

patch clamp amplifier (Warner Instruments, 10 mV pA-1 gain and 3 kHz cutoff filter). 

When Ca2+ ions were in the solution, we observed PMCA2 ion transport activity in the 
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presence of an applied voltage. Conversely when Na+ ions were added into the 

recording media (instead of calcium ions) no channel activity was observed. 

 

7.6.12 Future Directions 
 

Membrane proteins are the key regulators of communication between cellular 

compartments, functioning primarily as receptors and transporters197. They also 

determine the distinctive architecture and adhesion properties of cells197,241. Loss of 

their function can lead to numerous disease states, including metabolic dysfunction202, 

neurodegenerative diseases203, and cardiovascular diseases,242 thus making them the 

major target of the pharmaceutical industry201. Although the proteome is comprised of 

approximately 25% membrane proteins, less than 1% have known structures in the 

Protein Data Bank.243 The lack of structural insight is one of the major challenges 

associated with the study of membrane proteins and has motivated the need to develop 

additional characterization tools. 

We have demonstrated successful transmembrane protein reconstitution using 

the CuAAC precursors; oleoyl azide 16 / alkyne lysophosphatidylcholine 17 and the 

NCL precursors; cysteine lysolipid 19 / thioester 23; however, both employ a 

lysophospholipid mimic acting as the detergent to solubilize the membrane proteins. 

This is far less than ideal considering lysophospholipids, in general, are poor 

detergents for the isolation of membrane proteins. Their cmc ranges between 4-20 µM, 

this particularly low cmc results in their intrinsic ability to make micelles before fully 

solubilizing the protein. As consequence this requires excess lysophospholipid to 

saturate the binding capacity of the protein in order to obtain micelle-solubilized 
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Figure 7.11 a) Scheme of NCL reaction between a C-18 cysteine lysophospholipid (25) and a 
C-12 DDM analogue modified with a thioester linkage (26) to produce the membrane forming 
product (27). b-c) Reconstituted A2a protein that was labeled with a 488 nm NHS-ester dye. 
The liposome was visualized in phase contrast (b) and fluorescence (c), illustrating membrane 
staining. d) Binding assay of A2a with its antagonist ZM241385 after in situ reconstitution and  
(e) in HDL particles, which is the current gold standard for activity assays. The curves show 
good agreement only differing in their EC50 by ±0.06 nM  
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protein. Furthermore, if the lysophospholipid’s head group is ionic or zwitterionic it 

has a greater potentially of denaturing a protein of interest, thereby abolishing its 

native function.   

N-dodecyl-β-D-maltoside (DDM) is a glycosidic surfactant, increasingly 

employed in transmembrane protein isolations, especially when protein activity needs 

to be preserved. It was previously demonstrated to be more efficient than CHAPS, or 

NP-40.244 Correspondingly, we designed a DDM thioester precursor to be utilized with 

the NCL methodology (Figure 7.11) to achieve high yielding protein reconstitution by 

improving both the solubilization and stability of the membrane proteins.  

 

Notes about the Chapter: 

Chapter seven, in part, is a reprint (with co-author permission) of the material 

as it appears in the publication; Cole C.M., Brea R.J., Kim Y.H., Hardy M.D., Yang 

J., Devaraj N.K. "Spontaneous Reconstitution of Functional Transmembrane Proteins 

During Bioorthogonal Phospholipid Membrane Synthesis" Angew. Chem. Int. Ed., 

2015, 54(43), 12738-12742. I would like to thank Roberto Brea, Young Hun Kim, 

Michael Hardy, Hoaxing Wu, Jerry Yang and Neal Devaraj for their invaluable 

contributions to this chapter: Roberto Brea assisted in the synthesis of the NCL 

compounds; Young Hun Kim preformed the electrophysiology experiments; Michael 

Hardy assisted in the purification of compound 16 and 17; Hoaxing Wu did the 

original CuAAC synthesis; I would like to thank Jerry Yang and Neal Devaraj for 

directing the research. The author of the dissertation is the primary author of this 

manuscript.   
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collaborator Brent Lyda for his invaluable contributions for preforming the binding 

assays of A2a and for providing aliquots of the purified A2a protein. I would also like 

to thank Roger Sunahara for his insight and consultation and Roberto Brea for helping 
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