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Abstract 

Our current scientific abilities do not allow for the synthesis of life in the laboratory. In 

order to reach this demanding goal, scientists are using cellular mimics of life to gain 

insight into the origin-of-life and the chemical complexity of biology and bioinspired 

systems. In the first part of this thesis, I characterize the behavior of prebiotically plausible 

single-chain lipids that can survive the – presumably – hostile conditions of the prebiotic 

Earth. Eventually, I aim to provide some answers towards the emergence of Darwinian 

evolution, and thus life as we know it. In the second part, I demonstrate a bioinspired 

complex chemical system that can influence the behavior of eukaryotic cells and neurons. 

This study highlights the plausibility of similar non-living cellular mimics for therapeutic 

applications. 
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Thesis Summary 

Chapter 1 mainly discusses fundamental definitions and the current status of the origins-

of-life research from a perspective of building a model protocell. The discussion 

summarizes the previous efforts and underlines critical processes and design principles.  

 

Chapter 2 is about recently discovered prebiotically plausible and bioactive 

cyclophospholipid species, which is proposed as a new model protocellular system. 

Cyclophospholipid-based protocells show unprecedented stability that are compatible with 

most prebiotic Earth conditions. 

 

Chapter 3 studies dynamic features of cyclophospholipid protocells in the presence of 

fatty acids. Admixtures feature protocell growth and division under conditions where fatty 

acids cannot function. Finally, stable and dynamic nature of cyclophospholipids bring fatty 

acids to the picture for presenting a solution to incompatibility of nucleic acid chemistry 

and protocells. 

 

Chapter 4 provides a brief conclusion to the first part of this thesis. Implications of the 

findings and future remarks on origins-of-life studies are provided. 

 

Chapter 5 is a brief introduction to cell-free synthetic biology and artificial cell 

applications.  

 

Chapter 6 presents a proof-of-concept study where artificial cells integrate with 

eukaryotic cells and influence neuronal behavior in the long-term. Bioinspired chemically 

complex systems are engineered to process external stimuli, synthesize biologically active 

macromolecules and release via pore formation upon induction.  

 

Chapter 7 is about the cell-free synthesis of mammalian neurotransmitters. A future 

guideline is outlined towards integrating genetically-coded neurotransmitter sensors and 

cell-free synthesized neurotransmitter release from artificial cells. 

 

Chapter 8 is about concluding remarks on the second part of this thesis. Impact statements 

and future directions are covered. 
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Chapter 1. 

Progress in Synthesizing Protocells 

Summary 

The traditional route to investigating biology by perturbing living systems or by 

individually purifying and characterizing component parts is giving way to more complex 

endeavors where chemists and physicists attempt to build cells from scratch. Parallel 

efforts are underway that either exploit extant biological parts or prebiotically plausible 

molecules. Both approaches help to reveal the underlying physical-chemical forces that 

give rise to cellular function and highlight the important role played by polymers in 

regulating biological chemical systems. Although the success in RNA and lipid chemistry 

has led to the reconstitution of specific facets of cellular life, our understanding of 

dynamic, dissipative networks is currently too incomplete to allow for the construction of a 

self-sustained, integrated protocell. However, the presence of shared chemistry points to a 

promising path forward. At the very least, better cellular mimics are on the horizon for 

physiological control of cells without direct genetic modification or permanent 

intervention. 

 

 

 

 

 

 

 

 

 

 

 

 

A shorter version of Chapter 1 previously appeared in the following article: 

Toparlak ÖD, Mansy SS. Progress in synthesizing protocells Exp. Biol. Med. 2019 244(4), 304–313. 

doi: 10.1177/1535370218816657  
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Background 

Advances in the understanding of the biophysics of membranes, the nonenzymatic and 

enzymatic polymerization of RNA, and in the design of complex chemical reaction 

networks has led to a new, integrated way of viewing the shared chemistry needed to 

sustain life. Although a protocell capable of Darwinian evolution has yet to be built, the 

seemingly disparate pieces are beginning to fit together. Recent years has brought a 

renewed enthusiasm to efforts at building a cell from component parts. There are 

laboratories that are attempting to decipher the prebiotic chemistry that led to life, to gain 

insight into the divide between complex chemical reactions and biological networks, and to 

engineer life-like technologies. The diversity in terminology used to describe the 

assembled chemical systems reflects the variety of approaches taken. The terms protocell, 

artificial cell, minimal cell, and synthetic cell are at times used to describe the same thing, 

and other times intended to emphasize different aspects of the assembled chemical system. 

Although examples to the contrary are encountered, below definitions of protocells and 

artificial cells are used throughout this thesis. 

 

If one would like to have an attempt to tackle the quest ‘How to reconstruct life from 

inanimate?’; the understanding of the basic dynamics and properties of life is fundamental. 

Here, a universal definition of life is not necessarily required per se for studying the 

emergence of life and its required processes1. However, the end product must be 

recognizable as alive with arguably vague yet reasonable subset of assumptions on the way 

to recognize when chemistry presents life2,3. Therefore, a prudently selected chemistry-

driven and biology-inspired definitions and explanations of diverse dynamic phenomena of 

in pre-biological world is necessary. While this thesis does not aim to define what life is, it 

extensively relates to life-like chemical systems. Therefore, to avoid any confusion, it is 

wise to clarify – albeit subjectively – what is actually meant by protocell, artificial cell, 

(proto)genome, ribozyme, phenotype and (proto)metabolism. 

 

Protocell: A basic compartmentalized minimal unit capable of self-assembly, growth and 

division based upon the processing of internal and environmental resources, which is semi-

selectively isolated from the surroundings. Although not objective, the simplest unit of 

protocell is expected to possess the capability of open-ended evolution. In an ideal 

scenario, isolation is established by single chain amphiphiles (e.g. fatty acids and 
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derivatives), that poses a significant level of dynamic behavior and selective permeability. 

In other words, a protocell must be stable and functional enough to support the prebiotic 

and pre-biological chemical reactions altogether and hold a premise gateway for 

emergence of Darwinian evolution. 

 

Artificial cell: One definition suggests biological or polymer membrane encapsulated 

minimal unit that mimics several features of living cells. In other words, a 

compartmentalized unit that can process biological and external information to generate 

biological response without putting much attention on self-sustainability criteria of 

protocells. Artificial cells usually consist of extant biological machinery; however, many 

exceptions are commonly encountered. 

 

(Proto)genome: (Traditionally) A nucleic acid-based information polymer (e.g. RNA) that 

is able to store information possibly for a specific catalysis step or influence the emergent 

function (e.g. ligase, polymerase, acylase etc.) within a protocell. Proto-genome can be 

considered as a part of a genotype if and only if the polynucleotide sequence is directly 

linked to phenotype and capable of inheritance. In other words, a kind of oligonucleotide 

that does not possess a function – a.k.a. parasitic sequence – does not qualify as a genome. 

A unique nucleic acid-peptide conjugate still qualifies as proto-genome, akin to modern 

day ribosomes. Finally, it is commonly acknowledged that ribose-based oligomer 

backbone may not be the ultimate chemical structure for the earliest nucleic acid polymers.  

 

Ribozyme: Along the similar lines to the (proto)genome definition, a ribozyme is defined 

as a polymer of nucleic acid (either canonical or non-canonical) that has a particular 

secondary structure possessing a unique catalytic activity. According to the RNA World 

hypothesis4, ribozymes are among the first class of biological polymers that populated the 

prebiotic Earth, mainly because ribozymes can store heritable information and possess 

catalytic activity for self-sustained replication. However, no particular ribozyme sequence 

has been identified so-far that is capable of self-sustained self-polymerization activity to 

populate within the protocell. 

 

Phenotype: An observable trait of a protocell as a result of particular genotype. Phenotype 

can be influenced by environmental selection pressures. Due to possible heavy influence of 

prebiotic chemistry on a protocell at early stages of life-like systems, a phenotype should 
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dictate genotype-phenotype relationship inferred for the emergent function. A secure 

propagation of information along with inner chemical reaction networks into the next 

generations is one of the hallmarks of life as we know it. To this end, some form of 

rudimentary reaction networks presumably coupled to (proto)genome and 

(proto)metabolism is a prerequisite. 

 

(Proto)metabolism: A sum of chemical reaction networks that operates in a dissipative 

manner or operates out-of-equilibrium. A network may consist of both thermodynamically 

favorable and unfavorable steps, among all possible combinations. The linear or cyclic 

nature of the network should preferably be driven and influenced by the presence of 

(primitive) catalysts that resembles to the schemes we find in extant biology (i.e. phosphate 

and/or thioester centric metabolism). Regardless of the condition whether protocellular 

systems could exploit the network by linking its genotype or not, the proto-metabolism is 

naturally expected to be influenced by prebiotic chemistry and catalysis on the prebiotic 

Earth. For example, metallopeptides can be used for catalysis, which are defined as any 

kind of pattern of short chain polypeptide capable of forming stable and dynamic complex 

with metal ions. Demonstrating direct evidence from extant enzymes, metallopeptides can 

be considered as proto-enzyme units, as a merely explained missing link in our 

understanding of catalytic cycles and emergence of life.5 

 

The above definitions mainly concern the design and conceptualization of a subjective 

ideal laboratory model of life. However, as cited throughout this thesis, taking pieces of 

components parts from extant biology and reassembling back in a coherent way also holds 

a great promise according to many research scientists around the world. Aforementioned 

concepts are easily adaptable for determining the degree of aliveness in artificial cells. The 

interpretation is left for the reader. To being with, we would like to deconstruct the grand 

engineering problem – to synthesize life – into four major parts: (1) Compartment, (2) 

Information, (3) Metabolism, (4) Integration. 

1. Introduction 

The most straightforward approach to synthesizing a model protocell (Fig. 1.1) is to focus 

on developing a self-assembled, minimal unit capable of Darwinian evolution6. As extant 

biology is the product of billions of years of evolution, the mechanisms exploited by living 

cells are quite complex in comparison to the physicochemical laws that drive the system. 
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Therefore, in addition to being of greater prebiotic relevance, mechanisms that do not rely 

on biological machinery are at times easier to implement. However, the difficulty is that 

abiotic mechanisms proceed unregulated, which is in stark contrast to how enzymatically 

controlled biological networks function7. Moreover, the dynamics of the abiotic 

mechanisms that protocells depend on for survival tend to decrease the robustness of the 

overall system. Therefore, one is often left trying to balance chemical spontaneity with 

robustness so that the protocell can persist through fluctuating conditions. Presumably at 

some point, the complexity of the system would reach a level where abiotically 

implausible polymers would be required to coordinate the activities inside of the protocell. 

We have yet to determine where that boundary lies. 

 

Fig. 1.1. Schematic of one conception of a hypothetical protocell. A chemical reaction network 

within a lipid vesicle acquires nutrients that lead to the copying of nucleic acids and the synthesis of 

peptides and lipids. Here, the internal chemistry of the protocell supports membrane growth by 

synthesizing lipid. Membrane growth then leads to the division of unstable intermediate structures 

through environmental shear forces. One of the driving force leading to vesicle division may be rapid 

difference in surface-to-volume ratio, akin to extant biology. Reactive monomeric building blocks 

(nucleic acids, amino acids and metabolites) and reaction by-products, i.e. waste, passively diffuse 

across the membrane. Ideally, an internal protometabolic network would sustain the protocell across 

many generations. 
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Traditionally, protocells are envisioned as short-chain fatty acid vesicles containing 

catalytic RNA molecules. This implies that the RNA molecules are tied in some way to the 

maintenance of the vesicle. Although the presence of nucleic acids does affect the 

dynamics of some encapsulated chemical systems, as discussed below, strands of nucleic 

acids alone do not constitute a functioning genome any more than polymers of amino acids 

or sugars. Some type of supporting architecture is necessary to implement the instructions 

encoded within the nucleic acid polymers in a way that allows the (proto)cell to defy 

thermodynamic equilibrium long enough to propagate. To do so, early cell-like systems 

presumably made use of a rudimentary form of metabolism. It seems likely that these early 

protocells contained a heterogenous mixture of molecules, including RNA, peptides, metal 

ions, lipids, plus additional components. Although life could have begun with molecules 

that are no longer exploited by living cells today8, emphasis is usually placed on molecules 

that have a connection to extant living systems. For example, coacervate-based and 

proteinosome-based cell-like systems9–12 have been constructed, but lipid-based systems 

have been more extensively investigated because lipid vesicles better resemble life as we 

know it. 

2. Compartmentalization 

2.1. Protocell Stability 

A major problem facing our understanding of how protocells could have emerged is the 

identification of prebiotically plausible lipids that form robust vesicles capable of surviving 

the environments of the early Earth. Typically, mixtures of fatty acids, fatty alcohols, and 

the glycerol monoesters of fatty acids, i.e. monoglycerides, have been used to construct 

model compositions of protocellular membranes2,13. This is, in part, because RNA 

molecules retain their activity within fatty acid-based model protocells14,15, and such 

protocells can grow, divide16–18, and acquire nutrients from the environment19,20. Fatty 

acids are found in carbonaceous meteorites21 and are abiotically synthesized22. However, 

fatty acid vesicles are unstable; they only form over a narrow range of pH23,24, and rapidly 

disassemble in the presence of low concentrations of divalent cations15,25 and precipitate at 

the concentration of monovalent cations typically found in the environment25–27. 

Admixtures with fatty alcohol or glycerol monoesters of fatty acid increase stability to 

more alkaline conditions but do not sufficiently increase stability to cations15,23,25. Such 

characteristics appear at odds with the conditions of the early Earth and greatly limit the 
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regions where the Earth's first cells could have emerged. Therefore, the identification of 

prebiotically plausible membrane compositions that can withstand a wide variety of 

chemical conditions, including the concentrations of metal ions necessary for the folding 

and activity of biomolecules, would be advantageous. 

2.2. Protocell Dynamics 

Membranes made from biological lipids are dynamically restricted, kinetically trapped 

structures, which are compensated for in biological systems by the incorporation of up to 

half protein in membrane composition. Controlling the cellular processes inside biological 

vesicles is largely dependent on genetically regulated protein synthesis and prebiotically 

unreasonable. It is, therefore, perhaps unsurprising that more progress has been made with 

vesicles composed of model prebiotic lipids than with the phospholipids found in 

biological membranes (Fig. 1.2a). Taken to be a mixture of monoacyl amphiphiles with 

either a carboxylate, i.e. fatty acid, or alcohol head group, such lipids can be synthesized 

by spark discharge28 or Fischer-Tropsch reactions at high temperature with metal 

catalysts29,30, are found in carbonaceous meteorites31, and can form vesicles with a lipid 

bilayer morphologically similar to membranes made of biological phospholipids17,32. 

Recent work suggests that more biologically relevant phospholipids could have formed on 

the prebiotic Earth33–35; however, corroborating evidence from carbonaceous meteorites is 

not available. The supramolecular structures formed from fatty acids are less stable than 

the aggregates formed by their diacyl counterparts36, exhibiting a much greater range of 

dynamics. The increased dynamics allow for activity that otherwise would require the 

intervention of proteins. Lipids can twist, turn, laterally diffuse, flip between leaflets, and 

escape into solution (Fig. 1.2b). All of these phenomena are several orders of magnitude 

faster with fatty acids than with diacyl phospholipids36–39. 
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Fig. 1.2. The lipids and lipid dynamics of protocellular membranes. a) From top to bottom, the 

structures of model prebiotic lipids are decanoic acid (left) and decanol (right), glycerol monoester of 

decanoate, and cyclic-lyso-phosphodecanoic acid. The last three structures are di-decanoyl phosphatidic 

acid (not prebiotic but shown for reference), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 

and cholesterol. POPC and cholesterol are common biological lipids found in cellular membranes, 

thereby used in model membrane compositions, as well as artificial cells. b) Above the critical 

aggregate concentration (CAC), fatty acids exist in equilibrium between free monomers, micelles 

(green), and various lipid aggregates (purple), including vesicles with bilayer membranes. Lipid 

monomers can be exchanged between different aggregate structures, flip between leaflets (blue), and 

laterally diffuse (yellow). The dynamic nature of the bilayer may lead to the formation of transient 

pores. Micelles can incorporate into pre-existing vesicles, leading to a net growth in volume and surface 

and surface area (green). Likewise, the presence of diacyl phospholipids (brown) leads to vesicle 

growth through the net accumulation of fatty acid (orange) by decreasing the desorption rate of fatty 

acids from the membrane. 

Much of the differences in lipid dynamics can be explained by considering the packing of 

the hydrophobic regions of the membrane. Increased packing leads to greater van der 

Waals interactions, and thus decreased dynamics. The dynamic nature of fatty acids allow 

growth37, division18, and the acquisition of nutrients19,40,41, all in the absence of proteins. 

Importantly, heterogenous mixtures of monoacyl lipids, such as those that would likely 

arise from non-enzymatic, prebiotic synthesis, give vesicles more amenable to a 

protocellular life cycle42. Heterogeneity in the length of the hydrocarbon chain promotes 

the self-assembly of vesicles43,44. Moreover, heterogeneity of polar head-groups can lead to 

increased stability24,25,45–47 and permeability19,41 (for a summary on kinetics see Table 1.1.). 
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Lipid dynamics also enable competition between fatty acid-based vesicles in a way that 

would be difficult to achieve with diacyl phospholipids alone. Osmotic pressure generated 

by plausible levels of encapsulated RNA, for example, drive vesicle growth at the expense 

of empty vesicles16. Lipid exchange between the two populations of vesicles, i.e. RNA 

containing and empty vesicles, occurs because the energetic barrier for fatty acids to enter 

aqueous solution from a membrane is low36. Therefore, the unfavourable surface area to 

volume ratio of osmotically swollen vesicles can be reduced through the incorporation of 

fatty acids that are in equilibrium between different membranes. The implication then is 

that the activity of an encapsulated RNA polymerase would induce growth by increasing 

the concentration of RNA and thus the osmotic pressure on the vesicle. Such a mechanism 

could also lead to the division of multilamellar vesicles under environmentally reasonable 

conditions, since the shape changes that arise from concentration gradients across the 

membranes lead to the formation of fragile thread-like structures that break apart into 

daughter vesicles upon agitation18,48,49. 

 

Diacyl phospholipids cannot contribute to the alleviation of osmotic stress in the way that 

fatty acids can36. However, the presence of even small amounts of diacyl phospholipids 

significantly impacts the dynamics of fatty acids50–52. The slower desorption rates of fatty 

acids from membranes containing diacyl phospholipids skews the exchange of fatty acids 

between different membranes39,53–55. These altered kinetics, plus entropic effects, result in 

the net growth of diacyl phospholipid containing vesicles. Therefore, multiple 

mechanisms, including the replication of nucleic acids and the synthesis of diacyl lipids, 

exist that could give rise to competition between protocells52. Since cholesterol increases 

the packing of membranes and decreases the permeability of membranes to solutes40,56, it 

would be insightful to determine if polyaromatic hydrocarbons (PAH), which have been 

hypothesized to play a role in the origins of life43,57,58, similarly impact the lipid exchange 

kinetics between vesicles. 

 

Increased lipid dynamics are not without disadvantages. Fatty acid vesicles are sensitive to 

low pH23 and to the ionic strength of the solution27, in particular to the presence of divalent 

cations15. Intuitively then, the addition of diacyl phospholipid would be expected to 

increase the stability of fatty acid vesicles. In fact, only 10 mol% of diacyl phospholipid 

decreases the critical aggregate concentration (CAC) of oleate vesicles50,52 and increases 

the stability of vesicles to Mg2+ 50.  
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Condition v. Effect: CMC or CAC Permeability Growth Lipid exchange 

Increased alkyl chain length ↓ 44,59 ↓ 19 ↓ 52 ↓ 49 

Increased head group size ↑↓ [1]59 ↑ 19 [2] [2] 

Degree of unsaturation ↑ 60 ↑ 19 ↑ 49 ↑ 19 

Presence of diacyl chain ↓[3]51,52 ↓ 51,52 ↑ 51,52 ↓ 38,39 

Effect of cholesterol ↓ N/A [4] ↑↓ 39 N/A [4] [4]39,61 

Presence of metal ions ↑↓[5]59 ↑ 41 ↓ à [6]62,63 ↓ [6]15 

 

Table 1.1. Summary on protocellular amphiphile kinetics. 

[1] The CAC is dependent on both internal and external H–bond sources and membrane curvature, e.g. 

CMC of PA is higher than PC or PE. [2] To our knowledge, systematic experiments have not been 

performed in monoacyl lipids for monomer exchange and aggregate induced vesicle growth 

experiments. [3] Expected/predicted result from indirect experimental data. [4] Cholesterol is known to 

influence membrane permeability and lipid exchange rates, below phase transition temperature slowing 

down and above transition temperature vice versa. [5] In the presence of divalent metal ions e.g. Ca2+, 

the CAC is lowered. Monovalent salts does not seem to have significant effect except induction of 

precipitation at extreme concentrations 27. [6] Fatty acids and lyso-lipids are forming precipitates and 

crystals even at low [Mg2+] or [Ca2+] (2 mM and 0.5 mM respectively); hence, we cannot talk about 

lipid dynamics unless in the presence of chelating agents, e.g. citrate. Whereas, monovalent salt 

concentrations do not affect the vesicles below 150 mM. 

Stability to Mg2+ is important as many chemical mechanisms, such as the polymerization 

of nucleic acids51, are facilitated by the neutralizing and catalytic effects of Mg2+. Taken 

together, the data suggest that if a prebiotic catalyst emerged that enabled the synthesis of 

diacyl lipids, then vesicles containing such a catalyst would have a selective advantage due 

to at least two factors. Such vesicles would display increased stability to the effects of 

divalent cations and would be capable of preferential growth over vesicles lacking diacyl 

lipids, as described above. Although monoacyl glycerol esters of fatty acids increase the 

stability of fatty acid vesicles to Mg2+ by 2–3 fold15,23, these monoglycerides would not be 

expected to mediate selective growth because of decreased acyl chain packing within the 

membrane19. 
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The presence of diacyl phospholipids could have accelerated the emergence of more 

complex polypeptides. The decreased permeability of diacyl phospholipids would be 

expected to decrease the ability of protocells to passively acquire nutrients52. As some 

chemical exchange across membranes is necessary, decreased permeability would have put 

a selective pressure on the system to develop transport machinery, unless alternative 

mechanisms, such as the formation of defects and pores arising from freeze-thawing64 and 

macromolecular crowding65, were available. Nevertheless, highly impermeable membranes 

are advantageous to a (proto)cell, since impermeability allows for the exploitation of 

concentration gradients to drive thermodynamically unfavorable but necessary 

(proto)cellular processes66. It is also possible that diacyl phospholipids aided the 

emergence of soluble peptide enzymes in addition to peptides localized to the membrane.  

3. Information 

3.1. Prebiotic RNA Polymerization 

Initially conceptualized by Woese, Crick and Orgel67–6968, RNA is conceived as a central 

player in the origin of genetic code and biological catalysis. However, the problem is, 

spontaneous nonenzymatic polymerization of nucleotides does not take place since 5’ 

phosphate is a poor leaving group at alkaline pH. Therefore, Orgel et al. proposed 

phosphorimidazolide activated nucleotides as prebiotically plausible analogues of 

canonical 5’-phosphorylated nucleotides in nonenzymatic polymerization reaction with 

faster ligation rates (Fig. 1.3a)70. By using readily available template, primer extension 

reactions on these activated ribose (3’OH-) and amino-based (3’NH2-) nucleotides were 

shown to occur fast enough with superior nucleophilicity to create a pool of oligomers on a 

scale of hours to days19,71,72. Although the activation chemistry seemed to overcome 

fundamental issues in nonenzymatic polymerization, there were still many other hurdles to 

overcome73,74.  

 

Prebiotically plausible routes to imidazole activated nucleotides have been proposed via 

cyanogen chloride75 and methyl isocyanide76,77 assisted synthesis. Instead, what still 

puzzles the scientists is the random or near spontaneous oligomerization to obtain a primer 

template as starting material. Montmorillonite clay catalyzed RNA oligomerization 

provides a plausible route for de novo template generation; however, covalently linked 

RNA dissociation from the mineral surface remains unanswered78. Eutectic ice mediated 
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oligomerization was also proposed as another assembly mechanism, but the extreme low 

temperatures seem to be incompatible with RNA encapsulation by protocells79,80. Having 

said that, nonenzymatic RNA polymerization with activation chemistry can be further 

enhanced by the concentrating effects of eutectic ice phases81. Conveniently, proposed 

water-ice protocellular medium is also compatible with the assembly and selection of 

active ribozymes80,82.  

 

In addition to above proposals, rather unconventional nucleoside activation and 

oligomerization chemistry mediated by diamidophosphate (DAP) opened up a new 

horizon33. DAP, along with prebiotically plausible starting materials (e.g. nucleosides, fatty 

acids, glycerol, and a-amino acids) generated short oligonucleotides, single chain 

phospholipids and polypeptides. Potential substrates for primer extension and ligation 

reactions were synthesized with DAP, joining all three tenets of extant biology, 

nucleotides, peptides and lipids. Although its prebiotic availability was questionable – 

DAP previously shown to emerge from the ammonolysis of metatriphosphate83,84 – DAP-

oriented phosphorylation gained more strength as the recent evidence suggests this unique 

nitrogenous phosphate molecule can be derived from mineral surface85. Nevertheless now, 

it is necessary to evaluate the compatibility of DAP-mediated reactions with UV-driven 

‘cyano-sulfidic’ surface chemistry compatibility on prebiotic Earth. While keeping the 

major focus on conditions favoring polymerization over degradation, it should be 

emphasized that recycling degradative processes are important for cellular and prebiotic 

chemistry as well86. 

 

One central problem in nonenzymatic RNA polymerization is the lack of strong 

regioselectivity. Unnatural linkage of 2’–5’ instead of 3’–5’ dilutes the functionality as 

well as altering the short-term stability of the polymer. Despite the initial presumed 

limitations, 2’–5’ linkage seems to be a selectivity factor for stable backbones against 

hydrolysis and decrease the Tm of the RNA duplex significantly. Such linkage is tolerated 

up to 25% retaining the functional activity of the RNA polymer87. The current hypothesis 

stands for gradual enrichment of 3’–5’ linkages by protection, given chemoselective 

acylation of hydroxyl at 2’–5’ position88.  

 

Although 2’–5’ linkage initially overcomes the long-lasting strand separation problem, the 

problem strikes back with the subsequent polymerization cycles and enrichment of 3’–5’ 
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linkage along with low fidelity of polymerization78. Intervening with base-pairing below 

pH 4.5 by protonation of nitrogenous bases has been recently proposed as an alternative 

mechanism to overcome the strand-separation problem89. However, one practical issue 

here is the incompatibility of protocells with acidic pH and from theoretical perspective, 

the lack of strong prebiotic evidence for highly acidic medium90,91. Alternatively, the use 

of random hexamers to interfere with strand annealing gained significant attention, mainly 

because it can be easily coupled to protocell growth and division and referral to ‘crude’ 

RNA mixtures due to incomplete nonenzymatic polymerization92. 

 

However, RNA duplex annealing rates were still much faster than polymerization rates and 

the problem seemd to be more pronounced at high RNA concentrations due to domination 

by second order kinetics, akin to PCR product inhibition. Therefore, the invasion of a long 

primer would not be a plausible option. However, the use of downstream helper trimers by 

spatially restricting the base pairing space (Fig. 1.3b)41,93–95 and catalysis rate 

improvements by using 2-aminoimidazole activating group instead of methylimidazole96 

were among two recent advancements. Near the pKa value of the activated leaving group, 

the positive charge was generated at moderate pH values, so the polymerization efficiency 

was increased. Recent elucidation of mechanistic details of the reaction – by forming 5’–5’ 

imidazolium bridge97,98 –  provides an insight towards better integrated systems to enhance 

the subsequent base addition. However, for addressing the problem of dead-end RNA 

polymerization products with high concentrations, clearly creative thinking and perhaps 

peptide-integrated systems are required, akin to extant helicases. 

 

Similarly, RNA polymerization cannot outcompete RNA hydrolysis in alkaline buffers 

with high divalent salt concentrations. In order to protect RNA from degradation, a 

biological chelating agent citrate was proposed20. The advantage is, citrate also protects 

fatty-acid-based protocells from forming insoluble aggregates with millimolar levels of 

Mg2+ ions. However, it is prebiotically unrealistic to find citrate at such high 

concentrations (>200 mM); therefore, a satisfactory explanation to this problem still 

required. 

 

Finally, based on in vitro selection studies, emergence of a functional RNA fold seems to 

be a rather rare event99, approximately 1 in 1010. How such a long RNA polymer can arise 

and can be selected within the protocell remains unknown. Here right at his point, the 
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fidelity of the polymerization may also seem to be a problem when it comes to all 4 

nucleotides, as well as G.U wobble base pair. Incorporation of thiouracil may seem to 

overcome this problem for now, though explanations of sulfur to oxygen exchange is still 

unexplained78. 

 

Fig. 1.3. Brief overview for prebiotic nucleic acids and nonenzymatic polymerization. a) Chemical 

structures of nucleic acid building blocks. Red indicates the nucleobases, blue indicates the sugar 

backbone, green indicates prebiotically plausible activating groups for nonenzymatic polymerization. 

b) Peptide nucleic acid (PNA) backbone as sugar-phosphate alternative. Adapted from ref. 82. c) 

Cartoon reaction scheme for template-directed nonenzymatic RNA synthesis via activated 

ribonucleotide monomers and oligonucleotide helpers. d) Proposed Mg2+ dependent reaction 

mechanism of nonenzymatic polymerization, requiring covalently linked 5’-5-imidazolium-bridged 

activated monomers, e) after primer extension by one nucleotide. Reaction scheme (c), is adapted from 

a recent review100. 
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Given the prebiotic plausibility and availability of both nucleic acid monomers and short 

oligomers, one can envision a protocellular system adopting the activated nucleotide 

chemistry from bottom up. Without denial of such an idea would have been a great leap 

towards chemical complexity and likely to lay the foundation for emergence of first 

genotype-phenotype linkage within the protocell, there are still challenges ahead. Recent 

findings of in-ice evolution of long RNA folds for catalytic activity from short plausible 

pieces80,82, a novel sequence templating model using hexameric entry site of RNA 

polymerase ribozyme (RPR) resembling to Shine-Delgarno sequence in prokaryotes and 

RPR-peptide cooperation with low cation requirements101 opened possibilities for superior 

control over the (proto)genome101. In fact, one can imagine small changes may give rise to 

adaptive phenotypes with extended catalytic space; hence, evolution of ribozymes by 

integrated chemistry is making RNA-peptide world hypothesis stronger102. To this end, 

repurposing existing RNA folds and catalytic reaction space hold a promise, for example 

self-sustaining RNA ligases103,104, peptidyl-transferases105 aminoacylases106, nucleotide 

triphosphorylases74, preferably in the presence of short peptides and transfer RNA mimicry 

ribozymes107,108. 

3.2. Nucleic Acids and Peptides 

The prebiotic synthesis of the building blocks of both nucleic acids and peptides has been 

successful enough to indicate that nucleosides and amino acids were likely present on the 

prebiotic Earth34,109–112. Since the early work of Miller, Urey, and Oró, the central role of 

cyanide-based chemistry in prebiotically producing the molecules of life has been clear113. 

Importantly, the products of these prebiotic syntheses mirror what has been found in 

carbonaceous meteorites114. The molecules of life tend to be photostable115–117, and UV–

light appears to be important for the prebiotic synthesis of pyrimidines118,119 and inorganic 

cofactors of proteins120. Together with other environmental forces, UV–light seem to have 

played a critical role in the availability of molecules on the prebiotic Earth towards purine 

synthesis121–123. Of course, factors other than photostability must have been important as 

well. For example, a large number of presumably photostable amino acids not found in 

biology have been identified in meteorites124, suggesting that only a subset of the potential 

building blocks of life were selected125,126. Nevertheless, caveats to these theories exist. 

Some argue that there existed an original restricted set of amino acids, for example, that 

were later supplemented by cellular activity127. It is also possible that the first polymers 

from which modern-day polymers evolved from were chemically distinct from extant 
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biopolymers8,128. In other words, the original building blocks may not have resembled 

extant amino acids or nucleotides. Given the long-standing unexplained prebiotic syntheses 

of ribose-based nucleotides, scientists then considered there could have been transition 

steps in a pre-RNA world129. To name few, 4-carbon sugar backbone in TNA (α-L-

threofuranosylnucleic acid)130 and PNA (peptide-nucleic acids)131 gained significant 

attention (Fig. 1.3), though the link between RNA-based polymers and such preceding 

polymers is a mystery. The presumption was that a gradual RNA take over took place130. 

In general, the information storage in nucleic acids is rather a straightforward task, even a 

binary system would have done a decent job instead of 4 canonical bases132. Yet, catalytic 

activities of TNAs are limited because of the backbone rigidity and folding geometry. 

 

What has been more difficult to assess is how the individual building blocks could have 

polymerized into nucleic acids and polypeptides simultaneously. Some success has been 

achieved in pushing these dehydration reactions forward through cycles of drying through 

heating followed by wetting133,134. The presence of lipids facilitates the synthesis of RNA 

from mononucleotides, presumably by arranging and condensing the nucleotides between 

the lamellae of lipid membranes during drying135,136. Recently, the formation of peptides 

was found to be facilitated by the presence of α-hydroxy acids during such dry/wet 

cycles137,138. However, a significant problem emerges at temperatures above 65 °C, where 

hydrolysis effectively competes with polymerization139, thereby leading to the production 

of short, scrambled sequences134. Although such instability may have selected for folded 

sequences more resistant to degradation133, other paths towards biological-like polymers 

that do not rely on heating are possible. 

 

In biology, polymers are synthesized from activated monomers. Life exploits activation 

chemistry with high energy barriers so that the chemistry of the cell can be regulated by 

enzymes. In the absence of such catalysts, activation chemistry would be needed so that 

spontaneous polymerization rates in aqueous solution surpasses hydrolysis rates. Examples 

of such phenomena include the carbonyl sulfide chemistry described by Ghadiri and 

colleagues for the polymerization of amino acids140, the reactions of imidazole activated 

nucleotides to support the template directed synthesis of nucleic acids70,96,141 (Fig. 1.3), and 

diamidophosphate (DAP) mediated chemistry, which leads to the formation of 

polypeptides, oligonucleotides, and phospholipids33. Carbonyl sulfide was found in the 
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atmosphere and is emitted from volcanoes and DAP was recently shown to be obtained by 

chemical processing of minerals, thereby considered prebiotically plausible. 

 

A central tenet of the RNA World hypothesis is that at some point catalytic RNA 

molecules arose through non-enzymatic means that were capable of copying of RNA, i.e. 

there was once an RNA-dependent RNA polymerase ribozyme or replicase. However, the 

search for such a polymer has been quite difficult. After the initial report of class I RNA 

ligase ribozyme by Bartel and Szostak in 1993142, it took almost two decades to improve 

the RNA polymerase ribozyme143 to the point that ~95 nucleotides could be copied, 

enough to generate an active hammerhead ribozyme144. However, the processivity was not 

enough to synthesize another active RNA polymerase ribozyme (~200 nucleotides in 

length). The successful selection of cross chiral RNA polymerase ribozymes demonstrates 

that RNA molecules that exploit more tertiary interactions as opposed to direct base-

pairing decreases nucleotide bias104 and further suggests that at least some of the 

difficulties encountered in identifying more processive RNA polymerase ribozymes stems 

from the limitations of current selection technologies145. 

 

Or perhaps the difficulty in developing RNA polymerase ribozymes reflects a too stringent 

interpretation of the RNA World. The ribosome may be a ribozyme110,146–148 but this 

enzyme still largely depends on the presence of peptides for activity. In other words, if 

prebiotic chemistry gave rise to both RNA and peptides34, then it is logical to assume that 

both worked together cooperatively. In fact, all that is needed to aminoacylate RNA, a key 

step in the RNA-guided biosynthesis of peptides, are short oligomers ranging between 5-45 

nucleotides107,108,149,150. Additionally, codon length trimer oligonucleotides facilitate both 

nonenzymatic94 and ribozyme-mediated copying of RNA151. This type of reasoning led 

Holliger and colleagues to explore the influence of basic peptides on the activity of RNA 

polymerase ribozymes. The peptides decreased the dependence on Mg2+ down to 

concentrations that were compatible with fatty acid vesicles101.  

4. Metabolism 

Some sort of metabolic activity is needed to maintain the low entropy, out of equilibrium 

state of a living cell152. To do so, biology couples thermodynamically favorable reactions 

to the unfavorable chemistry needed to maintain the cell. Although there is no a priori 

reason why life must begin with a network of chemical reactions that resembles what is 
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found in biology today, the universality of central metabolism has often been interpreted to 

indicate that extant-like metabolic chemistry was present on the early Earth before there 

was life153,154. However, while the plausibility of individual reactions occurring on the 

prebiotic Earth is high, it is much less clear if entire metabolic-like cycles could have 

existed155. Nevertheless, model prebiotic versions of glycolysis156–158, the Wood-Ljungdahl 

pathway159, and the citric acid cycle160–163 have been constructed in the laboratory. In each 

case, activity was dependent upon the presence of metals, either in elemental, mineral, or 

hydrated ionic form. This dependence on metals is not surprising since extant metabolism 

is completely reliant on the activity of metalloproteins in which the metallocofactor itself is 

largely responsible for the catalysis164. 

 

Fig. 1.4. Transition towards a functional protocell. A subset of complex prebiotic chemistry gave rise 

to protocells. Here, the process is envisaged to have proceeded in a fashion where nucleic acids were 

deeply integrated with peptides, and metabolism-like chemistry to generate a cell-like network from the 

beginning. That is, systems did not generally evolve separately and later merge. Iterative cycles of 

growth, fusion, and division ultimately led to competition between protocells sustained by some type of 

dissipative chemical (proto)metabolism. 

4.1. Prebiotic Catalysis 

The point of metabolism is generally not to produce specific molecules. For example, ATP 

alone does not drive a reaction better than any other molecule in the absence of coupling 

chemistry. Instead, dissipative reaction networks are harnessed to maintain the far-from-

equilibrium state of the cell. Early attempts at building chemical models of dissipative 
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systems have focused on reproducing one of the hallmarks of out-of-equilibrium biological 

networks, such as oscillatory behavior. Proof-of-principle reactions have been 

demonstrated with small molecules165, nucleic acids166–170, and protein enzymes171–173. 

More recently, a network of organic reactions dependent upon thiol and amide chemistry 

gave rise to oscillatory behavior in the absence of enzymatic activity174. Nevertheless, 

these conceptually important papers do not describe chemistry that is directly tied to the 

fitness of a protocell or to a chemical reaction network. To this end, dynamic reaction 

networks175,176 were developed that lead to the replication or persistence of peptides or 

peptide-derived structures177–179 and vesicles180–183. However, thus far, all of the developed 

systems are far from functioning as a metabolic network capable of supporting a cell, in 

part, because metabolism addresses multiple cellular needs at once. To use a real-world 

example, it is as if the different wheels of a car are not only spinning independently but not 

even touching the ground.  

 

Another obvious problem with nearly all of these dissipative systems is that each system is 

highly contrived. Prebiotically implausible conditions are used and often times precise 

mixing within a microfluidic device is required. This is because no molecular component 

is present to govern the myriad of chemical reactions. Natural living systems have 

enzymes that not only catalyze reactions but do so in a manner that is responsive to the 

needs of the cell, as recognized by Oparin nearly a century ago7. It remains challenging to 

understand how a dissipative, combinatorial system could give rise to a network of 

polypeptides and nucleic acids that exhibit interdependent enzyme-like activity that 

sustains a protocell. However, the barrier to the development of the regulators of 

protometabolism, i.e. enzymes, may not be as high as imagined. For example, dipeptides 

can display catalytic activity184–188 and can selectively coordinate the types of metal ions 

that are important for enzymatic catalysis120,189. Therefore, it seems likely that short, 

catalytically active (metallo)peptides existed on the prebiotic Earth. Since short peptides 

can self-assemble190–192 and bioinformatic analyses suggest that ancient peptide motifs 

exist within modern day proteins193, it may be that ancient hetero-complexes of peptides 

displayed activity more akin to an enzyme than just a simple catalyst. Polymerization of 

the peptides within the aggregate into longer protein-like structures may have then 

improved activity194. But without a supporting genetic system, the utility of this new 

enzyme-like polymer would be limited. And again, systems need to be integrated, we now 

have begun to hypothesize how all subsystems could co-evolve together (Fig. 1.4). 
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5. Integration and Replication 

Compartments are thought and demonstrated14 to be important to systems of replicating 

RNA to protect against take over from parasitic sequences, i.e. easily copied RNA 

sequences that do not provide a selective advantage to the system6,195,196. This protection 

does not, however, remove the ability of RNA molecules to compete against each other 

since efficient RNA replicators should outcompete less efficient replicators through the 

selective growth and division16 of the vesicle, as described above. A catalyst engaged in 

the synthesis of diacyl phospholipids would similarly help the catalyst-vesicle system 

outcompete other vesicles that lacked such a catalyst52. However, these important mutually 

beneficial links between RNA and vesicles have not been adequately demonstrated 

experimentally, because the necessary ribozymes either have not been identified or are too 

inefficient. Remarkably so far, the non-enzymatic copying of oligonucleotides19,41, the 

reconstitution15 and prebiotic control of hammerhead ribozyme activity197 were all 

performed inside fatty acid vesicles. Even an RNA polymerase ribozyme copied an RNA 

template within phospholipid vesicles101. However, none of these systems truly disrupt 

equilibria enough to lead to vesicle growth and division or lead to adaptation to 

environment. The fact is, all systems outlined above fail to keep the protocell in the 

‘aliveness’ state, in other words, far-from-equilibrium. Clearly, without an intimate 

connection between RNA and vesicle chemistry, assembled models of protocells will 

continue to function as a composite of separate systems as opposed to an integrated, life-

like system where the genotype directly affects a selectable phenotype. 

 

One of the greatest limitations in above integrative approaches is the lack of nucleic acid–

peptide cooperativity, akin to extant ribosomes. The efforts to define protometabolism 

requires integration too and must directly support the maintenance of the cell. At the very 

least, efforts should be expanded to bring nucleic acids and peptides closer198. One path 

forward could be to focus on the shared chemistry that is used to mediate the different 

dissipative systems developed thus far. Recently, the Sutherland88,199 and Richert 

groups102,200 have examined acylation in prebiotic context, demonstrating compatibility of 

nucleic acids and peptide polymerization. The intriguing fact is rather than isolated 

systems, origin of polypeptide synthesis seem to lie right at the heart of prebiotic chemistry 

and potentially origin of biological catalysis106,201. To this end, origin of genetic code 
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studies151 concerning RNA polymerization and ligation would have been crucial to 

understand how triplet codons and peptides can integrate with each other.  

 

Coexistence of fatty acids and phospholipids could have accelerated the emergence of 

more complex and integrated systems. The emergence of a peptide-based heritable catalyst 

could have kick-started arms-race towards synthesis of diacyl phospholipids. As outlined 

above, synthesis of diacyl lipids have multiple fundamental advantages. However, there is 

no such catalyst defined to this date. Inspiring from extant biology, thioester-based 

activation chemistry would have yield different insights. Given the fact that thioesters have 

long been hypothesized to be important for the origins of life202,203, and the photochemistry 

of thiols can be coupled to the replication of protocells48. Therefore, thiol (or thioester)-

based dynamic networks hold a great promise towards integration of catalytic cycles inside 

functional protocells. 

 

It is known that fatty acids are competitive inhibitors of polymerases204,205. In the presence 

of small amounts of diacyl phospholipids, however, the availability of fatty acids in 

solution would be greatly decreased44,51 due to the decreased desorption rates of fatty acids 

from diacyl phospholipid containing membranes. Less free fatty acid could have then 

facilitated the emergence of enzymes with polymerase-like activity and thus perhaps the 

emergence of more complex genetic systems. In fact, model intermediate membrane 

compositions containing phospholipids and fatty acids can carry out encapsulated 

transcription and translation while retaining the ability to acquire nucleotides and amino 

acids51. Of course, there is currently insufficient data to support this speculation. It is also 

possible that protein enzymes emerged later, after the reliance on membranes primarily 

composed of fatty acids passed.  

 

From one perspective, the prospect of building a functioning model protocell seems 

tantalizingly close. Remarkable progress has been made in replicating strands of RNA and 

in developing vesicle compartments amenable to the range of tasks needed to sustain a 

protocell life cycle5. Nevertheless, such a model system is still not available. A reasonable 

conclusion could be that the component parts or systems constructed separately thus far do 

not fit together in the same way as would be the case for a mechanical machine206. In other 

words, the disparate subsystems needed to maintain a cell must be deeply integrated, as 

would be the case for integral (proto)cellular components that have emerged and/or 
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evolved together. Since biology largely relies on enzymes to manage the coordinated 

activity of an integrated system, it would appear that building a cell (or artificial cell) with 

extant biological parts would be easier than endeavors to build (proto)cells without modern 

enzymes. However, the artificial cell field seems no closer to achieving success. Individual 

protein mediated pathways, such as those that divide vesicles207 and replicate DNA208, 

have been largely reconstituted, but the disparate systems needed to sustain a cell are even 

less integrated than what has been achieved with model protocells. Instead, artificial cell 

research has shown more promise thus far in developing systems with biotechnological 

applications209–213 than in building a convincing cellular mimic. Regardless of whether the 

goal is to build a cell that mimics extant cellular life or to understand how life could have 

emerged on the prebiotic Earth, what is needed is greater insight into how deeply 

integrated, dissipative systems can be harnessed to build truly life-like chemical systems 

(Fig. 1.4). 

Outlook and Challenges 

Clearly, experimental hurdles thus far held scientists to design and perform in vitro 

protocell selection schemes to capture catalytic polymers integrated with vesicles, even at 

proof-of-concept level, for few cycles/generations. Despite the use of robust vesicle 

formulations in the studies aiming to decipher evolution-like concepts in liposomal 

systems195,196, single chain amphiphile experiments are still awaiting, particularly 

regarding the compatibility with prebiotic chemistry. The fatty acid based protocellular 

systems are characterized much more in detail compared to several decades ago; but still 

perceived as a fragile system. Their compatibility with prebiotic catalysts is rarely tested 

apart from the few recent attempts suggesting “one-pot” reaction schemes33,120. Inarguably, 

the future direction of origins of life research is now towards the convergence of above 

major systems altogether with prebiotic conditions in the background, without forgetting 

what chemistry and thermodynamics dictate214. Though not decisive, a useful insight can 

be gained from a plausible timeline of events (or rather complexity), as a function of 

chemical/potential energy flown-through and conserved-in the system (Fig. 1.5).  



 45 

 

Fig. 1.5. Timeline of events towards self-sustained minimal cellular unit and protocell life cycle. 

Blue line is the general energy landscape of the any microenvironmental ‘closed-system’, where entire 

planet is considered as ‘open-system’. Prebiotic chemistry operates with energy input on the planet, 

such as simple reactive and unstable chemicals, heat, UV-radiation and geothermal energy. As system’s 

complexity advances or time passes, chemical events would lead to energy recycling dissipative 

reaction networks, which can be considered as pro-proto-metabolism eventually leading to self-

assembly and polymerization processes. Along these range, the influence or dictatorship of prebiotic 

chemistry gradually dilutes out and transitionally leaves stage to compartmentalized systems, where 

‘protocellular chemistry operations’ take over, as denoted by orange and red shaded arrows. A 

supporting chemical network architecture or metabolism-like cycles enable infamous protocell growth 

division cycles. Iteratively, having continuous feedback from prebiotic chemistry operations, 

protocellular growth and division cycles are expected to reach self-sustained growth and division cycles 

state where emergent functions and information are selected, stored and controllably propagated 

through offspring. 

Keeping in mind the fundamental requirements of ‘aliveness’, we would like to conclude 

the following three features of a hypothetical protocell would have been determinants of 

the system we aim to build in future:  

(1) the self-sustainability of an individual protocell, in other words, up to which 

extent the system would stay in a far-from-equilibrium state, 

(2) adaptability of a protocell population to a defined environment, in other words, 

up to which extent the (proto)genome can provide fidelity and keep genotype–phenotype 

linkage,  
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(3) given the first two requirements are met, the semi-spontaneous emergence of a 

novel phenotype due to genotype –under defined laboratory conditions–, in other words, 

emergence of Darwinian evolution. 
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Chapter 2. 

Cyclophospholipids Improve Protocellular 

Stability 

Summary 

Model protocells have long been constructed with fatty acids, because these lipids are 

prebiotically plausible. Fatty acids are found in carbonaceous meteorites such as 

Murchison and Murray meteorites, and they can be synthesized abiotically by hydrogen 

cyanide and hydrogen sulfide mediated chemistry, and Fisher-Tropsch type reactions either 

in shallow-pond or deep-sea hydrothermal vent settings. It has been long hypothesized that 

fatty acid integrating with information polymers can support a protocell life cycle. 

However, the problem is that fatty acid protocells are unstable. Extremes in pH and metal 

ion concentration lead to vesicle disruption dissolution. This instability is particularly 

noteworthy because life as we know it is completely reliant on metal ions for biopolymer 

folding and catalysis. In this chapter, we show that prebiotically plausible monoacyl 

cyclophospholipids form robust vesicles that survive a broad range of pH and high 

concentrations of Mg2+, Ca2+, and Na+. Importantly, protocell stability to Mg2+ and Ca2+ is 

improved in the presence of environmental concentrations of Na+. Cyclophospholipids or 

lipids with similar characteristics may have played a central role during the emergence of 

Darwinian evolution. 

 

 

 

 

 

 

 

A version of chapter 2 was published as following. 

Toparlak ÖD, Karki M, Ortuno VE, Krishnamurthy R and Mansy SS. Cyclophospholipids increase 

protocellular stability to metal ions. Small 2019. 15:e1903381. doi: 10.1002/smll.201903381. PMID: 

31523894  
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Background 

Prebiotically plausible protocells are commonly composed of mixtures of fatty acids, fatty 

alcohols, and the glycerol monoesters of fatty acids, i.e. monoglycerides2,13. Despite the 

fragile nature of fatty acid-based protocells, they can retain catalytically active RNA 

molecules inside14,15, grow, divide16–18, and acquire nutrients from the environment19,20. 

However, fatty acid vesicles can only form over a narrow range of pH23,24, and 

incompatible with low concentrations of monovalent and divalent cations15,25–27. Such 

characteristics appear at odds with the conditions of the early Earth and greatly limit the 

regions where the Earth's first cells could have emerged. Therefore, the identification of 

prebiotically plausible membrane compositions that is compatible with activity of 

biomolecules on prebiotic Earth would be advantageous. 

 

Recently, a prebiotically plausible small molecule, diamidophosphate (1, DAP), was found 

to phosphorylate nucleosides, amino acids, and glycerides33. Specifically, a mixture of 

glycerol and nonanoic acid was phosphorylated to produce cyclophospholipid 4 (Fig. 2.1), 

which formed vesicles33. Phospholipid 4 belongs to a family of naturally occurring lipids 

with a cyclic phosphate head group. This authentic phospholipid is biologically active and 

plays role in regulation of cellular processes such as intercellular signaling and growth 

regulation215. The presence of the same family of phospholipid 4 and 10 in extant biology 

puts into unique position, as opposed to other single chain amphiphiles that can withstand 

hostile prebiotic conditions, but not encountered in extant biology46,216.  

 

Phosphate species are well-known for their high affinity towards divalent cations. 

However due to its unique structure, we reasoned that cyclic phosphate headgroup may 

pose decreased affinity towards Mg2+, in comparison to a carboxylate or a phosphatidic 

acid headgroup. Such a low affinity would render the vesicles more resistant to hard 

divalent cations. We, therefore, sought to determine the stability of model protocells built 

with prebiotically plausible, short-chain, saturated lipids with a cyclic phosphate 

headgroup. We find that vesicles composed of cyclophospholipids are stable over a broad 

range of pH and salinity, suggesting that such vesicles could have housed early chemical 

systems on the path towards life. 
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Fig. 2.1. Chemical structures of lipids used. a) The prebiotic reaction of DAP 1 with glycerol 2 and 

nonanoic acid 3 produces cyclophospholipid 4, CPC9 33. b) Chemical structures of compounds used in 

this study: decanoic acid 5, fatty alcohols 6, 7; monoglycerides 8, 9, and cyclophospholipid CPC10 10. 

Cyclophospholipids 4 and 10 were synthesized according to literature procedure.33 For representative 

NMR and MS data, see Fig. A2.1–A2.4. 

Results 

1. Chain-length Heterogeneity of Membranes 

1.1. Fatty Alcohols Stabilize Cyclophospholipid Vesicles 

Microscopy 

To start with, we observed that fatty alcohols enhanced the formation of cyclophospholipid 

vesicles (Fig. 2.2). Analogous to previous work with fatty acid vesicles, fatty alcohols also 

stabilized the cyclophospholipid-based vesicles. Experimental evidence and theoretical 

calculations suggest that such stabilization results from decreased charge-repulsion 

between polar head-groups and the strengthening of inter-acyl chain packing23,217. By 

epifluorescence microscopy, we found a dramatic increase in the number of vesicles 

formed with CPC9 4 (Fig. 2.2) as the mole fraction of the fatty alcohol nonanol 6 

increased. While only a few vesicles were detected in the absence of nonanol 6, many well 

defined vesicles were observed with 2:1 CPC9 4:nonanol 6 at the same total lipid 

concentration of 40 mM.  
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Fig. 2.2. Epifluorescence microscopy of CPC9 4 admixtures with increasing nonanol 6 content. 

The total lipid concentration was 40 mM. Scale bars indicate 10 µm. The membrane dye was 10 µM 

rhodamine 6G. 

Biological Material Retention 

To better gauge if the observed vesicles could retain biological material, fluorescently 

labelled 10 kDa dextran was chosen to be encapsulated within vesicles. A large 

hydrophilic molecule, such as dextran, would not be expected to cross the membrane. 

Therefore, the identification of extravesicular dextran would indicate a major loss of 

structural integrity of the vesicle, which is why dextran is often used to assess the stability 

of vesicles14,218. Dextran encapsulating 2:1 CPC9 4:nonanol 6 vesicles were prepared at pH 

8.0 and purified from free-dye by size-exclusion chromatography (SEC) to effort >95% 

purity. Following an incubation at room temperature for 24 h, the fraction of dextran 

released from the vesicles was quantified by second round of SEC (Fig. 2.3–2.4) with 

running buffer containing the same mixture of lipids above the critical aggregate 

concentration (Fig. A2.5). 
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Fig. 2.3. Cartoon description of vesicle stability assay. a) Schematic representation of the process. b) 

A typical example for 1st round of size exclusion chromatography to purify vesicles from non-

encapsulated solutes. In order to afford 90–95% purity, only first few fractions (yellow shaded) were 

collected and pooled for the subsequent experiments. Green shaded area indicated remaining vesicle 

fractions. Red shaded area indicates the free dye fractions. 
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Fig. 2.4. Representative examples of size-exclusion chromatography. 24 h time point was used to 

assess the percentage of dye retained inside of vesicles. Stable (left, 2:1 CPC10 10:dodecanol 11) and 

unstable (right, 2:1 CPC10 10:decanol 7) vesicles retained 90% and 60%, respectively, of fluorescently 

labelled 10 kDa dextran. The green shaded region indicates the fractions from a sepharose 4b column 

containing vesicles, and the red shaded region indicates free dextran. 

Despite the clear observation of vesicles by epifluorescence microscopy, the 

chromatography data revealed that 2:1 CPC9 4:nonanol 6 vesicles were not stable (Fig. 

2.5). After 24 h, more than 95% of the dextran was lost, consistent with the behavior of 

previously characterized short-chain fatty acid vesicles24,45. Poor membrane packing along 

with weak hydrophobic interactions due to short acyl chain length is the most likely 

explanation for failure to hold encapsulated material. 

 

Since longer hydrocarbon chains generally lead to increased stability of membranes of 

mixed composition44, the ability of longer fatty alcohols and a longer fatty acid to form 

stable vesicles was investigated. Increasing the alkyl chain of the fatty alcohol from 

nonanol to decanol greatly improved stability. The stability of 2:1 CPC9 4:decanol 7 (Fig. 

2.5) and 2:1 CPC10 10:decanol 7 (Fig. 2.5–A2.6) increased 18-fold and 11-fold, 
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respectively, with respect to their nonanol 6 counterparts. 2:1 CPC10 10:decanol 7 vesicles 

retained more dextran than 2:1 CPC9 4:decanol 7, demonstrating that increasing the acyl 

chain of the ionic lipid by a single carbon significantly improved stability.  

 

Fig. 2.5. Long-term stability of model protocells with respect to increasing fatty alcohol length. 

Every composition tested was with the same 2:1 ratio of ionic lipid to fatty alcohol. Fluorescently 

labelled dextran retention at 24 h, pH: 8.0. Circles, CPC9 4; squares, nonanoic acid 3. Error bars 

indicate ±SD of two independent replicates. 

The most stable vesicle compositions tested were 2:1 CPC9 4:dodecanol 11 and 2:1 

CPC10 10:dodecanol 11, which retained 79% ±9% and 85% ±5%, respectively, of the 

fluorescently labelled dextran for 24 h. Dodecanol 11 is synthesized by Fischer-Tropsch 

reactions in comparable yields to nonanoic 3 and decanoic acids 522. The stability of CPC9 

4-based vesicles also directly correlated with the mole fraction of fatty alcohol present 

(Fig. 2.6).  
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Fig. 2.6. Long-term stability of model protocells with respect to increasing fatty alcohol 

(dodecanol 11) mol%. Fluorescently labeled dextran (~10 kDa) leakage at 24 h, in 0.2 M HEPES, pH: 

8.0. Filled circles, nonanoyl cyclophospholipid 4 (CPC9); open circles, nonanoic acid 3. 

Importantly, both cyclophospholipid vesicles, i.e. CPC9 4 and CPC10 10, greatly 

outperformed vesicles built with short-chain fatty acids. For example, nearly all of the 

dextran was lost from 2:1 nonanoic acid 3:nonanol 6, 2:1 nonanoic acid 3:dodecanol 11, 

and 2:1 decanoic acid 5:decanol 7 vesicles under the employed experimental conditions 

(Fig. 2.3, Fig. A2.6), perhaps due to high Na+ concentrations than commonly employed in 

other studies in the literature (160–200 mM) (Table A2.1). 

Tunable Resistive Pulse Sensing (TRPS) Analysis 

Having assessed the stabilizing influence of dodecanol 11 on CPC10 10-based vesicles, we 

determined to confirm the observed effect by Tunable Resistive Pulse Sensing (TRPS). To 

this end, we took total particle count as an indicator, and expected a significant vesicle 

concentration increase with respect to dodecanol mol%. Solutions containing 9:1 CPC10 

10:dodecanol 11 contained 1.2x1010 (±0.2x1010) particles, whereas 3.4x1011 (±1.8x1010) 

particles were detected in solutions containing 2:1 CPC10 10:dodecanol 11 at the same 

total lipid concentration (Fig. 2.7). This result was in line with our expectations. 

 

Fig. 2.7.  Total particle concentration change with increasing fatty alcohol content. Vesicles were 

CPC10 10-based with respect to dodecanol 11 content, analyzed by TRPS using qNano. Error bars 

indicate ±SD of at least three readings. 

Although dextran is commonly considered as an inert polymer and used in biological 

tracing experiments218, dextran may still have an influence on vesicle integrity. To confirm 
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that dextran was not disrupting the vesicles, 2:1 CPC10 10:dodecanol 11 vesicles were 

further probed by epifluorescence microscopy and tunable resistive pulse sensing. Vesicles 

were clearly observed by microscopy (Fig. 2.8), and the concentration of vesicles was not 

perturbed by the presence of dextran (without dextran 3.4x1011 ±9.5x1010 vs with dextran 

4.2x1011 ±2.5x1011) (Fig. 2.9).  

 

Fig. 2.8. Effect of dextran on vesicle formation. The lipid composition was 2:1 CPC10 10:dodecanol 

11. The total lipid concentration was 40 mM. The membrane dye was 10 µM Rhodamine 6G. The scale 

bars indicate 10 µm. The presence of dextran did not detectably disrupt the formation of vesicles. 

 

Fig. 2.9. Effect of dextran on cyclophospholipid-based vesicles for total vesicle/particle 

concentration. The values were obtained using TRPS with a qNano (Izon Science). The lipid 

composition was 2:1 CPC10 10:dodecanol 11. The "with dextran" sample contained 25 µM dextran. 

The statistical test was with a two-tailed student’s t-test. No statistically significant difference was 

observed between the two conditions, where p < 0.05 considered as significant. Error bars indicate ±SD 

of two independent replicates. 
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Therefore, in the light of TRPS and microscopy analyses, we concluded that dextran did 

not have any destabilizing or detrimental effects on vesicle integrity nor our size-exclusion 

chromatography results. Besides, used concentrations of the solute (25 µM) is not expected 

to have a significant influence on high concentrations of lipids used (100 mM). 

Validity of TRPS Results 

For TRPS measurements, theoretical vesicle concentrations inferred by CAC values could 

be used to test the reliability of our findings. With several assumptions, the surface area 

and the total liposome concentration can be estimated for a given monomer amount. 

Assuming 10-carbon length of an amphiphilic molecule has approx., 1 nm of physical 

length (where POPC is usually considered as 2 nm as a reference), we calculate the 

approximate surface area of CPC10 as 0.55 nm2, with the following formula [(MW x 

1021)/(density x N)/(single molecule surface area in nm)] where molecular weight (MW) is 

~331 g/mol and density is ~1 g/mL. Similarly, decanol would contribute as 0.32 nm2 and 

2:1 ratio on the membrane would result with 0.47 nm2 overall surface area. The bulky head 

group of CPC10 would justify the value calculated, where we present pure POPC as 0.7 

nm2 for comparison. Near CAC, with 1 mM total lipid concentration and a calculated 

average diameter of 325 nm – from multiple qNano measurements, where size reduction 

was obtained by multiple passages of spin-column with 0.45 µm pore size – we would 

expect to have 4.3 x 1011 vesicles/mL, using the following operations/formula: 

[molecules/mL = amphiphile concentration in mM x 10–3 x 10–3 x N; surface area/mL = 

molecules/ml x surface area in nm2 x 0.5 and area/liposome = 4 x p x r2 where r is 

calculated as R/2, R (diameter) is found by TRPS and finally surface area/mL divided by 

area/liposome gives us vesicles/mL concentration]. In comparison, our experimental 

results indicate 3.44 x 1011 (±0.6 x 1011) vesicles/mL. Although the experimental values of 

liposome concentrations were fairly close to theoretical expectations, there was still a 

difference near the boundaries of standard deviation. The observed difference could be 

attributed to amphiphile/vesicle behavior as following. Theoretical calculations were 

assuming the unilamellar nature of vesicles, however, in practice, amphiphilic molecules 

(particularly with enhanced effect with decreasing hydrophobic chain length) usually form 

multilamellar vesicles above 200 nm diameter threshold. Therefore, the observed 

concentrations would significantly deviate from the theoretical expectations, where a 

significant drop in concentration was expected, since it was practically impossible to 

discriminate onion-like multilamellar vesicles from unilamellar vesicles in TRPS 

measurements. In conclusion, once we attribute the overall particle concentration 
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difference to multilamellarity, we conclude the theoretical calculations and experimental 

findings were in accordance with each other, near CAC. 

2. Cyclophospholipids are Stable to Changes in pH 

2.1. Vesicle stability 

Theoretical Expectations 

Solution pH is an important parameter for single-chain amphiphiles to form stable 

bilayers32. For example, pure fatty acid vesicles form at the pKa of their carboxylic acid 

headgroup because of the stabilizing interactions between the protonated and deprotonated 

forms, acting as hydrogen bond acceptor/donor pair32. Similarly, pure dodecyl phosphate 

forms vesicles at the first pKa of the phosphate headgroup near pH 2 218. Although vesicles 

are not formed when fatty acids or alkyl phosphates are fully protonated, fully 

deprotonated, or possess more than a single negative charge, the incorporation of a non-

titratable hydrogen-bond donor, such as a fatty alcohol, in the membrane allows for the 

formation of vesicles under more alkaline conditions219. pKa of fatty acids lie between 4.0–

5.0 in bulk solution, whereas membrane bound species show apparent pKa between 7.0–

8.0 due to net surface potential, head group interactions and hydrophobic solvent partition 

differences220. Since phosphate moieties typically have lower pKa than carboxylates, 

cyclophospholipid-based vesicles may exist in a broader pH range. We then hypothesized 

cyclophospholipid vesicles could be more stable to changes in pH than fatty acid vesicles, 

particularly towards acidic values and opted to characterize vesicle forming conditions. 

Microscopy and Biological Material Retention 

To begin with, 40 mM 2:1 CPC9 4:nonanol 6 and 2:1 CPC10 10:dodecanol 11 were 

dispersed in solutions at different pH with a constant Na+ concentration of 200 mM and 

evaluated by epifluorescence microscopy. Vesicles clearly formed between pH 4 and pH 

10 (Fig. 2.10 and A2.7). Conversely, 2:1 decanoic acid 5:dodecanol 11 only formed 

vesicles between pH 7 and 10. Since monoglycerides are frequently exploited to increase 

the stability of fatty acid vesicles, a ternary mixture of fatty acid, fatty alcohol, and 

monoglyceride was tested. A 4:1:1 decanoic acid 5:dodecanol 11:decanoyl monoglyceride 

9 mixture also formed vesicles, but only between pH 7 and pH 10.  
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Fig. 2.10. Epifluorescence microscopy of vesicles at different pH. The total lipid concentration was 

40 mM. Scale bars indicate 10 µm. The membrane dye was 10 µM rhodamine 6G. Solution conditions 

are reported in Supplementary Table 1. CPC10 10, decanoyl cyclophospholipid; DA, decanoic acid 5; 

LOH, dodecanol 11 (lauryl alcohol); GMD, decanoyl monoglyceride 9. Micrographs are representative 

results. From top to bottom, 2:1 CPC19:LOH, 2:1 DA:LOH and 4:1:1 DA:LOH:GMD. 

To confirm the increased stability of vesicles composed of cyclophospholipid to pH in 

comparison to fatty acid, the retention of fluorescently labelled 10 kDa dextran was 

assessed. Remarkably, 2:1 CPC10 10:dodecanol 11 retained greater than 80% of the 

dextran at all pH values tested after 24 h of incubation (Fig. 2.11a). In contrast, 2:1 

decanoic acid 5:dodecanol 11 vesicles were only stable at pH 7 and pH 8 (Fig. 2.11a), and 

4:1:1 decanoic acid 5:dodecanol 11:decanoyl monoglyceride 9 vesicles were 

comparatively unstable. 2:1 CPC9 4:dodecanol 11 were stable between pH 7 and pH 10 

(Fig. A2.8). Control reactions demonstrated that there was no hydrolysis of the fluorophore 

from the dextran at low pH (Fig. A2.9).  
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Fig. 2.11. Stability of cyclophospholipids to pH. a) Retention of fluorescently labelled dextran after 

24 h at each indicated pH. Circles, 2:1 CPC10 10:dodecanol 11; squares, 2:1 decanoic acid 5:dodecanol 

11; diamonds, 4:1:1 decanoic acid 5:dodecanol 11:decanoyl monoglyceride 9 (n = 2). b) 31P NMR (left) 

and ESI mass (right) spectra of CPC10 10 after 24 h incubation at 23 °C, pH = 3.9 (Sodium acetate 

buffer) and pH = 10.5 (CAPSO buffer). The two peaks observed in the 31P NMR spectrum at pH = 10.5 

are likely due to different lipid packing environments (Fig. S20-24). By ESI-MS, no peaks 

corresponding to the hydrolytic opening of the cyclophosphate moiety or hydrolytic cleavage of the 

ester-bond were observed. Error bars indicate ±SEM of three independent replicates. 

2.2. Chemical Stability 

Nuclear Magnetic Resonance (NMR) and Mass Spectrometry (MS) 

At acidic or basic values, the cyclic phosphate headgroup is at risk of acid or ester 

hydrolysis respectively, leading to cyclic phosphate ring opening or complete loss of 

glycerol-phosphate moiety. To understand the extent how these reactions influence 

cyclophospholipid behavior, we have systematically analyzed the chemical stability by 31P-

NMR in buffered solutions. Under vesicle forming conditions, no CPC10 10 cyclic 

phosphate head group hydrolysis was observed at low (pH ≈ 3.9) or high (pH ≈ 10.5) pH at 

24 h (Fig. 2.11b) at room temperature. Remarkably, there was no hydrolytic cleavage 

taking place even after 72 h incubation at pH 10.5 or pH 3.9 (Fig. 2.11b and Fig. 2.12). 

However, at pH 10.5, the 31P-NMR shows two peaks (~18 ppm) developed within 24 h 

(Fig 2.12). Further analysis by negative mode ESI-MS (Fig. A2.10) showed only cyclic 

phosphate species and varying dilutions of the NMR sample led to proportional changes in 

the relative intensities of the two peaks (Fig. 2.13). The presence of two near-by peaks can 

be attributed to the cyclophosphate moiety existing in two different environments, such as 

inner and outer leaflet of the bilayer or phase transition from bilayer/aggregates to 
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micelles/monomers (see section 2.3). Hydrolysis of the cyclophosphate moiety could only 

be achieved by incubation at pH 2.3. Within 24 h, two peaks near ~0 ppm observed by 31P-

NMR, corresponding to linear form. Negative mode ESI-MS confirmed the phosphate ring 

opening only at pH 2.3. (Fig. 2.14).  

 

Fig. 2.12. {H-decoupled} 31P NMR spectra (162 MHz) of CPC10 10 at pH 10.49. In CAPSO buffer 

after a) 0 h, b) 24 h, c) 72 h and d) 96 h of incubation at room temperature. Lipid concentration was 50 

mM. 

 

 

Fig. 2.13. NMR spectra of CPC10 10 in different solvents with different concentrations. {H-

decoupled} 31P NMR spectra (162 MHz) of CPC10 10 at pH 10.49. In CAPSO buffer, after 24 h of 

incubation at room temperature at a concentration of a) 12.5 mM and b) 50 mM. c) After 72 h of 

incubation at room temperature in D2O and d) MeOD. 
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Fig. 2.14. Spectroscopic and spectrometric characterization of CPC10 10 at low pH. {H-

decoupled} 31P NMR spectra (162 MHz) (left) and ESI negative mode mass spectrum (right) of CPC10 

10. The measurements were taken in hydrochloric acid/potassium chloride solution at pH 2.3 over a 

period of 24 h of incubation. 

2.3. Interpretation of Results 

The most likely explanation for the formation of cyclophospholipid vesicles over a broader 

range of pH than for fatty acid vesicles is the lower pKa of the cyclic phosphate headgroup. 

In bulk aqueous solution, the pKa of the cyclic phosphate headgroup was measured to be 

2.3 (Fig. A2.11), which was similar to the pKa1 of dodecyl phosphate218. Due to large 

changes in pKa between free and membrane localized lipids up to 3.5 unit220,221, formation 

of cyclophospholipid vesicles above pH 4.0 was naturally expected. Compared to 

carboxylate of fatty acids, cyclic phosphate polar head group would invoke an increase in 

surface ratio of polar head group to hydrophobic tail, thereby the contribution of negatively 

charged head group repulsion would be more pronounced in bilayer packing dynamics and 

vesicle formation222,223. Keeping in mind the incorporation of non-titratable hydrogen bond 

donor i.e. fatty alcohol, in the membrane further granted in high vesicle concentration as 

well, the enhanced long-term stability along with improved membrane packing are in 

accordance with experimental findings and theoretical expectations222,223. 
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Continuous downfield peak shift at pH 10.0 over 96 h may indicate CPC10 10 

aggregates/vesicles dissolving with time. Less molecular crowding around the head group 

would create easier molecular tumbling, thereby resulting in downfield chemical shift. 

From upfield to downfield, the shifts may indicate aggregates/vesicles, micelles and 

solvent soluble monomers. This observation was supported by 31P-NMR spectra at CPC10 

10 concentration around CVC (~10 mM). Like other amphiphiles36, CPC10 10 was likely 

to be found in an equilibrium near concentrations micelle to aggregate conversion, where 

downfield peak may indicate soluble monomers (less pronounced), and upfield peak may 

indicate micelles/aggregates/vesicles (more pronounced). This hypothesis also supported 

up by MeOD data with single peak (Fig. 2.14), where CPC10 10 was completely 

solubilized and the result was results in further chemical shift to the downfield. Another 

plausible explanation for the experimental results was ester-bond cleavage, while keeping 

cyclic phosphate moiety intact. However, this hypothesis requires rigorous analysis and 

further experiments. 

4. Cyclophospholipid Vesicles are Stable to Metal Ions 

4.1. Influence of Monovalent Salts 

Microscopy 

Having demonstrated that the vesicles containing cyclophospholipid were more stable to 

pH than fatty acid vesicles, we next asked whether this increased stability extended to high 

concentrations of Na+ and Mg2+. Epifluorescence microscopy showed 2:1 CPC9 4:nonanol 

3 and 2:1 CPC10 10:dodecanol 11 vesicles between 0.2 M Na+ and 2.2 M Na+ (Fig. A2.12 

and 2.15), although non-vesicular aggregates were also observed at high concentrations of 

Na+. In contrast to cyclophospholipid vesicles, all of the fatty acid vesicles tested began to 

aggregate beyond 0.6 M Na+, consistent with previous studies25–27,46,224,225. The 

incorporation of monoglyceride did not improve stability to Na+ (Fig. 2.15). For 

comparison, the concentration of Na+ in modern day seawater is between 0.4 – 0.5 M 226. 
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Fig. 2.15. Epifluorescence microscopy of vesicles with increasing [Na+]. Solutions were in 0.2 M 

HEPES, pH: 8.0. The total lipid concentration was 40 mM. Scale bars indicate 10 µm. The membrane 

dye was 10 µM rhodamine 6G. CPC10 10, decanoyl cyclophospholipid; DA 5, decanoic acid; LOH 

dodecanol 11 (lauryl alcohol); GMD, decanoyl monoglyceride 9. 

Retention of Biological Material 

The retention of fluorescently labelled 10 kDa dextran after 24 h was more sensitive to the 

stability of the vesicles than could be observed by microscopy. Vesicles formed by a 4:1:1 

decanoic acid 5:dodecanol 11:decanoyl monoglyceride 9 mixture never retained more than 

16% of the dextran from 0.15 M NaCl and above (Fig. 2.16). Cyclophospholipid vesicles 

were much more stable but did show a linear dependence on the concentration of Na+. 

Although greater than 85% of the dextran was retained by 2:1 CPC10 10:dodecanol 11 

vesicles at 0.2 M Na+, approximately 10% more dextran was lost per 0.2 M increase of Na+ 

between 0.2 M and 1 M Na+. 
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Fig. 2.16. Model protocell stability to Na+. Retention of fluorescently labelled dextran after 24 h at 

each indicated concentration of Na+. Circles, 2:1 CPC10 10:dodecanol 11; diamonds, 4:1:1 decanoic 

acid 5:dodecanol 11:decanoyl monoglyceride 9. Error bars indicate ±SEM of three independent 

replicates. 

Influence of Sodium on Bilayer Integrity 

To investigate the influence of Na+ and its interaction with the cyclophosphate membranes, 

we have performed series of steady-state fluorescence anisotropy tests using 1,6-Diphenyl-

1,3,5-hexatriene (DPH) as membrane-embedded hydrophobic reporter52. In parallel with 

previous microscopy observations, excess Na+ ions increased the membrane fluidity, 

perhaps due to head group charge neutralization thereby faster flip-flop, along with overall 

hydrophobic effect, leading to increased turbidity due to freshly formed vesicles (Fig. 

2.17a). By 600 mM Na+, the beneficiary effect of this monovalent cation was clear e.g. 

protection of cyclic phosphate group from direct Mg2+ interaction, whereas beyond 800 

mM Na+, cyclophosphates started to form visible aggregates leading to dissolution of 

vesicles. A further incubation is accompanied by a periodic decrease in membrane fluidity 

over the period of 45 minutes (Fig. 2.17b, 2.17c and 2.17d). Indeed, increasing amounts of 

Na+ induced aggregates were observed above this value, which corresponds to maximum 

monovalent cation concentration that cyclophospholipid vesicles endure. 
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Fig. 2.17. Influence of Na+ ions on vesicles. a) Steady-state fluorescence anisotropy with increasing 

Na+ concentrations. High value indicates more rigid (less fluid) membrane and less monomer tumbling. 

Low value indicates an opposite effect. For comparison, pure oleate and POPC membranes has an 

anisotropy value of ~0.06 and ~0.10 respectively. b) Time-based anisotropy changes in the presence of 

800 mM Na+ ions. Dashed lines indicate curve fitting. c, d) Representative micrographs of 

cyclophospholipid CPC9 4-based vesicles showing excess vesicle formation due to hydrophobic effect 

in the presence of Na+ ions. Here the concentration of Na+ was 2.2 M at pH: 8.0. Different fields are 

imaged at different z-positions, right: low being closer to glass slide, left: high being closer to thin-layer 

solution. Vesicle composition was 2:1 CPC9 4:nonanol 6, total lipid concentration was 40 mM, 

membrane dye was 10 µM Rhodamine 6G. Error bars indicate ±SD of at least five independent 

readings. 

4.2. Influence of Divalent Salts 

Microscopy 

The effect of Mg2+ on vesicle stability mirrored the results above with cyclophospholipid 

vesicles outperforming their fatty acid counterparts. For example, epifluorescence 

microscopy showed Mg2+ induced aggregation of 2:1 decanoic acid 5:dodecanol 11 at 5 

mM and 4:1:1 decanoic acid 5:dodecanol 11:decanoyl monoglyceride 9 vesicles above 10 
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mM of the metal ion (Fig. A2.13). In contrast, 2:1 CPC10 10:dodecanol 11 vesicles were 

observed in solutions with up to 25 mM Mg2+ (Fig. 2.18).  

 

Fig. 2.18. Epifluorescence microscopy of vesicles with increasing [Mg2+]. Solutions contained 0.2 M 

HEPES, pH: 8.0. The total lipid concentration was 40 mM. Scale bars indicate 10 µm. The membrane 

dye was 10 µM rhodamine 6G. CPC10 10, decanoyl cyclophospholipid; DA, decanoic acid 5; LOH, 

dodecanol 11 (lauryl alcohol); GMD, decanoyl monoglyceride 9. 

In addition to magnesium, the Earth is rich in calcium. Calcium ions interact with and can 

disrupt phospholipid membranes227. We, therefore, next asked if cyclophospholipid 

membranes could withstand the presence of Ca2+. After 24 h, 2:1 CPC10 10:dodecanol 11 

vesicles were morphologically unchanged in the presence of 5 mM Ca2+ and started to 

form crystals at 10 mM Ca2+ (Fig. 2.19). For comparison, the concentration of Mg2+ and 

Ca2+ in modern day seawater are ca. 50 mM and 10 mM respectively216,226. 
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Fig. 2.19. Epifluorescence microscopy of vesicles with Ca2+. Composition: 2:1 CPC10 10:dodecanol 

11 Solutions contained 0.2 M HEPES, pH: 8.0. The total lipid concentration was 40 mM. Scale bars 

indicate 10 µm. The membrane dye was 10 µM rhodamine 6G. 

Retention of Biological Material 

The retention of dextran data confirmed the large difference in stability between fatty acid 

and cyclophospholipid vesicles. While fatty acid vesicles completely lost the encapsulated 

dextran by 5 mM Mg2+, the cyclophospholipid vesicles retained more than 50% of the 

entrapped dextran at 25 mM Mg2+ (Fig. 2.20). The stability to Ca2+ was also tested by 

measuring the retention of fluorescently labelled dextran. Only ca. 50% of the entrapped 

dextran was retained after 24 h in the presence of 10 mM Ca2+ (Fig. 2.22).  

 

Fig. 2.20. Model protocell stability to Mg2+. a) Epifluorescence microscopy at pH 8 showing 

increased stability of cyclophospholipid vesicles to 25 mM Mg2+ in comparison to fatty acid vesicles, 

which immediately formed crystals. The membrane dye was 10 µM rhodamine 6G. Scale bars indicate 

10 µm. b) Retention of fluorescently labelled dextran after 24 h with 25 mM Mg2+. Legends: Circles, 

2:1 CPC10 10:dodecanol 11 with 0.2 M Na+; squares, 2:1 CPC10 10:dodecanol 11 with 0.4 M Na+; 

diamonds, 4:1:1 decanoic acid 5:dodecanol 11:decanoyl monoglyceride 9 with 0.2 M Na+. Dashed lines 

are linear fits for CPC10 10-based and visual guides for decanoic acid 5-based vesicles. Error bars 

indicate ±SEM of three independent replicates. 
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Influence of Magnesium on Bilayer Integrity 

Similar to previous studies about Na+ ion influence on membrane fluidity, we also 

performed steady-state fluorescence anisotropy analysis for Mg2+. We found Mg2+ ions 

were closely associating with cyclophosphate head group up to 7.5 mM, increasing the 

membrane fluidity, thereby decreasing the anisotropy (Fig. 2.21). The most likely 

explanation is the neutralization of the net surface potential, evading the repulsive effects 

of the negatively charged head groups. Similar effect is previously reported for fatty 

acids228. A clear inflection point in anisotropy values indicates strengthening of cyclic 

phosphate to Mg2+ interaction, leading to formation of visible aggregates and vesicle-

vesicle associations, also observed by fluorescence microscopy (Fig. 2.21b). This clear 

inflection point at 10 mM may indicate dissociation constant (Kd) of Mg2+ ion to 

cyclophosphate moiety. Such a value would be consistent with our microscopy 

observations and dextran retention data, ultimately demonstrating cyclophosphates indeed 

has lower affinity to this metal ion than carboxylates. 

 

Fig. 2.21. Effect of Mg2+ ions on bilayer integrity. a) Representative micrographs of 

cyclophospholipid vesicles showing vesicles-vesicle association and aggregations due to high Mg2+ 

content. Here the concentration of Mg2+ was 25 mM at pH: 8.0. Vesicle composition was 2:1 CPC10 

10:dodecanol 11 (upper row) and 2:1 CPC9 4:nonanol 6 (lower row), total lipid concentration was 40 

mM, membrane dye was 10 µM Rhodamine 6G. Scale bars indicate 10 µm. b) Steady-state 

fluorescence anisotropy with increasing Mg2+ concentrations. The inflection point between 7.5 mM and 

10 mM indicates a potential Kd value of Mg2+ ions for cyclic phosphate head group. A rapid increase in 

turbidity also accompanied the change in membrane anisotropy, which possibly indicate vesicle-vesicle 

association, aggregates and higher order structures as in a). Error bars indicate ±SD of five independent 

readings. 
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5. Cyclophospholipid Vesicles Survive Complex Prebiotic Media 

5.1. Influence of Salt Mixtures 

Retention of Biological Materials  

Just as protocellular membranes were not likely composed of a single type of lipid, the 

prebiotic environment likely did not contain a single type of metal ion. To better assess the 

plausibility of cyclophospholipid vesicles surviving environments of complex composition, 

the effect of mixtures of cations on the retention of entrapped dextran was evaluated. The 

presence of an additional 0.2 M Na+ increased the stability of 2:1 CPC10 10:dodecanol 11 

vesicles to 25 mM Mg2+ by greater than 20%. That is, 71% ±4% of the dextran remained 

entrapped within the cyclophospholipid vesicles in solutions containing 25 mM Mg2+ and 

0.4 M Na+ (Fig. 2.22). Similar trends were observed in the presence of 10 mM Ca2+. 

Approximately 10% more dextran was retained inside protocells when there is 0.4 M Na+ 

as opposed to 0.2 M Na+. 

 

Fig. 2.22. Model protocell stability to mixtures of divalent cations. Retention of fluorescently 

labelled dextran after 24 h. Vesicles were extruded to 100 nm (n = 3). Error bars indicate ±SEM of three 

independent experiments. 

Importantly, a ternary mixture of metal ions (0.4 M Na+, 20 mM Mg2+ and 5 mM Ca2+) 

was tested. In this conditions, 2:1 CPC10 10:dodecanol 11 vesicles retained ca. 60% of 

entrapped dextran after 24 h in a solution containing 5 mM Ca2+, 20 mM Mg2+, and 0.4 M 

Na+ (Fig. 2.22). Taken together, we concluded that cyclophospholipid vesicles can 
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withstand high concentrations of cations in the absence of chelators, such as citrate20 (Fig. 

2.23 and 2.24).  

 

Fig. 2.23. Epifluorescence microscopy of vesicles with increasing Mg2+ and Na+ concentrations. 

Solutions contained 0.2 M HEPES, pH: 8.0. The membrane composition was 2:1 CPC9 4:nonanol 6. 

The membrane dye was 10 µM rhodamine 6G. Vesicle formation was observed up to 50 mM Mg2+ and 

1.2 M Na+, whereas immediately, crystals and aggregates were formed at 75 mM Mg2+ and 1.2 M Na+. 

Conditions were identical as previous. 

 

Fig. 2.24. Epifluorescence microscopy of cyclophospholipid protocells encapsulating dextran in 

complex media. Vesicle composition was 2:1 CPC10 10:dodecanol 11 encapsulating 25 µM 

fluorescently labelled dextran after purification and 24 h tumbling in the presence of 0.4 M Na+ and 25 

mM Mg2+ at pH 8.0. The membrane label was 0.01 mol% N-(Lissamine rhodamine B sulfonyl)-1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine. Dextran was labelled with Alexa Fluor 488. The 

scale bar indicates 10 µm. Empty vesicles were due to either freshly formed vesicles during tumbling, 

low initial encapsulation efficiency (~5%), or breaking (and thus leaking) vesicles that later reformed. 
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Retention of Primitive Genome  

The observation of improved retention with higher salinity were cross-checked by 

encapsulating fluorescently labeled oligonucleotides, in the place of dextran. (Fig. 2.25). 

Short-chain (20-25mer) oligonucleotides are considered as model units of a primitive 

genome. In addition to inert bulky macromolecule such as dextran or a protein, capability 

of protocells to retain polyanionic oligomers possess a great value and importance. Here 

we used a pair of DNA oligonucleotides with unique hammerhead ribozyme fold to 

achieve more realistic scenario. Moreover, instead of 100 nm, we used 200 nm membranes 

in vesicle extrusion in order to increase encapsulation efficiency for reliable fluorescence 

reading after 2nd round of SEC. Remarkably, almost no oligonucleotide loss is observed in 

2:1 CPC10 10:dodecanol 11 vesicles in the presence of 0.2 M Na+ and 0.4 M Na+ at pH 8 

(Fig 2.25). A slight decrease in retention was observed in the presence of 25 mM 

Mg2+(68% ±10%), however complementary to our dextran data, presence of 0.4 M Na+, 

again protected the vesicles from potential disruptive effects of Mg2+ ions. The influence of 

the ternary mixture on cyclophospholipid vesicles mirrored the findings of dextran 

retention. In the presence of 0.4 M Na+, 20 mM Mg2+ and 5 mM Ca2+, 75±2% 

oligonucleotide retained after 24 h.  

 

Fig. 2.25. Oligonucleotide encapsulating model protocell stability to mixtures of divalent cations. 

Retention of fluorescently labelled DNA oligonucleotide after 24 h. Vesicle compositions were CPC10 

10:dodecanol 11. Vesicles were extruded 200 nm (b) (n = 3).  Error bars indicate ±SEM of three 

independent replicates. 
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5.2. Interpretation of Results 

Protection by Na+ was possible because the disruptive effects per Na+ were 20-fold less 

than per Mg2+ (Fig. A2.14). It is possible that presence of excess Na+ ions preoccupy and 

compete with Mg2+ for cyclic head group binding. Na+ ions may neutralize negatively 

charged head group and render phosphate species inaccessible to divalent cations. Another 

significant observation was the excessive vesiculation with increasing ionic strength. This 

can be explained by Hofmeister effect229, or in other words, ‘salting-out’ of amphiphiles 

rendering water soluble monomers to enter into bilayers and aggregates. The enhanced 

hydrophobic effect is also supported by the rapid increase in turbidity, but not 

precipitation. Overall, unique combination of above factors may explain why protocells 

were not disrupted with high salinity. 

 

As comparison to one closely associated structure, the observed relative stability to pH and 

metal ions is in contrast to that observed with alkyl phosphates. Although vesicles 

composed of alkyl phosphates are stable over a broad range of pH (but not up to pH 8, 

which makes it less appealing from prebiotic point of view), experiments with alkyl 

phosphate vesicles were always performed either in deionized water219 or in the presence 

of chelators of metal ions218, therefore they are irrelevant for appropriate assessment. 

 

As a final remark, prebiotically plausible short-chain cyclophospholipid vesicles would 

have been incapable of surviving long periods of time in seawater without loss of inner 

contents. However, vesicles would have been capable of surviving conditions of higher 

salinity than found in many present day hot springs224,225. That is, the increased stability to 

salinity expands the regions where protocells could have survived, thus increasing the 

overall likelihood of their emergence. 

Discussion 

Stability to divalent cations has long been considered a problem in our understanding of 

protocell chemistry. The Earth is rich in metal ions, so biology evolved in a way that 

exploits this abundant resource230,231. For example, Mg2+ plays structural and catalytic 

roles necessary for the activity of extant nucleic acids, proteins, and small molecules. 

Although there are places with low concentrations of metal ions224,225, even bodies of fresh 

water would experience transiently high concentrations of salt during the types of wet-dry 
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cycles frequently invoked to aid the dehydration reactions needed for the synthesis of 

biological polymers133,232. Previous reports demonstrated that vesicle stability can be 

improved with admixtures of prebiotically plausible short chain fatty acids with alkyl 

amines46, and that some single chain lipids can assemble into vesicles that withstand high 

salinity233. However, such lipids are either prebiotically unlikely or cannot be clearly 

assigned a transitional role between prebiotic chemistry and extant lipids.  

 

The esterification of a glycerol to a fatty acid renders the resulting vesicles more stable to 

Mg2+, in part, because the Mg2+ binding site is weakened. However, vesicles containing 

mixtures of fatty acid and monoglyceride are still susceptible to changes of pH, because of 

the loss of polarity that results from the protonation of the fatty acid component of the 

membrane. Cyclic phosphate headgroups improve both of these features at once. The 

cyclophospholipid likely has decreased affinity for Mg2+ and a lower pKa that allows for 

vesicle formation over a broader range of pH in the presence of suitable hydrogen-bond 

donors.  

 

Past attempts to identify environmental conditions compatible with the existence of 

protocells has tended to focus on either identifying regions of low salinity, e.g. hot springs, 

the presence of prebiotic chelators of metal ions, or lipid additives that can withstand the 

effects of Mg2+ alone. What has been less considered is the effect of Na+, which is 

important because high concentrations of Na+ can interfere with the binding of other 

cations229. Here we show that vesicles composed of cyclophospholipid and fatty alcohol 

are more resistant to Na+, Mg2+, and Ca2+ individually than fatty acid and alkyl phosphate 

vesicles218,219. More significantly, the increased stability to Na+ gives rise to an increased 

tolerance to Mg2+ and Ca2+. Therefore, not only could such cyclophospholipid systems 

survive a wider variety of chemical conditions more compatible with what is known about 

the prebiotic Earth34, but also cyclophospholipid protocells would be able to persist in 

conditions ideal for the non-enzymatic polymerization of nucleotides41,234 and the 

evolution of extant-like nucleic acid and protein folds.  

Conclusions 

Contemporary diacyl phospholipids can be broken down into component parts that may 

chart a historical path starting from fatty acids. The coupling of glycerol to the fatty acid 

gives a lipid that forms vesicles that are more stable to pH and the presence of metal ions. 
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Similarly, phosphorylation of this monoglyceride to give a cyclophospholipid increases the 

stability to pH and metal ions even further. Such incremental improvements with each 

discrete chemical step, presumably by energy-dissipative cycling199, suggest a path in 

which environmental selective pressures could lead to modern day lipids. The remaining 

step needed to convert the monoacyl cyclophospholipid to a contemporary diacyl 

phospholipid would greatly improve stability at the expense of the ability to acquire 

nutrients and grow and divide without protein machinery52. It may be that 

cyclophospholipids filled a critical role in the space between protein independent and 

protein dependent (proto)cells. 

Future Directions 

Given stability characteristics as described, it is tempting to include cyclophospholipids 

into other directions of origins-of-life research. Below, we aim to propose few of possible 

directions.  

Compatibility with Prebiotic Schemes 

While cyclophospholipid based protocells may increase the potential areas where life may 

arise on prebiotic Earth, one should not consider cyclophospholipids as the only answer. 

There are still many open questions and challenges ahead towards understanding the 

underpinnings of chemistry-biology interface. To this end, common prebiotic schemes and 

scenarios should be integrated with cyclophospholipid and fatty acid-based vesicles. A 

more holistic approach for the co-emergence of different subsystems are on the rise for the 

recent theories on the origin-of-life, therefore, it is a natural consequence to consider 

cyclophospholipids in plausible reaction networks and scenarios, such as cyanosulfidic 

chemistry34, wet/dry cycles133,137 and high-temperature hydrothermal vent235 or geothermal 

site226 simulations. 

Temperature and Long-term Stability 

Despite the lack of natural evidence and chronological gaps regarding geological and 

planetary history, the current consensus on the environmental conditions does not assume 

very hot and hostile Hadean Earth scenario91. Instead, the young Earth is thought to cool 

down rather quickly within few hundreds of million years, setting the stage for the 

emergence of life somewhere in between or after late heavy bombardment (LHB) with 

temperatures between 40–70 °C, with ~6 h of day/night cycles instead of 24 h. Taking into 
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account the temperature can be important factor particularly for protocell membrane 

dynamics41,45 and salinity resistance27, a systematic research on temperature influence 

would be insightful.  

Wet/dry Cycling Problem 

We have demonstrated cyclophospholipids display remarkable stability to mono and 

divalent salts, near environmental concentrations. However, our results do not provide 

implications for coupled temperature and salt effects towards cycles of dehydration by 

evaporation and hydration by precipitation (e.g. rain), a basic scenario for Darwin’s 

infamous warm little pond fresh water proposal. This is particularly noteworthy as multiple 

research groups across the world attribute the plausible driving forces for biopolymer 

syntheses to presumably existent prebiotic environmental variable: dry/wet cycling. 

Although not allowing a precise control over physical and chemical mechanisms driving 

the catalysis reaction towards polymerization, simply the determination of stability 

requirements in cyclophospholipid-based protocells would have been significant.  

Membrane Dynamics 

It is not surprising to wonder whether cyclophospholipids also share similar dynamic 

characteristics attributed to fatty acids. In general, dynamic nature of single chain lipids as 

opposed to double chain counterparts provide unique advantages to single chain 

amphiphile vesicles, as discussed in chapter 1 and recently in the literature42. All single 

chain lipids are expected to be dynamic to a certain level, in particularly also based on 

existing literature38; however, despite their significant biological presence and activity, 

cyclophospholipid species are oftentimes overlooked and poorly characterized compared to 

fatty acids. Therefore, a line of research towards elucidation of membrane dynamics is 

required. 

Nonenzymatic RNA Polymerization 

Given remarkable Mg2+ stability of cyclophospholipid-based protocells, one obvious 

question for future studies involves nonenzymatic RNA polymerization. To this end, the 

unilamellar vesicles of cyclophospholipids must be characterized for permeability 

dynamics and compatibility with nucleic acid chemistry. Our stability results provide 

promising insights about the future research.  In chapter 3 and 4 of this thesis, more 

experimental evidence will be presented for the plausibility of nonenzymatic RNA 

polymerization inside cyclophospholipid vesicles. 
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Protocell Life Cycle 

Demonstration of protocell growth and division under laboratory conditions is a 

prerequisite for a model system to be commonly adopted. However, simple protocell 

growth and division is not enough for a model system to be considered alive. Disparate 

biological subsets are expected to be integrated into each other in a coherent way, 

rendering the chemical system plausible for open-ended evolution236. In the upcoming 

chapter 3, we aim to characterize and provide some leads for potential central role of 

cyclophospholipids in establishing seamless protocell life cycle. 

Transition Towards Diacyl Phospholipids 

As previously discussed, cyclophospholipid species may be filling a gap towards the 

emergence of diacyl phospholipids. The evolutionary advantages of a catalyst for diacyl 

phospholipid synthesis were previously outlined in chapter 1. Existing literature about 

metal ions and short polypeptides provide some insights and possibilities on how such a 

catalyst may emerge. 

Materials and Methods 

General Experimental 

Thin layer chromatography (TLC) was performed with a silica gel 60 ÅF254 from Angela 

Technologies and visualized by UV lamp and/or a stain solution of phosphomolybdic acid 

(PMA) in ethanol. Flash Chromatography was performed on a biotage isolera. NMR was 

recorded at 298 K with a Bruker DRX- 600 or AV-600 (600 MHz for 1H and 150 MHz for 
13C). 31P-NMR spectra were acquired using a Bruker DPX-400; chemical shifts (δ) in parts 

per million (ppm), spin multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, 

multiplet), coupling constants (J) in Hertz (Hz), number of protons. Mass spectra was 

collected with an Agilent ESI-TOF or a ThermoElectron Finnigan LTQ ion trap mass 

spectrometer. The pH electrode was from Hanna instrument from Spectrum Chemicals and 

Laboratory products. 

Materials 

4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) and 3-(cyclohexylamino)-2-

hydroxy-1-propanesulfonic acid (CAPSO) were from Alfa Aesar. Monoacyl lipids were 

either from either Nu-Chek Prep or Sigma-Aldrich. Unless otherwise indicated, all other 
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reagents were from Sigma-Aldrich (Merck). Metal ions were provided as NaCl, MgCl2 and 

CaCl2. 

Cyclophospholipid Synthesis 

Reagents and solvents from Sigma-Aldrich, VWR International, Fisher Scientific, Acros. 

Cyclophospholipids CPC9 4 and CPC10 10 were synthesized and purified by employing 

previously reported protocols33. Spectroscopic and spectrometric data are presented in the 

Appendix A. 

Vesicle Preparation 

Fatty acid vesicles were prepared by oil-dispersion19. For cyclophospholipid vesicles, the 

powder was weighed in glass vials for a final concentration of 100 mM total lipid, whereas 

the lipid components of fatty acid vesicles were heated to 65 °C and the oil quickly 

pipetted into glass vials. Buffer was then added to each lipid mixture and vortexed for ca. 1 

min multiple times while keeping the solution warm. 

Vesicle Stability Assay 

Unless otherwise noted, all vesicles were extruded through 100 nm track-etched 

polycarbonate membranes using an Avanti Polar mini extrusion system (11 passes). 

Vesicles were prepared either in the presence of 25 µM anionic (not poly-anionic nor 

dextran-sulfate) 10 kDa dextran conjugated with Alexa Fluor 488 (ThermoFisher 

Scientific) and purified within 2 h of extrusion. For the encapsulation of oligonucleotide, 

vesicles were extruded to 200 nm to increase the encapsulation efficiency. 10 µM Alexa 

Fluor 555 DNA oligonucleotide (5’-GGCTCGACTGATGAGGCGCG-AF555-3’) was 

hybridized to 10 µM Alexa Fluor 488 labeled oligonucleotide (5’-AF488-

CGCGCCGAAACACCGTGTCTCGAGC-3’) by heating up to 95 °C and cooled to 4 °C 

at a rate of 0.5 °C/s in the presence of 1 mM MgCl2. Size exclusion chromatography with 

sepharose 4b was used to separate vesicles from unencapsulated dye to afford purity of 

>95%. Columns were pre-equilibrated and run with buffer containing lipid above the 

critical aggregate concentration (20 mM for cyclophospholipid vesicles and 40 mM for 

fatty acid vesicles). Fractions were collected with either a FC203B or FC204 Gilson 

fraction collector. Optical density at 600 nm and fluorescence measurements were taken 

with a Tecan Infinite M200 plate reader (lex = 485 nm and lem = 515 nm). Vesicles were 

then incubated in the dark at 23 °C. For Na+, Mg2+, Ca2+ stability, vesicles were diluted 2-
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fold into solutions containing empty vesicles and salts. The % solute retained inside of the 

vesicles was determined by comparing the vesicle and free dye fractions after a second 

round of size exclusion chromatography. 

Microscopy 

Vesicles were prepared the same way as above and imaged without extrusion unless 

otherwise noted. For the Na+, Mg2+ and Ca2+ assays, 100 mM vesicle stock solutions were 

diluted to a final lipid concentration of 40 mM with buffer and membrane dye (rhodamine 

6G, [final] = 10 µM). Vesicle preparations were visualized within 30–60 min. The dsRed 

channel (lex = 553±18 nm and lem = 605±70 nm) was used with a Zeiss Axio Observer Z1 

fluorescence microscope. For the imaging of giant vesicles, the vesicles were prepared as 

described above but included 0.01 mol% N-(Lissamine rhodamine B sulfonyl)-1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine. The vesicles were extruded to 10 µm 

and purified by size-exclusion chromatography with sepharose 4b. The vesicle fractions 

were pooled and mixed with salt solutions with empty vesicles (20 mM lipid) and 

incubated with tumbling for 24 h. The instrumental preset GFP channel (for dextran, lex = 

484/25 nm and lem = 525±50 nm) and dsRed channel (for membrane, lex = 553±18 nm 

and lem = 605±70 nm) were used to image the dextran containing vesicles (Fig. 2.16). 

Determination of the Critical Aggregate Concentration (CAC) 

The CAC was determined by following previously published procedures24. Briefly, 100 µL 

of 200 µM merocyanine 540, 0.2 M HEPES, pH 8 was dispensed in the wells of a 96-well 

plate (Costar 3603, black clear bottom, Corningä). Solutions were then diluted two-fold 

with vesicles of varying concentrations prepared in 0.2 M HEPES, pH 8 and incubated at 

room temperature for 10 min. Absorbance was read with a Tecan Infinite M200 plate 

reader at 570 nm and 530 nm. The A570nm/A530nm ratio indicated the aggregation state of the 

lipid, because the absorbance of merocyanine 540 at 570 nm reflects ordered lipid 

structures, whereas absorbance at 530 nm is correlated to free molecules in solution.237 No 

lipid negative controls gave A570nm/A530nm values between 0.5 and 0.65. Measured values 

above the corresponding negative control were interpreted as points where the lipids 

formed aggregates. 
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Tunable Resistive Pulse Sensing (TRPS) Measurements 

The experiments were performed with a qNano Gold (Izon Science) instrument. The 

influence of fatty alcohol content made use of Nanopore NP400 (pore size range = 200–

800 nm), and the effect of dextran was assessed with Nanopore NP200 (pore size range = 

100–400 nm). For consistency, identical instrumental setup was used throughout the same-

day analyses with current amplitudes of 120 ±10 nA (>100%, as recommended by 

manufacturer). The parameters were as follows: voltage = 0.34 ±0.06 V, stretch = 46.75 

±0.25 mm, pressure = 7 ±3 mbar. For statistical significance, 500–1000 particles per run 

were collected with a particle rate maximum of 4000 particles/min. Multiple dilutions (of 

different samples) and readings (of the same sample) were analyzed and reported as 

technical replicates (±SD). The instrument and nanopore were calibrated with standard 

calibration particles from manufacturer (Izon Science) with mean diameter either 210 nm 

for NP200 or 340 nm for NP400. For dextran analysis, vesicles were prepared as indicated 

above. For the analysis of the effect of fatty alcohol content, vesicles were prepared from a 

single stock of 50 mM CPC10 10 solution at pH 8.0 with 0.2 M HEPES and left tumbling 

for 24 h. This stock of CPC10 10 was then aliquoted into new glass vials containing 

varying amounts of dodecanol and adjusting the total lipid concentration to 25 mM (200 

µL final volume). Prior to TRPS measurements, the vesicle size was reduced to below 500 

nm with centrifugal spin column filters (Ultrafree–MC–Durapore 0.45 µm with PVDF 

membrane, Millipore) more than 5 times. The dodecanol content of CPC10 10:dodecanol 

11 vesicles was 0% = 25 mM, 9% = 5 mM, 16% = 2.5 mM, and 33% = 1 mM, where 

concentrations indicate the final amount of vesicles in the flow cell. For the analysis of 

dextran containing vesicles, the final lipid concentration was 1 mM in the flow cell. 

Fluorescence Anisotropy 

The measurements were taken with the guidelines indicated in Chapter 3, Materials and 

Methods section, ‘Fluorimeter General’ and ‘Fluorescence Anisotropy’.  
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Chapter 3.  

Prebiotically Plausible Protocellular Life Cycle 

Summary 

Fatty acids are not stable enough to support a prebiotically plausible protocell life cycle. 

To address this issue, scientists are looking for alternative scenarios and integrated 

subsystems. Nevertheless, no study has been reported covering prebiotically plausible 

solution to the problem so far. Here, we propose cyclophospholipid species as key 

elements in achieving seamless protocell life cycle, compatible with conditions required 

for nonenzymatic polymerization of nucleic acids. Due to its monoalkyl chain, we 

hypothesized that cyclophospholipids would still display dynamic behavior similar to other 

single chain amphiphiles. Starting from monomer behavior and extending towards 

population dynamics, we characterized cyclophospholipid species in the presence of fatty 

acids. We found, cyclophospholipids render fatty acids compatible with low pH, high 

salinity and divalent cation media. Importantly, dynamic features of fatty-acid-protocells 

were not compromised with enhanced stability. On the contrary, cyclophospholipids 

provided unique insights, mechanisms and features for bilayer kinetics, protocell growth 

and division dynamics. Finally, admixtures of cyclophospholipids and fatty acids provided 

putative compatibility scenarios with nucleic acid strand separation by environmental pH-

cycling. The co-existence of cyclophospholipids and fatty acids defines a new angle 

towards generating functional laboratory models of living protocells. 

 

 

 

 

 

 

 

 

 

 

A shorter version of Chapter 3 is in preparation for publication as original manuscript. 
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Background 

Fatty acids are single chain amphiphiles that possess unique characteristics compared to 

modern-day biological lipids. First of all, fatty acids have different self-assembly and free 

energy diagrams, with multiple energy maxima and minima17,36. Their relatively high 

critical micelle concentration (CMC) allows fatty acids to shift/co-exist between different 

aggregate states much more easily compared to diacyl counterparts. With lower energetic 

penalties in solution, within higher-order organizations, fatty acids can easily jump 

between bilayers (intravesicularly) and possess very dynamic monomer exchange kinetics. 

All these in turn, place fatty acids and their derivatives in a both attractive and 

disadvantageous position simultaneously. From prebiotic perspective, dynamism is 

advantageous. When the monomer energetic penalty in solution is low, the vesicles tend to 

provide enhanced solute permeability rates and support greater structural flexibility. In 

turn, these features enable the acquisition of environmental ‘fuel’ (or ‘feeder’) molecules, 

leading to net vesicle growth and subsequently division. However, significant structural 

fragility accompanies above dynamic features, mainly due to the low hydrophobic surface 

area of single chain amphiphiles. In fact, the problem becomes even more pronounced with 

other prebiotically plausible lipids (i.e. monoglycerides), where hydrophilic head group to 

hydrophobic tail surface area ratio deviates from the optimal range, possibly also in the 

case of cyclophospholipids223 (see Chapter 1).  

 

We recently showed that cyclic phosphate head groups enhanced the stability of pure 

cyclophospholipid protocells238. However, the effect of cyclophospholipids on fatty acid 

admixtures and dynamic features of the protocells has remained elusive. Considering the 

existing literature on fatty acid kinetics and the improved stability of cyclophospholipid 

protocells, we wondered whether cyclophospholipid-containing mixed systems could keep 

above dynamic features attributed to single chain lipids with improved stability. Keeping 

in mind the fundamental requirements of a laboratory model of a protocell, the maximum 

emphasis on experimental design was directed towards the optimization and improvement 

of the compatibility of current laboratory models for life-like emergent behavior. Mainly 

building upon recent previous work14,37,42,49,52,197,238–242, we wanted to tackle few of the 

unanswered questions towards establishing seamless protocellular life cycle:  
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1) Would it be possible for a simple lipid to be both dynamic and stable enough to 

support prebiotic chemistry needed for the emergence of biological function? 

2) What kind of prebiotic scenarios could facilitate the protocellular growth and 

division with the minimal intervention from the experimenter243?, 

3) (if exists any) What kind of molecular and population factors could have led to 

dynamic behavior in cyclophospholipid-based protocells? 

4) Can we propose a sequence of prebiotic events giving rise to seamless 

protocellular life cycle, i.e. emergence of Darwinian evolutionary behavior? 

 

To begin with, we decided to use the well-characterized oleate (C18:1 with cis-double 

bond, species 5 in Fig. 3.1) system as a model protocellular membrane composition and 

convenience in experimental handling. Whenever necessary, we always aim to perform the 

control experiments with prebiotically plausible 10-carbon system (1–4) to better probe the 

insight of the findings and to demonstrate the general phenomenon in a broader 

perspective. Fig. 3.1 highlights the prebiotically plausible species (1–4), the species studied 

in this chapter (5–8), and the species taken as a reference for comparative analyses (9–12). 

 

Fig. 3.1. Chemical structures of lipids used/mentioned in this chapter. Decanoic acid 1, decanol 2, 

glycerol monoester of decanoate 3, CPC10 4, oleic acid 5, oleyl alcohol 6, glycerol monoester of oleate 

7, CPC18 8, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 9, 1,2-dioleoyl-sn-glycero-3-

phosphate (DOPA) 10, 1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (Lyso-PC 18:1) 11, 1-oleoyl-

2-hydroxy-sn-glycero-3-phosphate (Lyso-PA 18:1) 12. Albeit not prebiotically plausible as shorter 

chain lipids, oleate 5 derivatives were mainly used in this chapter as a model system for elucidating the 

behavior/influence of cyclic phosphate head group.   
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Results 

1. Admixtures of Cyclophospholipids and Fatty Acids 

Fatty acids are precursors of cyclophospholipids33. Previous studies demonstrated one-pot 

synthesis of cyclophospholipids by diamidophosphate (DAP) (see Fig. 2.1) or methyl 

isocyanide assisted chemistry199. Therefore, it is natural to assume co-existence of fatty 

acid and cyclophospholipid species in a plausible prebiotic setting. However, so far in our 

studies, we characterized the protocellular stability contribution of pure species. If two 

pure populations get into contact with each other at very short time frames (< 1 min), the 

emergent behavior of each species in mixed membranes could not be extrapolated from 

previous studies. We were predominantly curious about population level kinetics of 

mixtures, thus we needed to use specialized tools to probe the membrane dynamics;  as 

pictured in following paragraphs and Fig. 3.2. 

 

Fig. 3.2. FRET-based monomer competition experimental setup. If the net monomer influx from 

unlabeled vesicles was towards FRET-labeled vesicles, the surface area increase resulted in signal loss 

due to decrease in FRET efficiency. On the contrary, if FRET-labeled vesicles were losing monomers 

due to efflux towards unlabeled vesicles, the net surface area decreased and FRET signal increased 

since donor/acceptor pair gets into closer proximity than before, thereby increasing the FRET 

efficiency. The fluorescence signal was continuously monitored at lex: 430 nm and lem: 586 nm. 1:1 

equimolar mixtures of oleate 5 and CPC18 8 were used in all experiments. The negative controls were 

either the buffer vesicles originally prepared or the same composition of the FRET-labeled vesicles 

except the FRET lipids. For further details in experimental design and implementation, see methods. 
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The literature suggests that increments of each C2H4– (ethyl group) in hydrophobic chain 

translates into approx. one-order-of-magnitude drop in desorption rates of fatty acid 

monomers where pH-sensitive reporter fluorophores were used to monitor the dynamics244. 

The reported difference also accompanies a notable drop in membrane fluidity. Due to its 

unique structure, we first reasoned cyclophospholipids may bear similar differences and 

this may result in net vesicle growth of cyclophospholipid containing membranes. We 

expected and hypothesized that cyclophospholipid species could spend more time in mixed 

membranes than fatty acids. To pin-point the monomer dynamics, we analyzed the surface 

area changes of model protocells made as small unilamellar vesicles (SUVs) with 100 nm 

average diameter. We mainly studied 1:1 equimolar mixtures, using Förster Resonance 

Energy Transfer (FRET)-based assay with headgroup modified fluorescent reporters (Fig. 

3.2). The FRET efficiency was calculated based on known dye concentrations in the 

membrane, as a ratio of intact-vesicle and Triton X-100-disrupted-vesicle FRET signals 

(Fig. A3.1–A3.2). 

 

Fig. 3.3. Membrane kinetics of CPC18 8 and oleate 5 mixtures. a) The reporter vesicles were pure 

oleate 5 and labeled with 0.25 mol% FRET dye pair. b) The reporter vesicles were pure CPC18 8 and 

labeled with 0.5 mol% FRET dye pair. The mixtures were performed as equimolar CPC18 8 and oleate 

5 vesicles (2.5 mM each). The FRET dyes were 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

(7-nitro-2-1,3-benzoxadiazol-4-yl) NBD-PE and N-(Lissamine rhodamine B sulfonyl)-1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine, LR-DHPE. None of the membrane compositions 

included fatty alcohols. The buffer was 0.2 M HEPES at pH 8.0. The readings were taken with 2.5 mM 

of final vesicle concentration to avoid random light diffraction due to turbidity. The relative surface area 

changes were determined by using known concentrations of FRET dye pair in the membrane, based on 

a standard curve (Fig. A3.1). The experiments were independently repeated at least three times, and the 

representative kinetics are shown for clarity. 
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Unexpectedly, mixtures of pure cyclophospholipid (CPC18 8) and fatty acid (oleate 5) 

vesicles lead to surface area increase in FRET-labeled oleate 5 vesicles, up to 20% of the 

initial surface area. This result indicated that CPC18 8 monomers were able to enter and 

reside in oleate 5 bilayers long enough to monitor the kinetics (Fig. 3.3a). In the presence 

of buffer and unlabeled oleate 5 vesicles, the surface area did not alter significantly, 

indicating the influence of CPC18 8, rather than a simple dilution effect. To cross-check 

our findings regarding membrane surface area changes, we obtained FRET-labeled CPC18 

8 vesicles and mixed with unlabeled oleate 5 vesicles. As expected, FRET-labeled CPC18 

8 vesicles displayed surface area decrease (up to 10% less than the starting area, see below 

for discussion) when they are in contact with oleate 5 vesicles at 1:1 mol ratio (Fig. 3.3b). 

Overall, these complementary results indicated CPC18 8 monomers preferred to stay in 

oleate 5 bilayers, at least within the first few minutes of mixing, prior to overall 

equilibration of the two species in the long-run (up to 10–30 min). 

 

The approximate 10% surface area difference in two different experimental settings could 

be attributed to increased water ‘solubility’ of CPC18 8 aggregates. CPC18 8 monomers 

have lower LogP value estimates (Fig. A3.3), and the bulky head group of CPC18 8 could 

be bound to greater numbers of water molecules compared to carboxylate of fatty acids. 

CPC18 8 alone was likely to have a greater flexibility in dynamic equilibrium between 

higher-order structures due to presumed packing deficiencies raised by head group. This 

would be contrary to fatty acid system, where the equilibrium mainly favors micelles 

(above CAC) and bilayers (at least one-order-of-magnitude above CAC). Supporting this 

statement, appearance of ‘3 nm’ peak in Dynamic Light Scattering (DLS) measurements 

reassured us to conclude cyclophospholipid species were indeed in a dynamic equilibrium 

between vesicles, aggregates, and micellar structures even at well above critical vesicle 

concentration (CVC) which was calculated as 60–80 µM for CPC18 8, similar to oleate 

system (~80 µM) (Fig. 3.4a). The disappearance of ‘3–5 nm’ micellar peak in DLS when 

CPC18 8 was prepared in mixtures with oleyl alcohol 6 at a 9:1 molar ratio, triggered us to 

conclude that indeed at pH 8.0, cyclophospholipids bear almost completely deprotonated 

species, where only hydrophobic tail surface drove the bilayer assembly process as 

opposed to H-bonding influence in fatty acid systems (Fig. 3.4b). The absence of dominant 

H-bonding in CPC18 8 system may render this amphiphile seemingly more dynamic than 

oleate 5. 
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Fig. 3.4. Critical micelle and critical vesicle concentration determination for CPC18 8-based 

vesicles by Dynamic Light Scattering. Inflection points indicate CVC and CMC. a) The vesicle 

composition was CPC18 8 only. b) Vesicle composition was 9:1 CPC18 8:oleyl alcohol 6. c) Typical 

DLS output for CPC18 8 only vesicles at 500 µM. d) Typical DLS output for was 9:1 CPC18 8:oleyl 

alcohol 6 vesicles. In all experiments, the buffer was 0.2 M HEPES at pH: 8.0. The vesicles were 

prepared from methanol stock, tumbled for 24 h, extruded for 100 nm, serially diluted in 96-well plate 

(1:1 dilution, starting with 1 mM) and equilibrated for 24 h prior to measurements, which were taken at 

23 °C. 

We hypothesize that the observed unexpected behavior of cyclophospholipids could be 

advantageous at protocell population level. As a result of the unique steric restrictions of 

the head group, cyclophospholipids may fail to form very robust vesicles on their own – 

ironically – (see Chapter 2 as well), perhaps further enhanced with poor packing 

efficiency. However, in turn, this phenomenon may indicate a possible mutualistic 
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advantage to a protocell population, if the stable nature of cyclophospholipids could be 

transferred to fragile fatty acids. 

At the same concentrations, one may expect a greater number of “free” CPC18 8 

monomers than oleate 5 monomers, since the stable bilayer forming capabilities of CPC18 

8 species were expected to be lower than oleate 5, according to our initial qNano 

measurements for total particle concentration (Fig. 2.7). Therefore, it is reasonable that 

whenever in contact with oleate 5 vesicles, CPC18 8 monomers enter into oleate bilayers 

and display greater surface area changes. Here, it is noteworthy that the observed time 

scale of events was quite short – less than a minute – and the mixtures tend to equilibrate 

over time as the laws of thermodynamics dictate. Hence, it might be safe to draw the 

following conclusion: When two populations of pure vesicles face each other in any 

plausible geological scenario, mixed membrane compositions were inevitably obtained, 

leading to shuffling of membrane lipids, possibly enhancing the environmental fitness of 

the resulting mixed vesicles given the robustness of cyclophospholipid-based protocells. 

2. Stable and Dynamic Protocells 

In Chapter 3, cyclophospholipid-based protocells were shown to endure greater levels of 

mono and divalent salts, as well as to exist in pH extremities likely to occur in prebiotic 

Earth. Building upon our previous work, here we continued to characterize the behavior of 

cyclophospholipid-containing vesicles, with low mol% in fatty acid dominant membranes. 

As expected, the divalent salt stability was extended similar to CPC18 8 system over the 

long-run, and pH stability was characterized based on mild variations as a function of fatty 

acid present in the membrane. Ultimately, we tested various molar ratios of CPC18 8 to 

pinpoint the lipid content influence to elucidate the ‘best’ composition in prebiotic 

medium. Here, pH shuffling had potential to promote multiple different reaction schemes 

as briefly described below and elaborated in Appendix B. 

2.1. Influence of Divalent Cations on Vesicle Formation 

Given the generalized pH stability of cyclophospholipid protocells and low pKa in bulk 

solution (~2.5), we hypothesized that protonated fatty acid species and deprotonated (or 

partially deprotonated) cyclophosphate species would enable the formation of fatty acid-

based vesicles at pH values below 7.0, deviating from the apparent pKa of oleic acid 5 

(~7.5 in bilayer). Expectedly, our microscopy studies revealed the presence of mixed 

composition vesicles, where fatty acids alone could not form bilayers (Fig. 3.5). An 
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increasing number of vesicles were also observed as a function of both pH and CPC18 8 

mol%, verified by empirical observation (data not shown, numeric evidence needed). Not 

so surprisingly, no vesicles were observed at pH 10.0. The most likely explanation was the 

complete deprotonation of both CPC18 8 and oleate 5 species, which may have rendered 

the net membrane surface charge too negative to support stable bilayers solely by the 

hydrophobic forces in the absence of apparent H-bonding pair. Due to repelling head 

groups, the admixtures might have formed micelles and/or other types of aggregates 

instead of vesicles.  

 

Fig. 3.5. Epifluorescence microscopy of CPC18 8:oleate 5 mixed vesicles at various pH values. The 

buffer list was given at (Table A2.1). The previously observed stability of cyclophospholipid vesicles 

could be transferred to fatty acids as well. In comparison, fatty acid vesicles would have formed oil 

droplets below pH 7.0 (see Fig. 2.4). The membrane dye was 10 µM rhodamine 6G. Scale bars indicate 

10 µm. 

Having encouragement from initial pH screen (Chapter 2 and above), we similarly 

expected the divalent cation stability of cyclophospholipid to be transferred to admixtures. 

Fatty-acid-dominant vesicles with only 10 mol% of cyclophospholipids were screened and 

found present up to 10 mM Mg2+ (Fig. 3.6). Notably, we observed an increasing number of 

vesicles with increasing mol% of cyclophospholipids in the bilayer (data not shown). 50 

mol% of cyclophospholipid vesicles were screened for different pH values and at fixed 

Mg2+ concentrations and shown to form robust vesicles. This result led us to conclude a 

clear H-bond pairing between cyclophospholipids and fatty acids could be the major factor 

for stable vesicle formation with decreasing pH values. Since cyclophospholipids tend to 

have lower pKa values than fatty acids, the net negative charge on the cyclic phospholipid 
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head group would still enable fatty acid-based vesicles in the presence of ‘oil phase’ of 

fatty acids (< pH 7.0). 
 

 

Fig. 3.6. Epifluorescence microscopy of CPC18 8:oleate 5 mixed vesicles with Mg2+. The buffer was 

0.2 M HEPES at pH 8.0 with 10 mM Mg2+. The previously observed divalent salt stability of 

cyclophospholipid vesicles could be transferred to fatty acids. In comparison, fatty acid vesicles would 

have formed crystals at 5 mM of Mg2+ ions pH 8.0 (see Fig. A2.19). The membrane dye was 10 µM 

rhodamine 6G. Scale bars indicate 10 µm. 

2.2. Nutrient Permeation to Protocells 

Having demonstrated the admixtures could form robust vesicles, we opted to characterize 

the translational impact of observed dynamic nature. We naturally expected that solute 

permeability should complement the literature in favor of a model protocell feeding on 

environmental nutrients19. To this end, we tested ribose permeability with different mol 

ratios of fatty acids (ongoing), with different pH values in cyclophospholipid-driven 

membranes. We used diacyl counterparts, namely POPC 9, as a reference and to 

normalize, since the permeability coefficients were not expected to fluctuate drastically 

with respect to pH. We employed well-characterized shrink–swell assay as reported in the 

literature40 and as outlined in Fig. 3.7a. The water efflux rates (Pw) were first 

experimentally determined from vesicles in contact with concentrated sucrose (0.5 M). 

Then, the fluorescence change over time was curve-fitted for the calculation of relaxation 

rates generated by membrane permeation of solute-of-interest19,40, i.e. permeability 

coefficient PS, using Pw curves as absolute-half-volume (i.e. 0.5, see Fig. 3.7a).  

 

We report the permeability coefficients of ribose were in accordance with the literature, 

within experimental deviation range of ±20%. Notably, the permeability coefficients of 

ribose decreased with the mixed membrane composition, 1:1 CPC18 8:oleate 5. This 

finding suggested the head group interactions may play role in the bilayer dynamics, and 
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therefore, might influence the coherent membrane kinetics leading to packing deficiencies. 

Unexpectedly, we observed permeability differences at different pH values (Fig. 3.7b and 

Table. 3.1). We found nearly 2-fold difference in ribose permeability with respect to 2 

units of pH change between 6.0 and 10.0, and calculated the coefficients for 9:1 CPC18 

8:oleyl alcohol 6 vesicles as Ps = 66.8x10-8 cm/s at pH 6.0, PS = 35.5x10-8 cm/s and PS = 

15.1x10-8 cm/s at pH 8.0 and pH 10.0, respectively. Similarly, CPC18 8 only vesicles 

showed ~5-fold difference in ribose permeability between pH 6.0 and 8.0 (Table 3.1). 

 

Fig. 3.7. Ribose permeability of CPC18 8-based vesicles at different pH values. a) Cartoon for 

shrink–swell assay process. Vesicles were formed with total concentration of 25 mM, in which 10 mM 

calcein was encapsulated, tumbled for 24 h. The SUVs were prepared by extruding for 100 nm. 

Following equilibration for another 24 h, the vesicles were purified and subjected to 1:1 (v/v) mixture 

with 1 M ribose. Upon mixture with ribose, vesicles first revealed very rapid fluorescence decrease due 

to water efflux, osmotic pressure balancing and calcein self-quenching. Subsequently, the vesicle 

volume was ‘relaxed’ by solute (here, ribose) permeation and simultaneous water influx, maintaining 

the osmotic balance. b) Representative ‘relaxation’ curves for ribose permeability in CPC18 8, oleate 5, 

and POPC 9 based membranes at pH 8.0. c) Representative ‘relaxation’ curves for CPC18 only and 

CPC18 8:oleyl alcohol 6, and d) 9:1 CPC18 8:oleyl alcohol 6 with respect to pH. The representative 

curves indicate volume change as a function of calcein fluorescence increase due to de-quenching, 

where a linear relationship with calcein fluorescence and volume change was assumed for curve fitting 

(see methods). 
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The differences in solute permeability coefficients with respect to pH and CPC18 8 content 

could be explained by the membrane packing deficiency of monomers at different pH 

values due to different protonation ratios of the cyclophospholipid head groups. In other 

words, the presence of excess negative charge could invoke repelling of the head groups 

and lead to inefficient membrane packing. In order to delineate the underlying causes of 

the observed permeability coefficient difference, steady-state anisotropy measurements for 

membrane fluidity was required (see section 4). Importantly, we eliminated the possibility 

of an experimental artifact based on calcein fluorescence, due to assumption of linearity 

based on the volume change, since we did not observe drastic differences in POPC 

membranes with respect to pH. Alternatively, anisotropy measurements might indicate 

only lateral lipid movements, not particularly the overall dynamism of the membrane. 

Therefore, the increased rates of flip-flop and abundance of water-filled transient pores 

could still explain observed permeability change with respect to pH, since the efficiency of 

transient pore formation would be altered due to net negative charge on the bilayer. Taken 

together, relatively high solute permeability coefficients in cyclophospholipid systems 

highlighted the dynamic nature of these vesicles, pointing out the possibility of 

implementing protocell growth and division cycles with cyclophospholipids. 

 

PS  

(10-8 cm/s) 
POPC Oleate 9:1 OA:OOH CPC18 

9:1 

CPC18:OOH 

1:1 

CPC18:OA 

pH: 6.0 2.1 n.p. n.p. 67.14 66.8 n.d. 

pH: 8.0 2.5 6.0 5.5 14.0 35.5 2.9** 

pH: 10.0 1.9 n.p. n.d. 108.3* 15.1 n.d. 
 

Table 3.1. Permeability coefficients of ribose for CPC18 8, oleate 6 and POPC 9-based 

membranes at various pH values. Permeability coefficients for POPC were calculated as a reference 

point, where it is not expected to alter apart from inherent error rate of the assay and curve fitting 

(~±20%). Abbreviations ‘n.p.’ stands for ‘not possible’, and ‘n.d.’ stands for ‘not determined’. * 

unreliable measurement due to low abundance of vesicles at pH 10. ** replicates needed. 

2.3. Oligonucleotide Retention in Protocells 

It is well-known that early Earth was a dynamic place rather than static. Previous studies 

and simulations demonstrated variability and fluctuations at macro- and microscale on the 

prebiotic milieu91. Therefore, pH must be taken into account and cyclophospholipid-driven 

protocellular systems were naturally expected to resist the environmental fluctuations of 
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pH, based on our previous observations (Chapter 2 and above). To being with, we reasoned 

relatively rapid fluctuations in pH would not interfere with the retention of biological 

material. In order to test this hypothesis, we analyzed pure membrane systems as well as 

mixed membrane systems. For the long-term stability tests of the mixed vesicles, we 

encapsulated fluorescently labeled 10-mer 5’-(6)FAM-AAAAAAAAAA DNA 

oligonucleotide and monitored the content loss over 24–72 hours. Initial studies revealed a 

clear trend of increasing long-term stability as a function of cyclophosphate mol% in the 

membrane (Fig. 3.8a and 3.8b). As oleate 5 mol% increased in admixtures, the protocell 

stability decreased. Furthermore, we aimed to probe the effect of cyclophospholipid mol% 

on the stability of protocells with 7.5 mM Mg2+. We detected a general trend of stability 

increase with increasing cyclophospholipid content, while equimolar mixture was the most 

stable (Fig. 3.9). 
 

 
Fig. 3.8. Model protocell stability to pH, various membrane compositions. a) Oleate 5 rich protocell 

stability to low pH. b) Equimolar oleate and cyclophospholipid protocell stability to low pH. The 

stability was assessed at given time points as previously reported in methods section of Chapter 2. 5 µM 

fluorescently labeled 10-mer 5’-(6)FAM-AAAAAAAAAA DNA oligonucleotide was encapsulated in 

vesicles with total lipid concentration 25 mM. The dashed lines were curve fitting for one-phase 

exponential decay. 
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Fig. 3.9. Model protocell stability to Mg2+, various membrane compositions. The 

permeability/stability was assessed at given time points as previously reported in methods section of 

Chapter 2. 5 µM fluorescently labeled 10-mer DNA oligonucleotide was encapsulated in vesicles with 

total lipid concentration 25 mM. Dashed lines were curve fitting for one-phase decay. 

The apparent destabilization with respect to pH was in accordance with our previous 

reports (Chapter 2 and section 2) and was possibly due to presence of excessive amount of 

protonated species in the bilayer. That is, the presence of low mol%, deprotonated, 

negatively charged H-bond acceptor cyclophosphates could not ‘rescue’ the formation of 

oil droplets, where pH was below 7.0, fatty acids were stably found in oil form rather than 

bilayer or micelle245. On the other hand, increasing mol% of cyclophospholipids were able 

to enhance long-term stability of equimolar vesicles, where ~75% of encapsulated 

oligonucleotide was still retained inside vesicles. Therefore, we concluded the 

cooperativity of cyclophospholipids and fatty acids could take place in the context of 

suitable H-bond donor/acceptor pair axis, which satisfactorily explained the observed 

behavior. 

 

pH was an indisputably important parameter for prebiotic chemistry and different reaction 

series could be observed simply by changing the pH in organic synthases. For example, 

imidazole-based activation chemistry of nucleotides simply rely on the 

protonation/deprotonation ratio of the leaving group98. Prebiotic Earth is assumed be rich 

in iron species and, Fe2+ drives nonenzymatic RNA polymerization in a quite pH 

dependent manner, where acidic pH towards 6.5–7.0 was clearly favored over alkaline 

range246. Similarly, pH was shown as one of the major driving factors of how metabolism-

like reactions differ in output and chemical landscapes158. Countless other examples may 

be provided for the significance of pH stability on protocellular systems. The major 
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advantage is, cooperation of cyclophospholipids and fatty acids render protocellular 

systems available to such chemistries, once thought to be inaccessible. To this end, we 

further elaborated the influence of pH on protocell stability and compatibility with nucleic 

acids in Appendix B. 

3. Protocell Growth and Division 

3.1. Micelle-induced Protocell Growth 

Cyclophospholipids were expected to bear and demonstrated to possess dynamic features 

(Section 1 and 2). Clearly, the next question was whether cyclophospholipid-based vesicles 

could also support protocell growth regimes akin to fatty acids. In the literature, the growth 

dynamics of fatty acid vesicles indicated two major routes. The first mechanism involved 

unilamellar vesicles via micelle coating, bilayer surface saturation, then gradual 

incorporation of the monomers37,247. In another plausible growth regime/mechanism, 

multilamellar giant vesicles were used to drive the surface growth on the initial layer, then 

by surface-to-volume ratio inconsistency and low solute permeability, until the vesicles 

showed formation of long protrusions and then filamentous growth mode. In order to 

delineate plausible scenarios and similar mechanisms for membrane growth, we opted to 

start with micelle-induced growth regime with fatty acids and cyclophospholipids. 

 

For clarity in visualization and prebiotic plausibility, we decided to obtain large 

multilamellar cyclophospholipid vesicles instead of small unilamellar vesicles, as 

previously reported in the literature248. To this end, we generated giant multilamellar 

vesicles roughly larger than 5 µm in diameter simply by vortexing in solution. We then 

removed the vesicles smaller than 5 microns in diameter, by spin-column filters (see 

methods for details). The resulting vesicles were equilibrated for 24 h to eliminate artifacts 

of unstable and freshly forming vesicles. To induce the vesicle growth, we added 10–50 

equivalents of fatty acid micelles made at highly alkaline conditions (pH > 10). Clear 

protrusions similar to literature were observed and vesicles grew further in size over the 

course of 30–60 minutes (Fig. 3.10). This result gave us the further courage to continue our 

efforts for growth and division of protocells with mixed compositions. 



 96 

 

Fig. 3.10. Protocell growth with oleate 5 micelles. Vesicle composition was 9:1 CPC18 8:oleyl 

alcohol 6 (0.1% LR-DhPE), extruded for 8 µm and prepared as indicated in methods section. The final 

vesicle concentration was 1 mM and micelle concentration was 50 mM. Each frame indicates different 

field at 30 min. The buffer was 0.2 M HEPES at pH 8.0. 

3.2. Vesicle-induced Protocell Growth 

Having observed fatty acid micelles were very efficiently incorporated into the existing 

vesicles, we then wondered whether the mixed population dynamics observed in FRET-

based competition experiments could be translated into practical context. For that purpose, 

we generated small unilamellar vesicles with 100 nm diameter, composed of only oleate 5 

at pH 8.0 and we subsequently fed multilamellar cyclophospholipid-based vesicles with 

composition of 9:1 CPC18 8:oleyl alcohol 6. Based on our initial FRET surface area 

change analysis (see section 1), we expected the surface area of cyclophospholipid vesicles 

to stay same or show little growth instead of large protrusions. Compared to micelle-fed 

vesicles, the incorporation of fatty acid monomers was less efficient, albeit we were still 

able to observe filamentous mode of growth within similar time-frames (Fig. 3.11, left). 

However, the presence of larger aggregate-like structures and compared to micelle-based 

regime (Fig. 3.11, right), were stable. This observation made us wonder whether the 

growth of cyclophospholipid vesicles might be due to summation of some additional 

factors rather than simple monomer exchange. To test the hypothesis of growth by 

alternative means i.e. bilayer transfer or vesicle fusion, we designed further experiments to 

understand the mode of growth (section 3.4). 
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Fig. 3.11. Vesicle induced protocell growth in 9:1 CPC18 8:oleyl alcohol 6. a) Protocell growth with 

pure 100 nm extruded oleate vesicles, b) 1:1 CPC18 8:oleate 5 vesicles in 0.2 M HEPES at pH 8.0. 

Initial vesicles were labeled with 0.1% LR-DhPE for imaging and extruded for 8 µm. The final vesicle 

concentration and ‘feeder’ vesicle concentration were 1 mM and 50 mM, respectively. Each frame 

indicates different fields (except b) starting with t = 0 min to 30 min. Red scale bar indicates 10 µm and 

white scale bars indicate 5 µm. 

Given expected dynamic characteristics of cyclophospholipids, above results encouraged 

us to envision a prebiotic scenario where protocell growth and division may take place 

within similar compositions (instead of fatty alcohol). To this end, we designed an 

experimental outline for mol% change of cyclophospholipids upon growth (and division). 

We aimed to start with 9:1 CPC18 8:oleate 5, and feed giant multilamellar vesicles with 

small unilamellar vesicles made of pure oleate 5 vesicles (both 50 eq.). As expected, we 

were able to achieve vesicle growth, when cyclophospholipid-rich vesicles were fed with 

oleate 5 containing vesicles (Fig. 3.11b and 3.12). 

3.3. Coupling Growth and Division of Protocells 

Seamless and stable protocell growth and division cycles requires involvement of 

cyclophospholipid species in the process, not only oleate 5. However, CPC18 8-based 

protocells could not to be fed by its own monomer. Cyclophospholipid vesicles were still 

observed at very alkaline pH >10–11 (see Chapter 2); therefore, growth by micelle feeding 

similar to fatty acid systems was simply impossible. Thus, we searched for alternative 

means of vesicle growth and division. Having encouragement from 100-nm-sized oleate 5 

vesicle feeding experiments, we used 100 nm diameter SUVs of 1:1 CPC18 8:oleate 5 

vesicles for feeding. Initial experiments clearly showed incorporation of the lipid (Fig. 

3.11b and 3.13). 
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Fig. 3.12. Vesicle induced protocell growth in 9:1 CPC18 8:oleate 5. Protocell growth with pure 100 

nm extruded (100 nm) oleate vesicles. Experiments were performed in 0.2 M HEPES at pH 8.0, initial 

vesicles were labeled with 0.1% LR-DhPE and extruded for 8 µm. No Mg2+:citrate complex was 

present. The final vesicle concentration and ‘feeder’ vesicle concentration were 1 mM and 50 mM, 

respectively. Each frame indicates different fields starting with t = 15 min to 120 min. scale bar 

indicates 100 µm. 

 
Fig. 3.13. FRET assay for vesicle surface area change and growth for 9:1 CPC18 8:oleyl alcohol 6. 

The total FRET dye pair concentration was 0.5 mol% each, LR-DhPE and NBD-PE. The data is not 

processed with known concentrations of FRET dyes, therefore, not converted into surface area change. 

The signal decrease indicates the surface area increase, therefore net monomer influx towards FRET-

labeled vesicles. 

As delivered in Chapter 2, the stability of cyclophospholipid-based protocells was one of 

its advantages over existing model systems. For that purpose, we continued our studies 
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aiming to couple the stability features for testing vesicle growth in the presence of Mg2+. 

Despite its debatable prebiotic availability, citrate chelated Mg2+ complexes have been 

commonly used in model RNA catalysis studies41,249. To this end, we aimed to integrate 

the critical parameters of two disparate phenomena at once. Satisfactorily, we were able to 

observe protocell growth in the presence of citrate chelated Mg2+ ions (Fig. 3.13 – 3.17). 

These results were particularly noteworthy, simply because there is no other report exist, 

coupling model protocell growth with environmental conditions suitable for nonenzymatic 

RNA synthesis. The rapid net surface area change was verified with FRET-based assay as 

outlined previously (Fig. 3.3 and 3.13). Interestingly, over the course of experimental 

duration up to 60 min, we observed multiple vesicles budding-off from the parent and 

further grew into protrusions (Fig. 3.14). Statistical analysis and automated vesicle 

counting revealed the increase in daughter vesicle number after feeding (Fig. 3.15 and 

3.16). Notably, the Brownian motion of neither cyclophospholipid nor mixed vesicles 

seemingly was not inhibited by the presence of salts, where we were able to observe freely 

diffusing and shaking vesicles. 

 

Fig. 3.14. Coupled protocell growth and spontaneous division with SUV in 9:1 CPC18 8:oleyl 

alcohol 6. Experiments were performed in 0.2 M HEPES at pH 8.0, initial vesicles were labeled with 

0.1% LR-DhPE and extruded for 8 µm. Feeding achieved with 100 nm 1:1 CPC18 8:oleate 5 small 

unilamellar vesicles (50 eq.) in 0.2 M HEPES at pH 8.0 in the presence of 20 mM:80 mM Mg2+:Na+-

citrate. The final vesicle concentration and ‘feeder’ vesicle concentration were 1 mM and 50 mM, 

respectively. Each frame indicates same field, starting with t = 0 min towards 30 min. Scale bars 

indicate 5 µm. 

Due to its practical and prebiotic impact, we investigated the observed spontaneous 

division phenomenon systematically. We observed net vesicle increase on a recurrent 

basis, vesicle counting revealed a total of 2-fold increase in vesicle abundance (Fig. 3.16). 

In general, the overall size distribution of the labeled vesicles also showed a decrease by 

microscopy observations, indicating the division leading to smaller daughter vesicles, 

complementary to our initial observations (Fig. 3.14 and 3.15). Further experiments 

revealed prolonged and sustained vesicle growth when Mg2+:citrate complex was present, 

with lesser efficiency of vesicle division (Fig. 3.17). This finding led us to question 
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whether the net vesicle composition was playing a role in vesicle division instead of Mg2+ 

ions. Therefore, we designed our next experiments to pin-point the mechanism of vesicle 

growth and division (section 4). 

 

Fig. 3.15. Microscopy images of vesicle number change with spontaneous division in 9:1 CPC18 

8:oleyl alcohol 6. Experiments were performed in 0.2 M HEPES at pH 8.0, initial vesicles were labeled 

with 0.1% LR-DhPE and extruded for 8 µm. Feeding achieved with 100 nm 1:1 CPC18 8:oleyl alcohol 

6 small unilamellar vesicles (50 eq.) in 0.2 M HEPES at pH 8.0 in the presence of 20 mM:80 mM 

Mg2+:Na+-citrate. The final vesicle concentration and ‘feeder’ vesicle concentration were 1 mM and 50 

mM, respectively. The images were taken within 15 minutes of feeding. Scale bars indicate 5 µm. 

Similar daughter vesicle population increase was observed in all the fields analyzed, and the figure 

shows the representative result. 

 

Fig. 3.16. Statistical analysis of vesicle number change with spontaneous division. Initial vesicle 

composition was 9:1 CPC18 8:oleyl alcohol 6 (0.1% LR-DhPE), extruded for 8 µm (prepared indicated 

in methods section). Feeding was with 100 nm 1:1 CPC18 8:oleate 5 small unilamellar vesicles (50 eq.) 

in 0.2 M HEPES at pH 8.0 in the presence of 25 mM 1:4 Mg2+:citrate. The final vesicle concentration 

and ‘feeder’ vesicle concentration were 1 mM and 50 mM, respectively. When treated with same 
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concentrations of Mg2+:citrate complex, no significant difference was observed. At least 5 different 

fields with > 200 vesicles were analyzed in automated count, with macro written for Fiji (ImageJ). Error 

bars indicate ±SD of at least six independent fields or readings. 

 

Fig. 3.17. Prolonged growth of protocells in the presence of Mg2+:citrate complex. The vesicle 

composition was 9:1 CPC18 8:oleyl alcohol 6, and fed with 50 eq. 1:1 CPC18 8:oleate 5 in the presence 

of 25 mM Mg2+:citrate complex. A single close-up example was shown here for better image quality. 

The image taken at 1 h of growth.  

To our surprise, we observed similar growth characteristics in the absence of Mg2+ ions as 

well. For example, in fatty acid micelle-feeding regime, we were able to detect unstable 

cyclophospholipid vesicles, leading to very clear and visible budding and spontaneous 

division, without significant mechanical agitation (Fig. 3.18). Recurrent observation of 

spontaneous mode of division triggered us to conclude that metal ions had limited role for 

the observed phenomenon (if there was any). The complete elucidation of growth and 

division mechanisms of these vesicles was a daunting task (see section 4); however, what 

we constantly observed was the replication of the similar results in different experimental 

batches (n = 3). Subsequent analyses also revealed that indeed Mg2+ ions may not play 

crucial role in spontaneous division, rather presence of excess fatty acids on the membrane 

may play a role (Fig. 3.19). 
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Fig. 3.18. Coupled protocell growth and spontaneous division with oleate micelles. Vesicle 

composition was 9:1 CPC18 8:oleyl alcohol 6 (0.1% LR-DhPE), extruded for 8 µm, where buffer was 

0.2 M HEPES at pH 8.0.. The final vesicle concentration and micelle concentration were 1 mM and 50 

mM, respectively. Each frame indicates same field, starting with t = 0 min to 30 min. Scale bar indicates 

5 µm. 

 

 

Fig. 3.19. Vesicle division counts for studying the effect of Mg2+:citrate complex. The analysis 

revealed the influence of metal ion may not be crucial, rather cyclophospholipid to fatty acid 

composition on the membrane may be significant. The starting vesicle composition was 9:1 CPC18 

8:oleate 5 and feeding was achieved with 50 eq. SUV of the indicated mol ratio. The complex, if 

present, was 1:4 Mg2+:citrate at 25 mM concentration of the metal ion. At least 12 different fields were 

analyzed, with images taken between 30–60 minutes. The automated counting was performed by Fiji 

(ImageJ), cross-checked with manual counting. Error bars indicate ±SD of at least eight different fields. 

4. Mechanism of Protocell Growth and Division 

4.1. Insight from Existing Models 

For monomer-driven systems such as fatty acid micelle to vesicle transition, the main 

reason for extensive vesicle growth is the non-sustainable surface to volume ratio 

difference241. The continuous flow of ‘feeder’ monomers to the bilayer could either be 
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initiated by means of osmotic pressure16 or by simple concentration driven regimes49. 

Here, the relatively high energetic penalty of fatty acid micelles/aggregates compared to 

vesicles postulate the preferred residence of monomers on the pre-existing 

membranes17,247. Notably, due to rapid occurrence of surface area change and the timescale 

difference, we inherently ignore the influence of matrix effect250. Depending on the 

concentrations of the pre-existing vesicles and the final ‘feeder’ aggregation state (i.e. 

monomer, micelle, bicelle or vesicle), the mode of surface area change would also be 

affected. For example, when fed with ‘empty’ vesicles, the presence of diacyl-

phospholipids, i.e. 10 at low concentrations such as 10 mol% in the bilayer, could drive the 

net vesicle growth. This mode of growth is enabled by net increase in hydrophobic surface 

area leading to fatty acid monomer desorption rate decrease, and lipid solubility 

differences leading to imbalances in influx and efflux of monomers, in favor of influx. As 

opposed to micelle-based feeding regimes, diacyl-phospholipid-driven vesicle growth 

leads to different rates of surface area change. However, in the most common and practical 

laboratory studies, the surface area change was driven by feeding of micelles at high 

concentrations241,251, where the micelles were prepared by alkaline solutions (pH > 10). For 

example, in this regime, the micelles will initially be partially coated to the vesicle surface 

at the very short time frames (< ms), driving sustained but relatively slow monomer 

incorporation, with limited control in ‘feeding’ rate. Eventually, in both of these major 

growth regimes, sustained increase in net surface area change would bring the apparent 

protrusion formation and filamentous mode of growth, given the ‘feeders’, i.e. high 

concentrations of micelles or vesicles, were sufficiently provided. Subsequently, vesicle 

division could be achieved by mechanical agitation or by photochemical means, which 

were assumed to be available in prebiotic milieu, as discussed in Chapter 1. 

4.2. Flip-Flop Kinetics of Monomers 

In order to delineate the underlying reasons leading to vesicle growth and division, we 

wanted to analyze single monomer kinetics of cyclophospholipids compared to fatty acids. 

Briefly, in the oleate system compared to its diacyl counterparts, monomer flip-flop rates 

are much faster, on the order of milliseconds–seconds, as opposed to days–weeks for 

diacyl phospholipids16,37,63. This difference is partly due to a combination of lower 

hydrophobic surface area of single chain and low energetic penalty in aqueous solution. 

Therefore, we reasoned that the bulky head group of cyclophospholipids and their net 

negative charge on the surface may lead to long-lasting inter-bilayer pH gradients 
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compared to fatty acids, thereby indicating slow interleaflet transfer. Since fatty acids are 

partially deprotonated at pH 8.0 and cyclophosphates are nearly all deprotonated at this pH 

(Chapter 2), we also suspected whether the protonation state difference would lead to extra 

H-bonding, that is strong enough to influence flip-flop kinetics. To this end, we employed 

a series of stopped-flow kinetic experiments to understand the effect of cyclic phosphate 

head group on pH gradient decay and monomer flip-flop rates (for experimental flowchart, 

see Fig. 3.20). If existed, H-bonding could explain the observed vesicle growth with 

increasing oleate 5 content, as a driving force behind. 

 

Fig. 3.20. Experimental flowchart for monomer flip-flop rate determination. Small unilamellar 

vesicles (SUVs) were prepared as indicated in methods section and extruded for 100 nm. Stopped-flow 

mixture indicated rapid increase in fluorescence signal due to signal changes lex at 405 nm and lex at 

454 nm with lem at 515 nm, with respect to pH. At low pH (e.g. pH 7.0), the 405 nm-based signals 

increased. On the other hand, with increasing pH (e.g. pH 8.0), 454 nm-based signals increased. This 

difference was used to monitor constantly, at lex = 454 nm and lem = 515 nm, with 20–200 points per 

second. 

We calculated monomer desorption rate (off-rate, koff) of CPC18 8 species as koff = 0.367 s-

1 in pure membranes with half-life of flip-flop as t1/2 = 1.88 s. In comparison, for oleate 5 

vesicles, off-rates were calculated as koff = 5.18 s-1 with flip-flop rate of t1/2 = 0.193 s (Fig. 

3.21). The apparent one-order-of-magnitude difference between CPC18 8 and oleate 5 

monomers clearly showed alterations in membrane kinetics, thereby, we concluded bulky 

head group indeed may interfere with the membrane kinetics, albeit not as pronounced as 



 105 

initially expected. We then asked whether the flip-flop rates could be retarded in mixed 

membrane composition with molar ratios 1:1. We calculated koff = 2.67 s-1 with t1/2 = 0.374 

s for 1:1 CPC18 8:oleate 5 (Fig. 3.21). The relationship of oleate 5 content in 100% 

towards 0% of CPC18 8 bilayer was found to be linear and additive, instead of non-linear 

and ion-pair influential. We concluded, even if CPC18 8 monomers had an effect on oleate 

5 for H-bonding acceptor, the phenomenon could not generate enough influence to 

translate into observable flip-flop rate changes. By the theoretical expectations, flip-flop 

kinetics were driven mainly by total hydrophobic surface area instead of packing 

efficiency, hydrophobic forces and head-to-tail group ratio252. At most, as found, the flip-

flop rates from mixed membranes were calculated as an additive of each individual 

species. 

 

Fig. 3.21. pH gradient decay characteristics of CPC18 8-based vesicles in comparison to oleate 5 

system. Examples of individual stopped-flow device shots from pH-gradient decay or flip-flop rate 

assay. The curve fitting was performed for single-phase exponential decay, with equation of F(t) = F(¥) 

+ F(0) * exp(–t/t) to determine experimental time constant t = tobs. Then, the t1/2 was calculated as 

ln(2)(tobs), and koff was calculated as 1/tobs. 

Significantly, we concluded the cyclophospholipid-based vesicles were not be very 

suitable for possible long-lasting (over hours, instead of seconds) transmembrane pH-

gradients generated via chemical activity inside a protocell253. The timescale of events in 

modern electron transport chain and H+ pumps are in fact within the range of ms–s. In 

principle, if a mixed or a pure system existed and evolved around cyclophospholipids by 

exploiting its membrane characteristics, it is still possible to take advantage of generated 

potential energy between inner and outer leaflets of the membranes. Notably, our observed 

measurements and calculations are also well-within the range of lyso-phosphatidylcholine 

11 (Lyso-PC 18:1) kinetics38, albeit with slightly slower rates, again, possibly due to net 

negative charge of the head group. 
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4.3. Bilayer Escape Kinetics of Monomers 

Apparent findings of flip-flop rate analyses highlighted only a limited perspective of total 

bilayer events. For example, diacyl phospholipids may have very fast lateral movement 

kinetics, yet still lack kinetic characteristics to defy the transmembrane H+ gradients 

(Chapter 1). Perhaps more notably, membrane escape rates of diacyl phospholipids are still 

slower than flip-flop rates254. Therefore, keeping modern-day lipids as a reference point, 

we opted to test whether cyclophospholipid and oleate mixed systems could have any 

additive effect on monomer escape kinetics of each individual. To this end, we used 

existing methodologies to understand the off-rates of single chain amphiphiles using diacyl 

phospholipid vesicles i.e. POPC 9, as a pH gradient decay reporter52 (for an experimental 

flowchart, see Fig. 3.22). 

 

Fig. 3.22. Experimental flowchart for membrane desorption rate determination. Single chain 

amphiphile based small unilamellar vesicles (SUVs, with mean diameter 100 nm) were mixed with 8-

hydroxypyrene-1,3,6-trisulfonic acid (HPTS) encapsulating SUV (mean diameter 100 nm) POPC 9 

vesicles at pH 8.0. With monomer escape (slow) and flip-flop events between outer and inner leaflets 

(fast), the pH gradient in POPC 9 vesicles diminished (fast, < 1 min). Due to timescale differences 

between aforementioned events, the rapid pH-drop in POPC 9 reporter vesicles mainly point out to 

monomer desorption rates of the single chain amphiphiles from their vesicles. To determine the 

desorption rate, the fluorescence traces were curve fitted to following equation F(t) = F(¥) + F(0) * 

exp(–t/t) to determine experimental time constant t = tobs. Then, the t1/2 was calculated as ln(2)(tobs), and 

koff (desorption rate) was calculated as 1/tobs, reported in Table 3.2 and individual stopped-flow shots for 

each vesicle composition was reported in Fig. 3.22a and plotted in Fig. 3.22b. 
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In desorption rate assay, small unilamellar vesicles (SUVs) made of POPC 9 were 

encapsulating a pH-sensitive membrane impermeable fluorophore as reporter molecule, 

HPTS (Fig. 3.22, for further details, see methods). The aim was to understand at which rate 

single chain amphiphiles can lead to acidification of the vesicle interior, since the 

timescale of flip-flop is very fast for non-ionized species. Here, it is important to remember 

that the rates of initial escape from the existing bilayers are the slowest among all events. 

In other words, we will be calculating the escape kinetics of single monomers by making a 

few assumptions as following: the time-frame that each monomer spends in bulk aqueous 

solution is much shorter than either on-rates (influx) entering into the bilayers or the flip-

flop rates. Therefore, apparent observation of the pH gradient decay in reporter vesicles are 

in direct correlation with the monomer escape rates. According to literature, the 

measurements are in well in accordance with each other with the molar ratios of empty 

vesicles to reporter vesicles within the range of 0.5–5244, simply because of the fast nature 

of above outlined events. Here we used 1:2 ratio of reporter to inducer vesicle species. 

 

By stopped-flow kinetic measurements, we calculated the off-rates (desorption rate) of 

each membrane composition as individual ‘shots’ reported in Fig. 3.23a and values are 

indicated in Table 3.2. It is noteworthy to mention that the off-rates were nearly 

cumulative results of each species; therefore, the positive correlation between 

cyclophospholipid-rich and fatty acid-rich membranes stand reasonable (Fig. 3.23b). The 

calculated off-rates could not be influenced by a dilution effect, since the time-scale of 

events were so fast, and the concentration range of measurements were within the order-of-

magnitude difference, eliminating the possibility of experimental artifact. Albeit consistent 

with our expectations, our results were not in accordance to LogP octanol-water 

partitioning predictions for cyclophospholipid species (Fig. A3.3). Existing literature of 

lyso-lipids38 (e.g. Lyso-PC 18:1, 11), suggested lyso-species face smaller energetic barriers 

to jump out of bilayer to bulk aqueous solution. However, our findings accompanied by 

decreased flip-flop rates of cyclophospholipids indicated the influence of bulky head group 

indeed deviates the expected behavior of the monomers also possibly due to larger 

hydration sphere around the head group.  
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CPC18:oleate CPC18 mol% koff (1/s) 

1:0 100 0.280 ± 0.068 

3:1 75 1.091 ± 0.054 

1:1 50 1.860 ± 0.134 

1:3 25 3.949 ± 0.155 

0:1 0 5.232 ± 0.068 

Table 3.2. Desorption rates of monomers in mixed membranes of CPC18 8 and oleate 5. The off-

rates (koff) were calculated as in methods and Fig. 3.22. koff values were reported as mean ± SD from n = 

3 measurements. 

 

Fig. 3.23. Monomer escape kinetics of pure and mixed membranes. The desorption rates were 

calculated as indicated in methods section and Fig. 3.4. a) Individual ‘shot’ examples from stopped-

flow kinetic measurements for each membrane composition tested. The fluorescence traces were fit to 

one-phase decay. b) Plot for desorption rates from mixed vesicles as a function of CPC18 8 content. 

The dotted line indicates second-order polynomial fit with R2 = 0.99. Red dotted line indicates linear fit 

with R2 = 0.96. Error bars indicate ±SD of at least three measurements. 
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4.4. Bilayer Fluidity of Protocells 

To pin-point and better understand the dynamic behavior of the monomers, we also 

employed a series of membrane anisotropy analyses. The aim was to obtain a supporting 

evidence to see whether cyclophospholipids indeed have lower flip-flop rates, off-rates and 

could show any influence on fatty acid monomers. What we expected was the correlation 

between membrane fluidity as a function of cyclophospholipid mol%. Indeed, we observed 

a positive correlation, as oleate 5 content decreased, the membrane anisotropy also 

decreased (Fig. 3.24). We did not observe any significant anisotropy difference with 

respect to pH (Fig. 3.25), suggesting the membrane fluidity had limited influence on 

observed ribose permeability differences with respect to pH (see section 2). Having 

multiple experimental methods to cross-validate the apparent behavior of the CPC18 8 

species, we concluded that CPC18 8 and oleate 5 can coexist potentially in a mutualistic 

manner to exert promising and cooperative behavior for prebiotic systems (see Chapter 1). 

We observed that the off-rates were easily translated into logical dependency to membrane 

fluidity; therefore, we concluded that cyclophospholipids had influence on fatty acid-only 

vesicles to trigger growth and division cycles52, solely based on membrane content. 

Seemingly low differences in anisotropy, ranging from 0.06 to 0.07, could be also provided 

by presence of low mol% diacyl-phospholipid 1052, i.e. 10%, leading to net vesicle growth. 

Therefore, the observed membrane ‘rigidity’ difference in oleate 5 vesicles as a function of 

CPC18 8 content could partially explain the protocell growth dynamics. 

 

Fig. 3.24. Membrane fluidity analysis of CPC18 8 vesicles as a function of oleate 5 content in the 

bilayer. Membrane fluidity dependency on CPC18 8 content can be observed as a function of oleate 5 

content. Higher the anisotropy value, more rigid the membrane, and vice versa. The reported values for 

oleate 5 was in accordance with existing literature. The reporter fluorophore was 1,6-diphenyl-1,3,5-

hexatriene (DPH), with 1:400 molar ratio with respect to membrane lipids (see methods for details). 

Error bars indicate ±SD of at least 5 measurements. The dotted line indicates one-phase decay 

exponential fit with R2 = 0.99. 
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Fig. 3.25. Membrane fluidity analysis of CPC18 8 vesicles as a function of pH. Steady-state 

anisotropy measurements were collected as in methods. The reporter fluorophore was 1,6-diphenyl-

1,3,5-hexatriene (DPH), with 1:400 molar ratio with respect to membrane lipids. Error bars indicate 

±SD of at least 5 different readings.  

Having established the monomer kinetics and membrane dynamics for solute permeability, 

we now confidently deduce that the cyclophospholipids have comparable – yet slightly 

different – dynamic characteristics attributed to fatty acids. Nevertheless, the important 

finding was the stable nature of cyclophospholipids in fact did not originate from its 

possibly kinetically-trapped nature as in the case of diacyl phospholipids. In turn, we think 

the bulky head group with negative charge resonance throughout the cyclic head group 

render this phospholipid quite unique for protocellular systems. 

4.5. Proposed Mechanisms of Protocell Growth 

Monomer dynamics suggested that we were at the boundaries of conventional single chain 

systems. Thus, our current understanding in model growth and division systems may not 

be extrapolated to explain our spontaneous division regime, at least could not be attributed 

to all observed phenomena. To this end, we kept in mind the alternative scenarios for 

vesicle growth and division. We initially note one major factor was aforementioned 

micelle-like aggregate formation of cyclophospholipids in solution, due to their low 

efficiency of vesicle formation. Similarly, net membrane fluidity decrease in 

cyclophospholipid-rich vesicles could drive the surface area change by hydrophobic effect 

as reported previously52. Overall, single monomer transfer of fatty acids or 

cyclophospholipids could partially explain the growth dynamics, given CPC18 8 species 

were more abundant on the membrane. For example, regarding 9:1 CPC18 8: oleate 5-

based vesicle growth, the monomer dynamics plausibly satisfy the net surface area change, 
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when fed with molar excess of 100 nm SUVs of 1:1 CPC18 8: oleate 5. However, there 

were still a lot of unknowns about exact underlying factors for the non-protrusion-like 

structures and growth regimes we observed in 9:1 CPC18 8:oleyl alcohol 6 system (Fig. 

3.19). 

 

The most tantalizing hypothesis for rapid increase in growth and vesicle content was the 

vesicle-vesicle fusion events. 9:1 CPC18 8:oleyl alcohol 6-based vesicle growth and 

division was found to be as a combination of fusion of SUVs with multilamellar giant 

vesicles and monomer influx, due to net change in membrane fluidity (Fig. 3.24). In order 

to have an attempt to demonstrate the plausibility of this mechanism of growth, we kept 

the reporter vesicle composition identical for the experimental consistency. We first 

encapsulated 2 mM HPTS inside 100 nm 1:1 CPC18 8:oleate 5 ‘feeder’ vesicles (see 

methods). After mixing the two species at a molar ratio of 1:10, with feeder vesicles being 

10-fold excess of reporters, we were able to observe overlapping signals (Fig. 3.26). This 

observation immediately encouraged us to elaborate the monomer dynamics for further 

evidence for the proposed mechanism. 

 

 

 

Fig. 3.26. Microscopy of giant multilamellar and small unilamellar vesicle fusion. Giant 

multilamellar 9:1 CPC18 8: oleyl alcohol 6 vesicles were labeled with 0.1 mol% LR- (red) and oleate 

vesicles encapsulated 2 mM HPTS (green) keeping the vesicle size identical to above growth and 

division experiments. Here, 10 equiv. of HPTS encapsulating 1:1 CPC18 8:oleate 5 vesicles were added 

and imaged after 30 min of incubation. Scale bars indicate 10 µm. Similar results were obtained with 

and without Mg2+ in the media. 

The existing literature suggested the demonstration of vesicle-vesicle fusion by 

experimental means should be straightforward255. To this end, we encapsulated 25 mM 

ethylenediaminetetraacetic acid (EDTA) in feeder 1:1 CPC18 8:oleate 5 vesicles and 
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purified without influencing the integrity of the vesicles, keeping concentrations above 1 

mM in running buffer, extruded to 0.2 µm diameter (Fig. 3.27). Again, we kept the 

reporter vesicle composition same for consistency between experiments as 9:1 CPC18 

8:oleyl alcohol 6 and encapsulated 200 µM calcein with 2 mM CoCl2, to keep 

intravesicular calcein fluorescence in quenched state. In this setup, upon mixture of the two 

species, i.e. calcein/Co2+ vesicles and EDTA vesicles, a rapid fluorescence increase was 

expected due to dequenching of calcein, since EDTA would chelate all Co2+ ions255–257. 

We mixed receiver and feeder vesicles to monitor the calcein fluorescence signal change 

over time. The mixture molar ratios were identical to imaging, at a ratio of 1:10 where 

feeder vesicles were 10-times in excess (Fig. 3.28). 

 
Fig. 3.27. Cartoon for vesicle-vesicle fusion experiments. Giant multilamellar vesicles were prepared 

as in microscopy assays. The initial composition was 9:1 CPC18 8:oleyl alcohol 6 (or oleate 5) and 

encapsulated 200 µM calcein and 2 mM CoCl2. Prior to the acquisition, extra 2.5 mM CoCl2 was added 

outside of the vesicles in order to quench extravesicular calcein (if any). The initial vesicle 

concentration was kept at 0.5 mM and 5 mM of feeder vesicles were added to induce fusion events. 
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The rapid increase in fluorescence over the negative control and background levels 

suggested the presence of vesicle-vesicle fusion events. The control runs with 100-nm 

sized ‘receiver’ vesicles did not show any fluorescence increase, suggesting the plausibility 

of giant multilamellar vesicle fusion, but not SUVs. Unfortunately, due to rapid permeation 

and known fluorescence quenching effects of Mg2+ species, we were not able to perform 

this assay in the presence of 1:4 Mg2+:citrate. Nevertheless, we seemingly addressed only 

the plausible mechanism for observed rapid vesicle growth and inability to detect 

persistent protrusion-like structures under the microscope, although protrusions further 

grown and emerged as seen in Fig. 3.17. Notably, the growth (and subsequently the 

division) was faster than oleate 5 system, another observation suggesting the presence of 

an alternative mechanism, i.e. rapid fusion events leading to surface area change. Further 

growth and maintenance of non-equilibration state was hypothesized to be due to constant 

monomer influx. 

 

Fig. 3.28. Kinetics of 9:1 CPC18 8:oleyl alcohol 6-based vesicle fusion. The theoretical encapsulation 

levels of EDTA inside vesicles was below 0.5 mM if vesicles were composed of 1–2% of the overall 

solution volume, where the initial EDTA concentration for encapsulation was 25 mM. Therefore, if any 

EDTA leaked out of vesicles, concentrations greater than 1 mM could not be present. To this end, 1 mM 

EDTA were used for negative control, which already overestimated the effect of leaked contents. Little 

to no fluorescence increase was observed when fusion was triggered with 9:1 CPC18 8:oleate 5 vesicles 

as ‘receiver’. The fluorescence traces were equilibrated to same levels with the addition of 1% (v/v) 

Triton X-100 and excess EDTA (50 mM). 
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4.6. Proposed Mechanisms of Spontaneous Protocell Division 

The observation of spontaneous division in both oleate 5 micelle-fed and 1:1 CPC18 

8:oleate 5 vesicle-fed experiments made the interpretation of results more challenging than 

growth kinetics. Although a solid experimental support is still required, in one plausible 

explanation, the division simply may be triggered by rapid increase of net surface charge 

thereby repelling the headgroups leading to thermodynamic instability on the membrane. 

Another possibility is the rapid local curvature changes and perturbations simply by 

excessive surface growth in the presence of cyclophospholipid head groups that do not 

endure random Brownian motions of the membranes, then leading to ‘pearling-like’ 

division242. Since all biological membranes are essentially fluids in equilibration, an 

external stimuli may lead to Rayleigh instability258 and spontaneous division due to loss of 

tension. In similar hypotheses, one critical factor is the membrane hydrophobicity. 

Previous reports focused on the vesicle division by osmotic imbalance and it has been 

shown to be plausible for diacyl phospholipids259. Given dynamic character of 

cyclophospholipids, slow flip-flop rates may result in net difference in outer and inner 

leaflet heterogeneity over time and trigger similar spontaneous division mechanism, 

although timescale of events are not very supportive of such mechanism. At the moment, 

none of the proposed mechanisms seem to overrun the other. In conclusion, we need to 

design targeted and controlled experiments to decipher the underlying causes of the 

observed phenomena. 

Discussion 

Here we demonstrated stable protocells can undergo membrane-composition-driven cycles 

of growth and division. Simply put, the presence of high mol% of cyclophospholipids 

could equilibrate towards 1:1 ratio with fatty acids, and then admixtures of vesicles with 

high fatty acid content would deplete cyclophospholipid content of the starting protocells. 

Addition of pure cyclophospholipids to the media or prebiotic means of catalysis within 

protocellular milieu would again increase the concentrations of cyclophospholipid vesicles, 

setting the stage for the next cycle of growth, turning back to where we started (Fig. 3.29). 

To finalize the cycle and close the loop, only piece missing at the moment is the 

experimental demonstration of fatty acid rich regime to cyclophospholipid rich regime 

transition (experiments ongoing). 
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The presence of choline group allows diacyl phospholipids to form cylindrical geometry to 

promote bilayer packing as opposed to simple phosphatidic acid head group. Phosphatidic 

acid has also a net negative charge similar to cyclophospholipids; however, the large 

hydrophobic to hydrophilic area difference favors inverted hexagonal geometry instead of 

bilayers. While the absence of one alkyl chain allows lyso-phosphatidic acid 12 (Lyso-PA 

18:1) species to form vesicles under particular conditions199, the overall behavior of the 

cyclophospholipids could not be translated from the existing literature, simply because the 

cyclic nature of the head group alters either the packing geometry or monomer kinetics in 

much different than expected. Moreover, as seen from our desorption rate measurements, 

availability of H-bond donor for fatty acids makes cyclophospholipids more unique than 

simple lyso-species (e.g. 11 and 12) with very low energetic penalty in bulk solution38. In 

conclusion, cyclophospholipids had a clear influence on mixed membrane systems, 

towards rendering each other more dynamic and further provides protocellular advantages, 

as seen from our growth and division studies. 

 

Fig. 3.29. Proposed protocell growth and division cycle. Mol% were always provided as 

cyclophospholipids (C) to fatty acids (F), C:F. The vesicle growth and division cycles could be split into 

two regimes: (1) Cyclophospholipid-rich regime with more Mg2+ ions (right hand side). (2): Fatty acid-

rich regime with less Mg2+ ions (left hand side). The ion fluctuation scenario could be implemented as 
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dilution with fresh water (or rain) and seawater mixture, or wet/dry cycles. Multilamellar nature of 

protocells is important and significant for growth and feeding with small unilamellar vesicles were only 

investigated to date. Throughout the entire cycle, the overall fitness of the protocells would be 

increasing due to presence of cyclophospholipids, metal ion and pH stability. 

Along the course Darwinian evolution, not only arms race, but also helper systems are 

expected to emerge. Ideally, the subsystems should cooperate towards increased fitness of 

the protocell. Otherwise limiting resources or events with low probabilities such as 

emergence of a ribozyme function110, reaction networks170; or ribozyme assembly from 

short oligonucleotides82 would have been challenging to observe inside protocells. 

Therefore, mechanisms to increase the fitness of a model protocell needed to be addressed. 

One great advantage presented here was the continuity of protocell growth and division 

cycles with little compromise of overall protocell stability. Here in this chapter, we aimed 

to present cyclophospholipid species as one plausible ‘auxiliary helper’ to fatty acid 

protocells, with two main roles at the same time as outlined above. We propose, 

cyclophospholipids may have filled an important gap to serve as the intermediate species 

for the early evolution of biological membranes. 

Conclusions 

Referring back to initial questions we asked at the beginning of this chapter, we now 

would like to provide answers and draw conclusions. Here, we attempted to demonstrate 

that cyclophospholipid species can integrate with their natural precursors i.e. fatty acids. 

We probed the fundamental characteristics at the monomer level and moved on to 

population dynamics. We showed the bulky head group of cyclophospholipid species 

apparently made cyclophospholipid bilayer formation less efficient than fatty acids. 

However, it was clear the cyclophospholipids have a dynamic nature that allows for fast 

membrane kinetics, solute permeation, and inter-membrane transfer capabilities. Thus, we 

can say, stable nature of cyclophospholipids does not diminish dynamic properties.  

 

The mutualistic co-existence of cyclophospholipids and fatty acids led to dynamic 

protocells that can take up nutrients from environment with similar selectivity and undergo 

growth and division. Expected and characterized dynamic behavior of cyclophospholipids 

enable the mixed compositions of protocells utilized in laboratory models of vesicle fusion 

and division experiments, all taking place in the presence of divalent cations. One simple 
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cyclic scenario combining all of our findings could be seen at figure 3.29. Nevertheless, 

disrespectful of the mechanisms, the observation of protocell growth and division suggests 

even deeper mutualistic interactions may have been present between similar two distinct 

populations.  

 

The observed spontaneous division regime upon mixing protocell contents would render 

prebiotic implementation of ‘breeding’ and ‘natural selection’ more intuitive, with little 

intervention by the experimenter. On the verge of Darwinian evolutionary behavior, such 

altered dynamics and seemingly small but beneficial perturbations in the overall equilibria 

may have given rise to emergence of catalysts and their selection by protocells. Mixed, 

heterogenous systems may facilitate genetic content shuffling by fusion and division 

cycles, favoring the odds towards emergence of functional ribozymes either by completion 

of duplexes or supporting overall architecture. As raised by many scientists throughout the 

research efforts to understand the origin of life, emergence and conservation of catalytic 

functions of RNA polymers requires additional factors, to devoid inaccessibility of 

polymers. Here, emergence of Darwinian evolutionary behavior is one of the plausible 

answers, and cyclophospholipids may be the answer one of the many missing pieces in the 

puzzle. 

Our results again highlight the prebiotic importance of cyclic phosphate head group as 

improvement over carboxylates of fatty acids. Overall, our findings are in favor of one of 

the earliest catalysts in prebiotic Earth could have driven synthesis of cyclophospholipids, 

which in turn may also serve as precursor to the diacyl phospholipids. We propose now, 

we should search for a simple catalyst capable of synthesizing cyclophospholipids with a 

few-step-mechanism, enabling more efficient protocell growth with improved stability. 

This seemingly simple but obscure chemical step/catalysis may be one of the first 

genetically-coded and preserved function of the primitive genome. 

Future directions 

Our studies so far demonstrate scientific evidence towards a unified theory of protocell life 

cycle. However, clearly much work need to be done for complete understanding of 

mutualism between cyclophospholipids and fatty acids. First, characterization of flip-flop 

dynamics by generalized polarization of Laurdan would be insightful to cross check 

findings in the section 4. We should consider the influence of the protonation state of 

cyclophospholipid head group in pH gradient decay. The current model of pH gradient 
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decay postulates temporary protonation of deprotonated fatty acid species, entering into 

outer leaflet of the bilayer in protonated form and release the protons by flipping to inner 

leaflet. Almost all fatty acid species have similar pKa in bilayer compared to bulk solution, 

so probably that is why protonation efficiency has not been considered as a major 

contributing factor of fluorescence readout and error. Although protonated monomer 

carriage is not the sole means of pH-gradient decay, but limited protonation efficiency of 

CPC18 8 may alter the overall kinetics and our interpretation of the results. Similarly, 

desorption rate calculations simply might mean the dilution effect due to inaccessibility of 

H+ to cyclophospholipid monomers. In short, more experiments are needed to draw 

definitive conclusions. We should keep in mind that what we obtain as an output from 

instruments is already a deviation from the actual phenomena we would like monitor, so it 

is better to be rigorous rather than simple. 

 

One major aspect in our findings that was relatively left open-ended was the mechanism of 

growth and division. While initially we thought the spontaneous division took place simply 

by the presence of Mg2+ species, presumed to be enhanced by neutralization of the net 

surface charge, the observation of protocell division in the presence of mixed compositions 

and absence of cations, indicated other non-trivial underlying reasons for the observed 

phenomenon. In a relevant discussion, closing the loop in protocell life cycle is desirable. 

The maintained catalytic activities of ribozyme motifs and demonstration of dynamic 

regulation of subsystems by DNA strand separation inside protocells would strengthen 

findings reported in this chapter. Either directly from cyclophospholipids and/or fatty 

acids, or preferably through fusion/growth and division cycles of mixed compositions, we 

would like to demonstrate the mixtures of two complementary oligonucleotides joining 

together while protocell growth and division cycles are taking place underneath. This 

alternative scenario could also explain the origin of sex, genetic shuffling and favors the 

odds for the emergence of catalysts from random pool of monomers. 

Materials and Methods 

Vesicle Preparation 

All vesicles were prepared by hydration method, aliquots from methanol 

(cyclophospholipids and fatty acids) or chloroform (phospholipids) stock solutions. 

Briefly, desired amounts of lipids were pipetted into glass vials and evaporated under 



 119 

gentle N2 flow for few minutes. Then, mixtures were dried by house vacuum overnight (< 

16 h). The day after, vesicles were hydrated with buffers containing fluorescent reporters, 

vortexed briefly multiple times, then left equilibrating with tumbling for < 24 h. After 

tumbling, unilamellar vesicles were prepared by extrusion 100 nm track-etched 

polycarbonate membranes using Avanti miniextruder system. The extruded vesicles were 

left undisturbed at dark overnight (16–24 h), and subsequently purified by size exclusion 

chromatography with sepharose 4b, with lipid concentrations above critical aggregate 

concentrations in the running buffer, 1–2 mM for oleate/CPC18 and 20 mM for CPC10. 

All purified vesicles were used within 24–48 h of purification.  

Fluorimeter General 

Measurements were taken in QuantaMaster30 (PTI) Spectrofluorometer. For in-line 

measurements, Quartz cuvette with 50 µL final volume, window z-position 8-mm were 

used. The slit openings for the instrument was set up to 0.4 or 0.5 mm for each (in-line 

measurement) and 1 mm for each (stopped-flow kinetics). The photomultiplier (PMT) 

efficiency of the instrument was checked and amplifier values were adjusted manually 

using Raman spectrum of water as a reference, and identical settings were used throughout 

the studies. For stopped-flow kinetics (BioTek), both syringes were filled up to 1.4 mL of 

each mixing solution, and washed extensively with ~ 5 mL in between, and the entire 

device was equilibrated with buffer-of-interest prior to each measurement. Typically, at 

least 50–80 psi (pressure) was used for each ‘shot’, that is approx. 150 µL for each 

solution. For steady-state anisotropy measurements, the slit opening was 0.5 mm (for 

each). For each individual measurement, G-factor was calculated for corrections (with pre-

set instrument settings, for 1 s) to eliminate errors/variations arising due to different 

detector efficiencies. 

Membrane Permeability 

Solute permeabilities were determined using previously established shrink–swell assay40. 

Briefly, small unilamellar vesicles with 100 nm diameter were encapsulating 10 mM 

calcein and prepared/treated as described above. The stopped-flow device was set up 

described above, and the measurements were taken at 23 °C, with lex = 454 nm and lem = 

515 nm, with 2–200 points per second, depending on the kinetics, either H2O efflux or 

solute influx, respectively. For very slow relaxation kinetics (> 30 min), in-line 

fluorescence was used with Quartz cuvettes. The fluorescence traces were used in curve-
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fitting as described in literature40,260 and fitted for first-order kinetics, one-phase 

association, where the solution to differential equation of dNs/dt = Ps * A * (Cin–Cout) gave 

the permeability coefficient after curve-fitting and determination of the rate constant261. 

Importantly, a linear relationship between calcein fluorescence and volume change was 

assumed. Solutes used in the study were prepared either as 1 M or 0.2 stocks in desired pH 

values and provided as 0.5 M or 0.1 M in final relaxation assay. All buffers used in this 

section contained 1 mM EDTA to chelate possible contaminating metal ions which may 

quench the fluorescence. Contribution of chosen buffers to relaxation rate in this study 

were neglected since their permeability was found to be very slow compared to employed 

solutes here19,52. 

Unilamellar Vesicle Dynamics 

Pure and mixed membrane growth kinetics were measured as previously reported52. The 

surface area changes were monitored at lex = 430 nm and lem = 586 nm with FRET 

donor/acceptor pair dyes,1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-

1,3-benzoxadiazol-4-yl) NBD-PE and N-(Lissamine rhodamine B sulfonyl)-1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine, LR-DhPE, respectively. The total 

mol% of FRET-labeled lipids were between 0.1 mol% to 0.3 mol%, and the relative 

surface area changes were extrapolated using a calibration curve for fluorescence readouts 

of known dye concentrations (Fig. A3.1–A3.2). 1% (v/v) TritonX-100 was used to disrupt 

the signal to background levels and subsequently subtracted for each given concentration.  

Flip-Flop and Desorption Rate Measurements 

For pH gradient decay (flip-flop kinetics), single-chain amphiphile vesicles were prepared 

as above to encapsulate 5 mM 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) in 0.2 M 

Na-HEPES at pH 8.0 and mixed with 1:1 (v/v) 0.2 M Na-HEPES at pH 7.0. The sodium 

ion contents of all buffers were adjusted with concentrated NaCl and fixed at 200 mM. All 

total lipid concentrations were kept £ 2.5 mM to avoid artifacts from light scattering. The 

fluorescence was monitored continuously with lex = 460 nm and lem = 580 nm, for 50–200 

points per sec, depending on the kinetics.  

For lipid desorption rate calculations by pH gradient decay in reporter phospholipids, 

previously established methods were used56,244. Single-chain amphiphile vesicles were 

prepared as 10 mM of total lipid, and POPC vesicles encapsulating 5 mM HPTS with 0.2 

M HEPES at pH 8.0 were used as a reporter. The final concentrations of reporter and 
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empty vesicles in stopped-flow fluorimeter was approx. 1 mM and 2.5 mM respectively. 

The fluorescence measurements were taken at room temperature, with lex = 454 nm and 

lem = 515 nm, with 20–200 points per second. The averages of at least 5 different ‘shots’ 

were taken into consideration. The raw data was fitted for and solved as single–phase 

decay kinetics F(t) = F(¥) + F(0) exp(–t/t) to determine experimental time constant t = 

tobs. Then the t1/2 was calculated as ln(2)(tobs), and koff was calculated as 1/tobs. 

Multilamellar Vesicle Dynamics 

For multilamellar vesicle growth and division experiments, vesicles were prepared as 

described above with following modifications. The encapsulation was performed as in 

‘microscopy’ section and after 24 h of tumbling, extruded with 10 µm track-etched 

polycarbonate membrane (Avanti Polar Lipids). The vesicles were then purified as above. 

The small vesicles < 5 µm size were removed by multiple cycles of brief centrifugation 

with spin column filters (Ultrafree–MC–Durapore 5 µm with PVDF membrane, Millipore), 

while keeping the overall lipid concentration at 1 mM with 100 nm extruded vesicles of 

same composition. For feeding, 100 nm extruded vesicles were used after equilibration for 

24 h. For kinetic data, in-line fluorimeter (Varian or PTI) was used after same vesicle 

preparation. 

Fluorescence Anisotropy 

Small unilamellar vesicles (SUVs) with 100 nm diameter were prepared as above for final 

total lipid concentration of 2.5 mM. Measurements were performed as previously 

reported52,53. Briefly, obtained vesicles were mixed with 1,6-diphenyl-1,3,5-hexatriene 

(DPH) with final concentration 1% (v/v) from concentrated ethanol stock of 1.25 mM. The 

vesicles were incubated/settled at least for 1 h, kept at dark and 23 ± 1°C. The 

measurements were taken with fixed polarization angles of two separate detector 

simultaneously, 0° (parallel) and 90° (perpendicular). Anisotropy was calculated as a 

unitless ratio with following formula: R = (I= – I^)/(I= – 2I^), where I is emission intensity 

at 430 nm (lex = 360 nm), I= is parallel and I^ perpendicular to direction of polarization. 

G–factor was calculated for every measurement for 10 s, and anisotropy measurement was 

performed for 60 s, with 1 data point per second. 60 seconds of measurement was averaged 

and used as single technical replicate. Then, at least 4 different replicates were averaged, 

and error bars were presented as ±SD. 
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Microscopy 

To test general stability to salts and pH, vesicles were prepared, and imaged as outlined in 

Chapter 2. Vesicles to be imaged growth and division experiments encapsulated 5 mM 8-

hydroxypyrene-1,3,6-trisulfonic acid (HPTS), with 0.1mol% LR-DhPE as a fluorescent 

tracer to locate the vesicles. For growth and division experiments, FRET-labeled vesicles 

were mixed with 100 nm, empty vesicles and imaged inside disposable hemocytometer 

(CountessÔ Invitrogen) or single-depression glass slides. For controls in oleate system, 

following pre-incubation at dark for 30 min, the vesicle division was achieved either by 

firmly pressing onto hemocytometer or gently blowing compressed air onto glass slide. 

Images were taken on an inverted epifluorescence microscope (Nikon TE2000S) with 

extra-long working distance objective lenses (10X or 20X magnification). A CCD camera 

(Hamamatsu) was used for data recording. Collected frames/images were subsequently 

analyzed and processed by Fiji or ImageJ. All experiments were performed at 23 ± 1°C. 

For vesicle counting, random fields were chosen and magnification of 10X was used. The 

subsequent analysis was performed using Fiji (ImageJ) macro written by J. Zasso and M. 

Roccuzzo (Advanced Imaging Facility, CIBIO). 

Vesicle Fusion Assay 

Vesicles were prepared as in ‘Multilamellar Vesicle Dynamics‘ section with following 

modifications. The ‘receiver’ vesicles were encapsulating 200 µM calcein and 2 mM 

CoCl2. The ‘feeder’ vesicles encapsulated 25 mM EDTA. Prior to addition of ‘feeder’ 

vesicles, 2 mM (final) of CoCl2 was added to cuvette, to avoid the fluorescence of leaked 

calcein, if there is any. The two populations were then manually mixed and spikes from 

pipetting artifacts were excluded from the raw data. At the end of the kinetics, the total 

fluorescence was restored by adding 25 mM of EDTA and 0.5% (v/v) TritonX–100 (final). 

Strand Separation Assay 

Oligonucleotide strand separation assays were performed either in RotorGene® (Qiagen) 

or Bio-Rad-CFX96 qPCR machines. For in solution and vesicle experiments, final 

concentrations of oligonucleotide pairs (each) were 1 µM in solution and 10 µM 

encapsulating. The readout was ‘red’ channel on both instruments, for both AF555 and 

ROX dyes. Vesicles encapsulating oligonucleotides were prepared, extruded for 100 nm 

and purified as above. The oligonucleotide pair was first melted at 70 °C for 5 min, and 
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then cooled down to 4 °C with ramp rate of 0.5 °C/s. Then, melting curve was generated 

for de-quenching of the fluorescent reporter, by increasing the temperature up to 70 °C 

with a ramp rate of 0.5 °C/s. The oligonucleotide leakage from vesicles were checked by 

subsequent SEC to assess the leakage levels (if any present). 

Dynamic Light Scattering Measurements 

The measurements were collected at Zetasizer Nano S (Malvern). In all experiments, the 

buffer was 0.2 M HEPES at pH: 8.0. The vesicles were prepared from methanol stock, 

tumbled for 24 h, extruded for 100 nm, serially diluted in 96-well plate (1:1 dilution, 

starting with 1 mM) and equilibrated for 24 h prior to measurements. The final volume in 

plastic (polypropylene) cuvette was 110 µM and measurements were collected at 23 °C. 

The attenuator was fixed at 10. Natural logarithm of count rate was plotted and inflection 

points where the slope changes were taken as critical vesicle concentration and critical 

micelle concentration. The appearance and disappearance of micellar and vesicular peaks 

were monitored for judgement.  
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Chapter 4. Conclusions on PART I 

Our limited understanding of how life may have emerged on this planet frustrates many 

scientists around the world. Given the vastness of the universe and unpredictably high 

numbers of potentially habitable Earth-like plants even in our galaxy, emergence of life 

seems almost inevitable by some measures or still ridiculously impossible by some other 

pessimists. The truth is, we still do not know which one is correct. Here unfortunately, lack 

of a second example of life simply jeopardizes our efforts to study what life is, and how it 

can emerge spontaneously, or does it even emerge spontaneously. Simply put in numbers, 

with n = 1, we cannot generalize, perform statistical analyses, draw solid conclusions and 

this fact will remain true until we find another one of us.  

 

As stated throughout the first part of this thesis, we simply tried to provide alternative and 

non-trivial solutions to central problems in origins-of-life field. In this context, just the 

presence of cyclophospholipids within the prebiotic repertoire enhances the odds of once-

thought very fragile protocellular systems to raise from the most hostile and unimaginable 

places on Earth. Whether or not ‘life finds a way’ to emerge, to sustain, to exist, to 

reproduce itself in order to defy the laws of thermodynamics solely for a closed system of 

one’s definition in the entire universe (then how so defy it, right?), it’s just already here 

and flourishes. What we proposed in the first part of this thesis is just not the answer to the 

problem directly, rather propose a plausible design, a mesh of an alternative scenario – and 

hopefully in the future, a more realistic one with growing experimental support. 

 

Similarly, what we drew as a conclusion for the Part I of this thesis was in some sense a 

humble criticism on what makes experimental conditions prebiotically plausible. Then I 

would like to take this question personally as: “Does it matter if one day we were to 

observe a punctual gradualism in progress, taking simple chemicals (as whatever we made 

just here on Earth) to demonstrate a life-like behavior from scratch in another grand 

laboratory settings – such as on Earth, other planets, galaxies, perhaps in the entire 

universe?” Then the question is, what if we can take chemically imaginable parts to human 

mind and put some bits here and there to make a self-sustained system? Would that still be 

prebiotically plausible? Or simply again, did ‘life found a way’ argument win? Prebiotic or 

not, plausible or not, yet-not-complete or not, in Part I of this thesis, we presented a novel 
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model system in protocellular chemistry with its dynamics and demonstrated once-

assumed disparate parts may integrate with each other much easier than we once thought.  

 

Lastly, here I would like to take a bit off-the-topic stance and close Part I of my thesis with 

following subjective statement: Solving the problem of origins-of-life is a dull effort 

according to many politicians, just a philosophy to many others, scientific challenge to 

some, and perhaps more importantly, experimentally impossible to almost all of us. But 

luckily not all of us. Here in Part I of this thesis, we attempted to tackle origins-of-life 

problem from a limited aspect, as much as our expertise allowed, notably in the light and 

shoulders of all mathematicians, physicists, chemists, biologists and philosophers came 

before us, throughout the history of humankind. And in fact, just that is why, here, right at 

this moment, we all should acknowledge how grateful we should be to exist in life and to 

sit at the very beginning of scientific revolution of Homo genus.  
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PART II: Mimics of Extant Life 

 

Studies on Cell-free Synthetic Biology 
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Chapter 5. Potential of Cell-Free Synthetic Biology 

Synthetic biology, by definition, deals with tinkering and engineering living systems. 

Therefore, not surprisingly, there were many proposals to use genetically engineered 

bacteria and genetically modified eukaryotes for systemic treatment of diseases and 

disorders262,263. However, the unpredictable and complex nature of biological systems and 

the probability of unforeseen future complications to the host organism were one of the 

few major reasons hampering therapeutic applications and deciphering full potential of 

synthetic biology264–267. A truly synthetic or orthogonal biological system that is incapable 

of evolution would have many advantages over other evolvable chassis/frameworks268. 

Moreover, reducing the overall complexity oftentimes accompanies with lowered toxicity 

levels, providing better predictability and precise reprogramming of biological and bio-

inspired systems269. Aforementioned critical features are highly demanded to engineer 

biocompatible smart drugs and for that purpose, the field of cell-free synthetic biology 

offers much for future. Yet so far, almost no studies reported to demonstrate true potential 

of similar technologies269,270. Nevertheless, cell-free synthetic biology offers other unique 

angles to many long-standing problems and provide advantages over conventional 

approaches too (Fig. 5.1). 

 

As one of the many platform technologies of cell-free synthetic biology, artificial cells 

emerge as a viable option over genetically engineered living organisms. Artificial cells are 

spatially confined complex chemical systems that mimic features of cellular life271. One 

central tenet in cell-free synthetic biology is to use these vesicle encapsulated systems as 

an alternative to conventional synthetic biology chasses. Communication is a key feature 

of all living organisms, and nowadays, artificial cells are commonly integrated into 

bacterial communication and quorum sensing networks210,272. This exciting recent progress 

almost brings artificial cells to an orthogonal position on the tree-of-life. And naturally by 

engineering simple tasks, the genetic language and capabilities of artificial cells are 

expanding. These bio-inspired complex chemical systems can respond to external stimuli 

both in individual273,274 and holistic context212,275 and dynamically interact with each other 

at the population level10,276. Microfluidics-assisted syntheses,277 spatially segregated 

systems209,275 and 3D-printed bilayer networks278, altogether, demonstrate how complex 

and coherent an artificial cellular behavior can be. Since their inception in early 2000s279–

281, multilayer transcriptional and translational reprogramming became an easy task in cell-
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free synthetic biology, demonstrating how their genetic complexity has improved282,283. 

However, there are still many challenges ahead to understand how artificial cells can have 

direct impact on our everyday life. 

 

Fig. 5.1. Outlook on cell-free synthetic biology applications. Yellow shaded section indicates 

theoretical uses of cell-free synthetic biology. Clockwise: Research on chemical and biological 

functionality, synthetic cell technology, biological prototyping, genomic screens and biological circuits 

and finally biorthogonal systems engineering. Red shaded section indicates applied research of cell-free 

synthetic biology. Clockwise: Engineering smart drug formulas, metabolic engineering, cell-free protein 

and therapeutics production, cell-free transcription/translation-based biosensors for use as diagnostic 

tool. 

Biological membranes are dynamic, also the kinds commonly used in artificial cells. 

Cellular membranes must change shape during growth and division, mediate the uptake of 

nutrients and release of waste, and are integral to the maintenance of concentration 

gradients that are extensively used to drive thermodynamically unfavourable reactions. 

Biological lipids are considered dynamically restricted and kinetically trapped structures; 

therefore, proteins are needed to modulate the properties of the membrane. As a way of 
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‘sensing and processing’, extant biology uses membrane proteins to enzymatically 

synthesize activated fuel molecules (ATP production by pH gradients); perceive, amplify 

and mediate a response to external signals (small molecules or macromolecules), maintain 

the cellular homeostasis and mediate content release mainly by exosomes and extracellular 

vesicles. The construction of complex genetic and protein dependent system to control all 

membrane components is beyond what has been reconstituted to date with cell-free 

synthetic biology methodologies. However, a more realistic approach is to reconstitute few 

key cellular processes for a very particular task. For example, in situ drug synthesis and 

inducible release are two obvious targets. Here, a precise modular control over vesicle 

membranes or in other words, controlling content delivery is crucial for smart drug 

formulations. As opposed to time-based or external stimuli activated sustained release, 

recent advancements brought fresh perspectives to chemically process the environmental 

signals and generate biological response as content delivery.  

 

Our current understanding of membrane biophysics allowed us to reconstitute many of the 

characteristics of membranes from extant sources. For example, much of the protein 

division machinery has been assembled in vitro207,284–287 , although without the robust 

division of lipid vesicles. Similarly, protein pores288, ion pumps289, and ATP synthase290–292 

have been reconstituted in lipid vesicles293. Importantly, some protein mediated activities 

have been coupled together so that the light dependent pumping of protons can be used to 

drive the synthesis of ATP292,294,295. While our understanding of membrane biophysics 

allowed us to engineer cellular life-like systems, significant challenges still remained in 

building a biological membrane in the laboratory that was responsive to the changing 

needs of a cell207. Perhaps budding-off of exosome-like vesicles from another an artificial 

cell would have been a daunting task where in turn, itself is also a vesicle after all. 

However, one possibility is to use pore forming proteins to control the content release. To 

this end, genetic systems can be employed for tight control, that operate with small 

molecules, integrate with riboswitches and simple genetic logic units, such as AND- and 

NOR-gates. Using membrane-diffusible small molecules or small pore forming proteins 

allowing passage of membrane impermeable signaling molecules would be plausible 

target. Rendering complexity of such vesicular systems, scientists could also design 

multilayer control over translational output, e.g. self-limiting or self-activating circuits. 

However, all these proposals first have to be demonstrated as proof-of-concept studies and 

then verified for real-world applications, outside of sterile laboratory conditions. Perhaps 
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only by doing so, we can carefully tackle the challenges of the nature and always keep in 

mind whether these bioinspired systems are truly viable option as therapeutics, when in 

contact with a living organism. 

 

As outlined above, we will start decoding artificial cells for their suitability in 

physiological conditions in Chapter 6 and 7 of this thesis. By re-engineering predictable 

genetic elements, and applying reproducible methods, we aim to provide a guideline for 

future studies towards expanding capabilities of tailor-made artificial cells in treatment of 

diseases, bioremediation, interruption of bacterial pathogeny; all involving unique ways to 

communicate with their surroundings.  
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Chapter 6. 

Artificial Cells Influence Neuronal Behavior 

Summary 

Cell-free synthetic biology holds a promising future. Vesicle encapsulated synthetic 

systems offer applications that are alternative to genetically modified organisms, provided 

their capabilities expanded and better controlled. However, not even a simple synthetic 

system i.e. artificial cells interacting with a simplest eukaryotic cell have demonstrated so 

far. Here we show artificial cells are capable of guiding neuronal behavior. A response 

from eukaryotic cells was observed in both short-term contact and long-term exposure to 

artificial cells, which synthesize biologically active protein signal (Brain Derived 

Neurotrophic Factor, BDNF) and controllably release upon genetic induction of pore 

forming protein synthesis. The functionality was tested on genetically modified human 

embryonic kidney cells, murine neural progenitor embryonic stem cells and finally, 

Xenopus laevis retinal growth cone organocultures, with increasing complexity and 

physiological relevance. The success was assessed by downstream signaling pathway 

activation leading to transcriptional reprogramming, stem cell differentiation into neurons, 

long-term survival of mature neurons and ultimately, ex vivo axon growth rate increase. 

Altogether, our proof-of-concept study revealed the potential of artificial cells as a 

versatile tool for in situ synthesis and on-demand release of therapeutic macromolecules. 

Our results suggest the plausible use of similar genetically controlled artificial systems as 

smart drug delivery vehicles, by sensing the environment and sending the cargo molecules 

in a controlled fashion. 

 

 

 

 

 

A shorter version of Chapter 6 is in preparation for publication. 

Toparlak ÖD, Zasso J, Bridi S, Conti L, Baudet ML and Mansy SS.  

 

The platform technology represented in Chapter 6 is currently under patent application process.  
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Background  

Despite remarkable technical advances in the field of cell-free synthetic biology, when it 

comes to therapeutic applicability, there are still many open questions and challenges 

ahead. In vitro capabilities of artificial cellular systems are limited by and dependent on the 

nature of target biological entity270. Currently, there are almost no studies reported for in 

vivo applicability of these smart drug-delivery systems. Even at the most basic level, 

artificial cells integrating and communicating with eukaryotic cells have yet to be built. 

Although there were attempts getting close to this demanding breakthrough, the reported 

studies did not improve the overall complexity of the ‘vector’, simply beyond controlled 

drug release systems296. Given the ability to transcribe and translate virtually any template 

DNA and RNA inside vesicles, artificial cells have still a lot to offer for complex 

biological reprogramming to ‘sense’ the environment and ‘send’ a message as a 

response297. 

 

Here in this study, we tackled the challenge of synthesizing artificial cells integrating with 

eukaryotic cells by optimizing the cell-free reaction composition suited for physiological 

levels. Using optimized parameters, we verified the presence of tailor-made artificial cells 

which can synthesize therapeutic signaling macromolecule Brain Derived Neurotrophic 

Factor (BDNF). Artificial cells were genetically controlled by 3OC6 HSL – LuxR quorum 

pair and shown to form large enough pores allowing the diffusion of synthesized protein 

upon induction. We tested the biological activity of cell-free synthesized BDNF on 

genetically modified HEK293T cells, murine embryonic stem cells and organocultures of 

African clawed frog (Xenopus laevis) as model systems (Fig. 6.1). Cell-free synthesized 

BDNF was shown to induce transcriptional reprogramming, determine cellular fate in 

murine neural progenitor stem cells and enhance axon growth rate ex vivo. Finally, 

artificial cells were put in contact with eukaryotic systems and shown to activate 

downstream signaling pathways, assist stem cell differentiation into mature neurons over 

long-term and increase the survival rate of differentiated neurons. With this study, coupled 

on-site therapeutic molecule synthesis and release to modulate the cellular behavior was 

revealed to be possible, particularly opening promises for targeted and controlled delivery 

of drugs without flooding the system. 
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Fig. 6.1. Artificial to eukaryotic cell communication. Artificial cells (left, yellow) are engineered to 

generate a biological response in eukaryotic cells (right, light blue) under physiological conditions. 

Notably, production of mature murine BDNF (light green) was controlled by strong constitutively 

active promoter (pTac). Production of PFO monomers (light orange) were controlled by genetically-

controlled AND-gate with pLuxR promoter (gray), utilizing pair of 3OC6 HSL as membrane-permeable 

small molecule (tailed cartoon) and cis-acting transcriptional activator LuxR (purple), whose expression 

was controlled by weak endogenous promoter (see supplementary text). Over time, the monomers of 

PFO associate with cholesterol moieties in the membrane and spontaneously oligomerizes to form 

functional pores (orange) allowing the escape of inner contents. Homo-dimers of mature BDNF (dark 

green) acts on its cognate receptor TrkB (red), activating signaling pathways through ERK1/2MAPK (dark 

orange) via Shc (Src homology 2 domain-containing protein, brown) and/or via PLCγ1 (purple). Both 

nodes lead to phosphorylation and translocation of CREB (dark blue) and p-CREB (red-dark blue) into 

the nucleus, upon elevated cytosolic levels of cAMP and/or Ca2+. This, in turn, activates the expression 

of the genes (green) under CRE-regulated promoter (yellow), namely, eGFP for HEK293T or pro-

survival and pro-differentiation factors for neural stem cells. Proteins characterized in this study were 

highlighted with red text. 

Results 

1. Cell-free reaction is optimized for physiological conditions in vitro.  

1.1. Cell-free Extract Choice 

The primary concern in cell-free extract preparation for in vitro transcription-translation 

(TX-TL or IVTT) reaction is to increase the efficiency of the overall run, oftentimes 

overlooking the potential subsequent applications298. Micron size artificial vesicles have 

intrinsic fragile nature for osmotic pressure, yet very precise requirements for in vitro TX-

TL299,300. Further considering the possible toxicity of cell-free systems on eukaryotic cells, 
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we decided to employ a series of optimization efforts to operate at physiological 

conditions, taking the osmolality values in human blood as a reference point (275–300 

mOsm/kg H2O), as opposed to E. coli S12 extract (500–520 mOsm/kg H2O) (Fig. 6.2). 

 

Fig. 6.2. Osmolality values for solutions/media used. Optimized S12 extract in comparison with outer 

and various physiological solutions. 

To determine the most suitable and least cytotoxic TX-TL for eukaryotic cells, we used a 

sensitive ex vivo test named collapse assay (see methods section). Non-dissociated neurons 

were used as in organocultures under controlled environment, and axons thereby grow de 

novo. The health of the axon tip, named “growth cone”, were our biological read out, as 

unhealthy growth cones have tendency to collapse when exposed to toxic compounds301. A 

physiological level of 25-30% collapsed growth cones is normally observed when PBS is 

bath applied to axons from organocultures (Fig. 6.3); therefore, we considered reactions 

yielding > 40% collapsed growth cones as toxic.  

 

Fig. 6.3. Cell-free extract selection based on cytotoxicity. Xenopus laevis axons from eye explant 

cultures were used to determine acute cytotoxicity. HeLa: HeLa cell lysate, RRL: rabbit reticulocyte 

lysate, S12: Homemade E. coli S12 extract, PURE: NEB PURExpress® system. Error bars represent 

±SD for independent experiments from n ³ 2 biological replicates. The least cytotoxic cell-free system 
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is indicated in green rectangle. Statistical test was ANOVA followed by Dunnett’s multiple comparison. 

A p value of < 0.05 was considered statistically significant. 

For cell-free system determination, HeLa cell extract (ThermoFisher), Rabbit Reticulocyte 

Lysate (Promega), E. coli S12 extract (both Promega and in-house-made) and 

PURExpress® (New England Biolabs) were examined, with the decreasing order of source 

complexity. Conveniently, homemade E. coli S12 extract found to be the least toxic cell-

free system on organocultures of Xenopus laevis according to retinal ganglion cell (RGC) 

axon growth cone collapse assay upon acute exposure (Fig. 6.3). Other cell-free protein 

synthesis platforms revealed more than 2-fold increase in collapse axon percent over 

background levels. 

 

Fig. 6.4. E. coli S12 extract optimization targeting for blood osmolality levels. ~300 mOsm/kg H2O 

equimolar amino acid mixture solution ([Final]=1.5mM each), concentrated energy and sucrose stock 

solutions (see methods) are used to titrate down for optimal sfGFP gene expression for 12 h at 30 °C. 

Optimal levels from each cycle is indicated in squares, selected for next round as a basis; whereas final 

levels are expressed in green rectangle. Error bars represent ±SD of independent experiments from n ³ 

2. 

We then moved on to fine-tuning S12 osmolality for physiological conditions and found 

the components of energy solution to be the most indispensable, yet with a trade-off 

concentration (Fig. 6.4, see methods for full composition). Amino acid mixture 

concentration could be decreased 3-fold of original from 1.5 mM each to 0.5 mM each. 

However, these two operations in combination later brought up the problem of decreased 

encapsulation efficiency of S12 reaction, possibly due to decreased overall density, one of 

the three crucial parameters for vesicle generation in water-in-oil emulsion method300 (see 

Fig. 6.12 and methods). To compensate this negative effect, we decided to use equiosmolar 

L-alanine as an outer solution (r=1.42g/cm3) and tested various concentrations of sucrose 
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in IVTT reactions. High levels of sucrose (>50 mM) significantly influenced superfolder 

GFP (sfGFP) yields, so we picked 20 mM for further operations (Fig. 6.4).  

 

Fig. 6.5. Optimization of S12 extract for physiological conditions. Cell-free sfGFP gene expression 

is performed at 30 °C for 10 h. For optimization studies, sfGFP expression controlled by pTac promoter 

is analyzed. All bar graphs presented are at final time point of reaction. (a) The effect of different 

promoter strength. All N-termini sequences kept identical except promoter (see Appendix C) pMW is a 

hybrid promoter of J23106 and J23117. (b) Effect of supplementary solutions (Mg2+-glutamate- and K+-

glutamate) on early steps of sfGFP production, where mostly artificial cell expression is influenced (<5 

h)272. (c) Effect of potential contaminants on S12 reaction, such as PBS, DMEM, alanine. Additives are 

provided as 10% v/v of overall reaction. (d) Effect of maltose at end point on S12 reaction (10 h). (e) 

Effect of maltose on early steps of S12 reaction. Please note that the most drastic difference is observed 

when no maltose is supplemented, whereas 6 mM maltose was able to drive comparable levels of gene 

expression throughout the incubation. (f) Effect of macromolecular crowding agent 

polyethyleneglycol4000 (PEG4000) on S12 reaction. >2% (w/v) is found to be optimal, however due to 

increased osmolality concerns, 10 units ~ 1% PEG4000, we chose 2% (w/v). Error bars indicate ±SEM 

of three independent replicates. 

We screened different strengths of promoters in S12 expression system and determined 

minimal tac promoter (pTac) being the strongest among screened list of promoters (Fig. 

6.5a). The levels of Mg2+-glutamate and K+-glutamate salts were fixed at 10 mM both (Fig. 
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6.5.b), whereas 6 mM maltose supplement solution was used in order to increase longevity 

of the cell-free reaction (Fig. 6.5d). The optimal levels of molecular crowding agent were 

found as 2% (v/v) PEG4000 (Fig. 6.5f) and; of the other physiological E. coli extract 

additives and contaminants; phosphate buffered saline (PBS), alanine or Dulbecco’s 

Minimal Essential Medium (DMEM) did not show any significant decrease in sfGFP 

yields (Fig. 6.5c). After establishing the final optimized conditions, we re-tested the 

cytotoxicity of the new re-defined the composition of physiological crude E. coli extract 

(S12) on RGC axons. We observed no significant cytotoxicity following the application 

(Fig. 6.6). Of the other compositions tested, only the S12 extract, confirmed our previous 

results, with or without template DNA and with or without the presence of DTT (Fig. 6.6). 

A slight increase in axon collapse was observed in the presence of BDNF expression; 

however, toxicity levels were within acceptable range (< 40%). Possible reasons for this 

effect are discussed in section 2.3. 

 

Fig. 6.6. Toxicity levels of optimized S12 on RGC axons. n = 1, at least 50 axons per condition are 

counted. (Figure made by M. L. Baudet Lab) 

1.2. Plasmid DNA Template and Protein Production 

Mature murine BDNF is a 13.4 kDa globular protein that is found as dimers in solution as 

an active form302,303. In order to efficiently release BDNF dimers from vesicles, we sought 

to adopt Clostridium perfringolysin pore forming protein Perfringolysin O (PFO), a well-

characterized water-soluble cholesterol dependent 55 kDa bacterial cytotoxin304. PFO 

forms water-filled pores with ~30 nm diameter via simultaneous binding and 

multimerization of at least 15-20 monomers on the host membrane305,306. Having 
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determined the basic S12 components, we then opted to determine the optimal template 

DNA compositions for BDNF and PFO, to be used in artificial cells.  

 

Fig. 6.7. Cartoon for genetic constructs, slow and fast acting modules.  

To this end, we tested different promoter strengths for expression of both BDNF and 

transcriptional activator protein LuxR, latter coupled to PFO expression via commonly 

employed AND-gate using N-3-(oxohexanoyl)homoserine lactone (3OC6 HSL) (Fig. 6.7). 

Identical DNA sequences at the amino-termini for spacers and FLAG-tag are used to 

eliminate potential artifacts arising from different cell-free translation initiation 

efficiencies. In artificial cellular context, the availability of scarce resources would 

influence the quantity of the gene products299; thus, we kept the expression of LuxR under 

the weakest promoter possible – pMW – (Fig. 6.5a) and kept PFO under well-characterized 

3OC6 HSL inducible pLuxR promoter. This unique combination allowed us the maximal 

translation under pTac promoter and production of functional pores (Fig. 6.8, 6.10), 

redirecting the S12 resources mainly to BDNF and PFO, instead of LuxR, which does not 

constitute a crucial function apart from activation of AND-gate (Fig. 6.7). Optimal plasmid 

DNA concentrations were found to be 20 nM for BDNF and 10 nM for LuxR-PFO 

modules (Fig. 6.8). 
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Fig. 6.8. Plasmid template DNA promoter and concentration optimization. Aim was to maximize 

the resource use in translation. Western blot analysis of S12 extract, where templates are for FLAG-

tagged recombinant proteins. For promoter section, the plasmid concentrations were 10 nM and for 

modules, as indicated below the membrane (optimal levels with green rectangle). Cell-free gene 

expressions are performed at 30 °C for 12 h. 

Due to human errors and handling variation, every E. coli S12 extract is slightly different 

from each other298, leading to very different gene expression profiles and inconclusive 

characterizations. Tight control of cell growth and harvesting time super-precision were 

found out to be extremely crucial for reproducible high-efficiency S12 extract (see 

methods). To demonstrate such variation, we have tested different batches for BDNF 

production and quantified the gene products by western blot (Fig. 6.9a). We observed a 

significant batch-to-batch variation in cell-free synthesized BDNF yields. 

 

Fig. 6.9. Analysis of cell-free synthesized BDNF. Left: Demonstration of batch-to-batch variability. 

Time-based production and band intensity quantification. Right: Determination of ‘active/soluble’ 
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BDNF fraction. Non-denaturing SDS-PAGE western blots for BDNF folding and band intensity 

quantification. Cell-free synthesized BDNF corresponds to <10% of total multimeric or ‘soluble’ 

fraction of protein yield. 

For downstream applications, the control over BDNF concentrations were necessary, 

particularly because biological functionality of BDNF can be both inhibitory (high 

concentration regime) and excitatory (low concentration regime)307. Therefore, we opted to 

quantify cell-free synthesized BDNF from various S12 batches. To this end, we used 

purified sfGFP as a fluorescent tracker to determine BDNF concentrations (Fig. 6.10a, b). 

Briefly, we ran cell-free reactions for BDNF and sfGFP production, performed serial 

dilutions and determined the band intensity of both sfGFP and BDNF in western blot (Fig. 

6.10.c). We then used the known concentrations of sfGFP to generate a relationship 

between fluorescence intensity and blot intensity (Fig. 6.10d). Using this dependence, we 

extrapolated sfGFP concentration data to BDNF via blot intensity analysis. By doing so, 

from different batches of reactions, we found cell-free BDNF concentration as ~100 ±20 

µg/mL, which is well within the range of commercially and homemade S12 extract 

performance (Fig. 6.10d). 

 

 

Fig. 6.10. Quantification of cell-free synthesized BDNF. 6xHis-sfGFP expressed in E. coli is purified 

and known amounts are used for qPCR instrument calibration to convert the fluorescence to 

concentration, by using known extinction coefficient values. The western blotting of FLAG-tagged 

BDNF and sfGFP is performed with serial dilution (1:1 dilutions) to generate a standard curve. The 

linear fits of blot quantifications are used to estimate the BDNF and sfGFP production in cell-free 

extract which in turn compared to known amounts of purified 6xHis tagged sfGFP. a) BCA assay 

readings of sfGFP for determination of concentration from fluorescence intensity. b) Rotor-Gene® 

readings/calibration of sfGFP. c) sfGFP and BDNF western blotting with linear dilutions, representative 

images or replicates are shown. d) Band intensity quantification of blots from (c). Under these 

conditions, cell-free synthesized BDNF concentrations are found to be ~100 ±20 µg/mL. 
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BDNF requires disulfide bridges for correct folding and biological activity. Shuffling 

between reducing and oxidizing environments, folding and unfolding dynamics may 

eventually lead to correct folding and structure stabilization in vivo and in extracellular 

matrix; however, this phenomenon is very unlikely to occur within cell-free conditions, yet 

alone artificial cellular context. Therefore, we subsequently wanted to assess the correctly 

folded dimeric form of cell-free BDNF by non-denaturing PAGE. Total BDNF as 5–10% 

of total protein was found to be in the soluble multimeric range; therefore, we concluded at 

least 5% of the total cell-free BDNF would be expected to be in correct folding state, 

allowing homo-dimer and homo-tetramer formation (Fig. 6.9b). In other words, 10 ±2 

µg/mL of BDNF was expected to be biologically active at maximum, which in turn would 

be a sufficient concentration to operate. 

1.3. Vesicle Membrane Composition 

To control PFO pore forming ability with membrane cholesterol content, we tested 

multiple mixtures with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). We 

first verified efficient vesicle formation within physiological conditions and then assessed 

the vesicle content loss by fluorescent dye leakage assay (Fig. 6.11). In this assay, a self-

quenched dye – 50-100 mM calcein – was encapsulated in ‘empty’ vesicles composed of 

different concentrations of POPC and cholesterol. Then, we added the calcein vesicles into 

cell-free expression tube and observed how fast the dye was released through the cell-free 

expressed pores and de-quenched. In vitro expression conditions were kept constant as 

operating under physiological conditions (S12) and 10 µM 3OC6 HSL was used to induce 

PFO gene expression. First off, we used previously established concentrations as 1:2 

POPC:cholesterol, and found that presence of excess cholesterol (66 mol%) – more than 

biological membrane can host – induced nonspecific background levels of dye release, 

perhaps triggered by even leaky expression levels. Upon screening of multiple conditions 

varying from 50 mol% to 33 mol% cholesterol, we found the POPC:cholesterol molar ratio 

of 1:0.85 (~46 mol% cholesterol) emerged as the safest choice for minimal leakage and 

functional pore formation, although 37.5 mol% would be the minimal cholesterol content 

(Fig. 6.11). All molar ratios were subsequently verified to form good yields of vesicles in 

water-in-oil emulsion method.  
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Fig. 6.11. Selection of the best artificial cell membrane composition for functional PFO pores. 

Calcein leak assay (see above) has been utilized to determine optimal cholesterol content in POPC 

vesicles. Optimized DNA conditions are used for PFO expression and 1:0.85 POPC:cholesterol ratio is 

determined to be optimal. In the micrographs, vesicle formation was verified using alanine as outer 

solution in optimized conditions. Scale bar indicates 20 µm. 

1.4. Generation of Artificial Cells 

With the above membrane composition and optimized S12 extract, water-in-oil emulsion 

technique was used to generate artificial cells, whose characteristics were determined by 

flow cytometry (Fig. 6.11). Despite being versatile and easy-to-handle, water-in-oil 

emulsion technique requires precise compatibility of inner and outer solutions, centrifugal 

force optimization and finally lipid solution preparation in mineral oil (Fig. 6.12). For the 

reference, the most important parameters we found for reliable and reproducible vesicle 

generation with this technique were, i) osmolality difference of inner and outer solutions, 

ii) density difference between inner and outer solutions, and finally iii) overall ionic 
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strength difference, as previously noted in the literature as well308. Of the other important 

experimental parameters, application of minimal centrifugal force and pellet washes 

without disturbance after initial centrifugation were critical too. Notably, sterile techniques 

and mineral oil quality (e.g. age and protection from light) were of the other important 

parameters for reproducibility. 

 

 

Fig. 6.12. Schematic of water-in-oil emulsion method to produce artificial cells. Critical factors 

influencing the success are a) i) osmolality, ii) inner and outer solution densities, and iii) overall ionic 

strength. Representative cartoon, b) protocol overview with pictures and timescales of events. 

Despite our best efforts to achieve maximal capture and equal distribution of inner contents 

during vesicle formation, control of encapsulation efficiency and vesicle size were 

statistically impossible due to the innate stochasticity and heterogenous nature of cell-free 

reaction309. It was indeed, expected to observe a wide range dextran encapsulation 

efficiency as in Fig. 6.13. What should be particularly taken into account in flow cytometry 

analysis of vesicles was the exclusion of multiple events (e.g. via SSC-A vs SSC-W) while 

passing through the flow cell, and the exclusion of ‘small’ particles due to unreliable 

nature of lasers and detectors for FSC and SSC (This is a particular issue for BD-CantoA 

model as opposed to other advanced models such as BD-AriaII). Thus, for the sake of 

clarity and readout reliability, we included only giant vesicle fractions in our flow 

cytometry analysis as determined by calibration particles (Fig. 6.13, 6.29, calibration data 
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not shown). Within this experimental setup, we detected >85% of all events being FITC+, 

albeit with great variations in intensity as envisioned natural variation. 

 

Fig. 6.13. Generation and verification of artificial cells by flow cytometry. Typical example of 

artificial cell preparation encapsulation all cell-free extract components except plasmid DNA. For 

details see in text section or methods. 

2. Cell-free Synthesized BDNF is Biologically Active in vitro and ex vivo.  

2.1. Tests on Human Embryonic Kidney (HEK293T) Cells 

To achieve the ultimate goal to communicate with eukaryotic cells and neurons, we first 

wanted to assess the biological functionality of cell-free synthesized signaling 

macromolecule (in the absence of vesicles), namely cell-free BDNF or S12-BDNF. The 

reconstitution of Tropomyosin Kinase B (TrkB)–BDNF signaling pathway was previously 

demonstrated in HeLa cells and success was tested via Mitogen-Activated Protein Kinase 

(MAPK) activation/phosphorylation, in particular for Extracellular Signal Regulated 

Kinase 1/2 MAPK (ERK1/2MAPK)310 (Fig. 6.14).  
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Fig. 6.14. BDNF-TrkB signaling pathway overview. Important pathway nodes that are used for 

characterization in this study are indicated as colored and bold. 

Therefore, we sought to adopt similar strategy in HEK293T cells to test biological activity 

of S12-BDNF. To this end, TrkB overexpressing monoclonal cell lines were generated 

through lentiviral transduction and verified by immunofluorescence (Fig. 6.15a). We 

generated and screened at least 15 different monoclonal cell lines. The least strongly 

overexpressing cell line was picked for subsequent experiments to avoid potential high 

signal-to-noise ratio on phospho-ERK1/2MAPK signals (Fig. 6.15b). 

 

Fig. 6.15. Outline of CMV-TrkB monoclonal cell line generation procedure. a) HEK293T 

monoclonal cell lines were generated by viral transduction. At least 15 different clones screened, and 

the lowest overexpressing cell line was selected for future studies. b) Immunofluorescence staining of 

low-TrkB-overexpressing cell line, where CMV-eGFP transduction is used as a negative signal control. 

CMV is a cytomegalovirus-derived strong constitutive eukaryotic promoter.  

The CMV-TrkB cell line was responsive to commercial BDNF at 20–100 ng/mL final 

concentrations in growth media (Fig. 6.15a and 6.15c). In order to verify transcriptional 
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reprogramming owing to signaling pathway activation, we subsequently generated a 

polyclonal cyclic-AMP response element-binding protein (CREB) regulated eGFP 

expressing cell line (HEK293T-CMV-TrkB-CRE-eGFP) by linearized plasmid transfection 

(Fig. 6.15b). CREB phosphorylation was expected due to elevated cAMP levels upon 

activation of TrkB-BDNF signaling pathway, ultimately leading to transcriptional 

reprogramming for eGFP expression which was confirmed by fluorescence microscopy for 

both commercial and S12-BDNF (Fig. 6.15c). 

 

Fig. 6.16. Functionality of HEK293T cell lines with cell-free BDNF. a) Western blot analysis of 

TrkB pathway activation in CMV-TrkB cell line. Phosphorylation of ERK1/2MAPK was observed in a 

time-based fashion after commercial BDNF application (20 ng/mL final concentration). b) CMV-TrkB-

CRE-GFP cell line generation and validation strategy. c) Epifluorescence microscopy of CRE-eGFP 

cell line as a response to commercial BDNF (100 ng/mL final concentration). In all tests, cells were first 

serum-deprived for ca. 4 h (CMV-TrkB) and 7 h (CRE-eGFP) to reduce background signaling levels. 

Statistical test was student’s t-test, two-tailed, unpaired. 

According to our cell-free BDNF quantifications, final S12-BDNF concentration in growth 

media is expected to be ~200 ng/mL. This concentration presumably corresponds to ~20 

ng/mL of active protein (see section 1.2). For comparison, commercial BDNF can trigger 

transcriptional response in this cell line at 20 ng/mL concentration as well (Fig. 6.16). 

Therefore, we concluded our initial calculations were reasonable and experimental 

observations verified that S12-BDNF amounts produced were well-within biological 

response range. 

 

Selected low-TrkB-expressing cell line responded to S12-BDNF in a time-dependent 

manner, albeit with less efficiency compared to commercial BDNF (Fig. 6.17a). After 

verifying the signaling pathway activation, we then tested S12-BDNF with CMV-TrkB-



 149 

CRE-eGFP cell line. By epifluorescence microscopy and cell counting, we detected almost 

a 2-fold difference in GFP+ cells upon S12-BDNF application at 1/500 dilution from 

original reaction (Fig. 6.17b).  

 

Fig. 6.17. Biological activity of cell-free (S12) BDNF on engineered HEK293T cells. a) Cell-free 

synthesized S12-BDNF (Final=1/1000 dilution) activates signaling pathway in TrkB overexpressing 

HEK293T cells, quantified by western blot analysis of phosphorylated ERK1/2MAPK; with 20 ng/mL 

commercial BDNF as a positive control. b) S12-BDNF triggers transcriptional reprogramming in 

engineered HEK293T cells, assessed by eGFP expression under cAMP regulated promoter. S12-BDNF 

is provided at final 1/500 dilution and incubated with eukaryotic cells for 16 h at 37 °C. All experiments 

were performed as independent biological replicates (n = 2). Scale bars indicate 100 µm. Statistical test 

was student’s t-test, two-tailed, unpaired. Third biological replicate is ongoing. 

2.2. Tests on Embryonic Neural Progenitor Stem Cells 

With the encouragement from in vitro results obtained using HEK293T cells, we decided 

to challenge S12-BDNF in long-term studies, particularly for stem cell differentiation. To 

this end, Mus musculus embryonic stem cells are supplemented with S12-BDNF every 72 

h with increasing amounts (Fig. 6.18a). We first started with 1/1000 dilution of S12-BDNF 

reaction and then increased the applied amounts by 1.5-fold every 3 days. After incubation 

for 13 days in vitro, S12-BDNF supplemented cells displayed significant amount of 

differentiation into more mature neurons, compared to no DNA supplemented S12 reaction 

(Fig. 6.18b). The differentiation success was assessed by immunostaining of neurons and 

glial cells with b-III-Tubulin (Tuj1) and Microtubule Associated Protein 2 (MAP2), 

neuronal markers used to tag maturating neurons.  
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Fig. 6.18. Neural progenitor stem cell treatment timeline for neuronal differentiation. a) First 4 

days, stem cells are cultured with Epithelial Growth Factor (EGF) only and then Brain Derived 

Neurotrophic Factor (BDNF) levels are increased, while EGF is removed gradually. b) Microscopy of 

stem cell differentiation into mature neurons at DIV 13 in the presence of S12-BDNF (or pS30 BDNF), 

provided with increasing concentrations over 13 days (see methods). All experiments are performed as 

independent biological replicates and representative images are shown (n = 2). Scale bars indicate 50 

µm. 

S12-BDNF supplemented stem cells showed 30.1% Tuj1+ and 14.6% MAP2+ signals. 

Whereas, non-BDNF supplied cell lines (no DNA control) had only 17.3% Tuj1+ and 

6.2% MAP2+ respectively (Fig. 6.19a, 6.20, 6.21). In both cases, we observed almost 2-

fold higher number of mature neurons. Differentiating neurons demand continuous supply 

of BDNF, otherwise apoptotic pathways are activated leading to cell death. To assess 

neuron survival as a complementary result, we found that S12-BDNF supplemented stem 

cells showed only 7.2% cleaved Caspase-3 signal, while no DNA control resulted in 20.1% 

apoptotic cells (Fig. 6.19b). Comparing the S12-BDNF performance, stem cells revealed 

29.2% Tuj1+ and 9.5% cleaved Caspase-3+ of the overall population when commercial 

BDNF was supplied, indicating comparable efficacy of cell-free and commercial products 

(Fig. 6.19b, 6.21). Therefore, we again concluded that the biological activity levels of S12-

BDNF was well-within comparable ranges with commercially available counterpart. 
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Fig. 6.19. Biological functionality of cell-free BDNF on stem cells. a) Statistical analysis of % b-III-

Tubulin, mature neuron marker, reveals increase in mature neurons percent over nuclei when supplied 

with S12-BDNF (or pS30-BDNF) and b) % cleaved Caspase-3+ cells (apoptosis marker) decrease 

correlating with the presence of S12-BDNF. All experiments are performed as independent biological 

replicates (n = 2). All error bars represent ±SD for independent experiments. p = 0.02 for b-III-Tubulin 

and p = 0.9 for cleaved Caspase-3. 

 

 

 

Fig. 6.20. Supplementary information for neural progenitor stem cell differentiation. Comparison 

with commercial BDNF and cell-free BDNF (S12 or pS30), MAP2 and cleaved Caspase-3 data. a) 

Microscopy images of differentiated stem cells immunostained for MAP2. b) MAP2 statistics, n = 1, 

error bars indicate at least 6 different fields analyzed and presented as ±SD.  
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Fig. 6.21. Supplementary images of differentiated stem cell in the presence of cell-free BDNF. All 

experiments were performed as independent biological replicate and representative results are shown (n 

= 3). Scale bars indicate 50 µM. 

2.3. Tests on Retinal Ganglion Cell Axons 

BDNF is also known to play versatile roles in Xenopus laevis retinal ganglion cell (RGC) 

axon development. It has been shown to act as a classic neurotrophic factor, promote cell 

survival311 and axon extension312,313. BDNF also acts as chemotropic attractant at early 

stages314 and induce the maturation of connectivity at later stages by promoting axonal 

branching and synapse formation and stabilization315. Taking into account the existing 

literature, we hypothesized S12-BDNF could also exert biological activity on Xenopus 

retinal explants as well. To this end, we used a single axon analysis strategy (Fig. 6.22), 

and confirmed previous observations313 that synthetic (commercial) BDNF significantly 

accelerated axon outgrowth velocity in Xenopus RGCs at developmental stage 24 (Fig. 

6.23a). 
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Fig. 6.22. Live axon imaging strategy. Ex vivo eye explants were prepared by dissection of Xenopus 

embryos at stage 24. Then, the eyes were planted on 60% L-15 medium, on poly-L-Lysine pre-treated 

petri dish. Upon treatment, the healthy non-collapsed axon velocity was calculated by taking time-lapse 

images of the same field over 35 minutes. 

Using this control as a reference point, we established the adequate concentrations of S12-

BDNF that promoted an increase in axon outgrowth speed while maintaining low 

cytotoxicity (Fig. 6.23b). We found a range of 50-100 ng/mL of commercial BDNF was 

optimal for axon outgrowth at Xenopus embryo developmental stage 24. Extrapolating 

from our previous results with HEK293T and stem cells, as well as taking into account the 

potential toxicity of cell-free reaction at elevated concentrations (Fig. A6.1), S12-BDNF 

were applied to cultured axons at a dilution of 1/200. This dilution corresponded to ~500 

ng/mL of total protein, where ~50 ng/mL (or more) of it was expected to be biologically 

active. 

 

Indeed, 1/200 dilution of S12-BDNF demonstrated a significant +40.6% increase in axon 

velocity compared to S12 only (No DNA) control (Fig. 6.24a and 6.24b). With this 

functional result, we concluded that S12-BDNF could generate a biological response on ex 

vivo cultures of ‘live’ axons with comparable levels to commercially available BDNF. 

Given the S12 reaction batch-to-batch variability and unstable nature of commercial BDNF 

freezer stocks in PBS (without glycerol preservant), we also concluded that the results 

were within acceptable error margins. Persistent observation of statistically significant 

axon velocity difference among biological replicates allowed us to move on to artificial 

cell tests with a greater confidence. It was also noteworthy that commercial BDNF too, 
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displayed a +40.9% increase measured for axon growth rate, normalized by PBS (Fig. 6.23 

and 6.24). 

 

Fig. 6.23. Effect of commercial and cell-free expressed BDNF on Xenopus axons. a) Axon speed 

analysis with bath application of PBS and commercial BDNF. b) Dilution screen for cell-free expressed 

BDNF for enhanced axon outgrowth speed. n=3 (a) and n=1 (b) independent experiments, biological 

replicates. At least 47 axons per condition were counted. Statistical test was two-tailed Mann-Whitney, 

p = 0.0039. Commercial BDNF data was not normally distributed. 

 

Fig. 6.24. Biological functionality of cell-free BDNF on Xenopus laevis axons ex vivo. a) Axon speed 

statistics, comparison of S12-BDNF with No DNA template S12 reaction reveals statistically significant 

axon speed increase when there is S12-BDNF (Final=1/200 dilution) (Mann-Whitney test, p = 0.0039). 

b) A typical example of axon growth rate analysis, real-time microscopy at t = 0 min and 35 min 

respectively. All experiments are performed as independent biological replicates (n = 4 for embryos, 

>55 growth cones counted in each group) and micrographs are reported as representative results of 

replicates. Scale bars indicate 10 µm. All error bars represent ±SD for 4 independent experiments for 

axon counts. 
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3. Artificial Cells Are Functional in Physiological Conditions.  

3.1. Gene Expression inside Physiological Artificial Cells 

Having assessed the biological functionality of S12-BDNF, we sought to assemble the 

component parts of the artificial cells. Artificial cells generated using optimized 

parameters (section 1) were shown to express sfGFP under strong E. coli minimal tac 

promoter (pTac). The presence of sfGFP was confirmed by both fluorescence microscopy 

(Fig. 6.25) and flow cytometry, where we detected >30% of overall population as sfGFP+ 

(Fig. 6.26a). To test the S12-BDNF gene expression in artificial cells, we cloned FLAG-

tagged BDNF sequence upstream of sfGFP maintaining entire N-terminus sequences 

identical, coding for a BDNF–sfGFP fusion protein. This way, we ensured the initial 

translational efficiency of FLAG-BDNF gene identical compared to non-sfGFP tagged 

version. 

 

Fig. 6.25. Microscopy images of artificial cells synthesizing BDNF-sfGFP and sfGFP. FLAG-

BDNF-sfGFP and FLAG-sfGFP fusion protein production at t = 5 h, all scale bars show 10 µm. 

Concentrated dot signals along with lumen filling may indicate poor solubility of fusion protein. Scale 

bars indicate 10 µm. 

The gene expression was first verified in vitro, and then in artificial cells, using 

fluorescence microscopy and flow cytometry (Fig. 6.25 and 6.26b). Following incubation 

at 30 °C for 5 h, artificial cells clearly showed BDNF–sfGFP signal inside the lumen, 

>22% sfGFP+ signal of overall population. Given almost doubled size of mRNA to be 

translated, a reduction in sfGFP positive events was naturally expected. 
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Fig. 6.26. Artificial cell gene expression in physiological conditions. a) FACS analysis of BDNF-

sfGFP and b) sfGFP producing artificial cells, dot-plots and histogram overlap comparisons for t = 0 h 

and t =5 h, revealing >22% signal increase in overall population. c) Western blot for BDNF, sfGFP 

expressed in artificial cells. 

A further comparison of mean FITC intensity of artificial cells encapsulating known 

concentrations of sfGFP, BDNF-sfGFP fusion protein concentration was estimated to be 

~65 ng/mL within artificial cells (Fig. A6.2). On the other hand, sfGFP concentrations 

were calculated as ~750 ng/mL. Lastly, the production of BDNF and sfGFP inside 

artificial cells is verified by immunoblotting against FLAG antibody (Fig. 6.26c). In test 

tube expressions, a protein concentration 100–500 µg/mL was detected. The reduction in 

yields inside artificial cells could be explained by limited finite resources and 

inaccessibility for cofactor turnover due to membrane barrier. In contrast, in vitro 

expression would allow free diffusion and replenishment of chemicals, which in turn 

allows for the higher protein yields. Therefore, calculated amounts inside vesicles were 

concluded as plausible. 

3.2. Functionality of Content Delivery System 

After we demonstrated BDNF mRNA translation occurred inside vesicles, we continued 

our studies by characterizing dynamics of PFO pore formation (Fig. 6.7). We examined the 

presence of functional PFO pore formation by flow cytometry and size-exclusion column 

chromatography. 16 h after exposure to purified PFO, ~40% of AlexaFluor488-labeled 10 

kDa dextran leaked out of both sucrose and S12 encapsulating vesicles (Fig. 6.27), while 

non-treated, 1% (v/v) DMSO, PBS or 80% L-15 treated vesicles remained intact with 

>85% of inner contents retained (Fig. 6.27 and 6.28). Upon addition of purified PFO to 

S12 encapsulating artificial cells, a significant increase in doublet events is detected on 
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flow cytometer, indicating vesicle-vesicle association (Fig. 6.29), as also evidenced by 

fluorescence microscopy (Fig. 6.30). Further analysis revealed almost immediate content 

loss upon exposure to PFO, in less than 1 min up to 40%, similar levels compared to 

sucrose-dextran vesicles (Fig. 6.31). Again, we observed negligible (if not any) content 

loss without PFO even after 24 h (Fig. 6.28).  

 

Fig. 6.27. Sucrose-dextran vesicle stability and content loss at 16 h. Vesicle and free dye 

fractions were assessed size exclusion chromatograpy by sepharose 4b. Vesicles are generated by 

water-in-oil emulsion technique and purified at 16 h. Vesicle composition was 

POPC:cholesterol:DSPE-PEG2000 1:0.085:0.01. Approximately 40% content loss was detected when 4 

µM purified PFO was added to the medium. The comparison was done both for no treatment and 1% 

(v/v) DMSO added tubes, where we have not observed significant vesicle disruption, as can be seen by 

left panel. 
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Fig. 6.28. Long-term artificial cell stability. All artificial cells contained S12 reaction components, 10 

µM 10 kDa AF488-labelled dextran and LuxR-PFO DNA without induction, incubated at 30 °C. Upper 

Row: Effect of DMSO on artificial cell stability, with no treatment comparison. No treatment quadrant 

was 77.2% and DMSO quadrant was 80%. No significant decrease was detected with 1% (v/v) DMSO 

treatment.  Upper Left: Histogram overlap at 24 h. Upper Right: dot plot analysis. Lower Row: Flow 

cytometry analysis of artificial cell stability at L-15 media (80%) (osmolality reduction of 20% from 

PBS) and long-term PFO effect. Quadrants were as following, No treatment: 82.4%, L-15 media 

(80%): 83.8% and PFO: 63.2%. 
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Fig. 6.29. Flow cytometry analysis of PFO-membrane association. Single events decrease with the 

addition of PFO and multiple events increase, indicating PFO binding to vesicles and vesicle-vesicle 

associations. 

 

 

Fig. 6.30. Microscopy images for vesicle membrane and PFO association. Vesicles contained 280 

mM sucrose and 10 µM AlexaFluor488 labelled dextran. Scale bars are 10 µm. Vesicle composition 

was POPC:cholesterol:DSPE-PEG200 1:0.085:0.01. 
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Fig. 6.31. PFO-induced rapid content release from S12 encapsulating artificial cells. All artificial 

cells contained 10 µM 10 kDa AF488-labelled dextran and no DNA, incubated at 30 °C. a) Flow 

cytometry analysis after 5 min of PFO exposure, dot plot analysis. b) Histogram overlap of t = 0 and t = 

5 min data. 

Relatively incomplete content loss in the presence of PFO could be attributed to complex 

and diffusion limiting nature of S12 reaction316 or simply to limited availability of PFO 

monomers per vesicle (~380 µM total lipid vs 4 µM PFO). Nevertheless, our results 

confirmed previous reports on timescale of pore formation, leading us to conclude once 

soluble PFO monomers are in proximity of the membrane, they are expected to undergo 

conformational re-arrangement very quickly317 (Fig. 6.31).  

3.3. Genetic Control of Content Delivery System 

Once assessed that PFO could allow passage of a biomolecule as large as 10 kDa, we then 

wanted to test whether LuxR-PFO module could be utilized inside artificial cells. To this 

end, we encapsulated GFPmut3B (100 µM) together with LuxR-PFO module DNA (10 

nM). Following 1 h of incubation at 30 °C, in vesiculo gene expression of PFO was 

induced with 10 µM 3OC6 HSL and artificial cells left incubating at 30 °C overnight (12–

16 h) to complete gene expression and protein diffusion through the pores (Fig. 6.32a).  
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Fig. 6.32. Artificial cell functionality for pore formation and content release in physiological 

conditions. a) Experimental overview cartoon for artificial cells’ functional units with time scales 

indicated, for slow acting and fast acting modules. b) Statistical analysis of GFPmut3B release from 

artificial cells upon 3OC6 HSL induction for PFO expression and pore formation, data collected at t = 

16 h after incubation at 30 °C, where PFO is induced at 1 h with 10 µM 3OC6 HSL. Statistical test 

applied was student’s paired two-tailed t-test and error bars represent ±SEM for n = 4 independent 

experiments. The rationale for using paired t-test was, +/- pore induction vesicle samples were taken 

from the same pool, and the fluorescence output of one or another influenced the overall result. 

The portion of GFPmut3B remaining inside artificial cells was assessed by flow cytometry, 

using 1% (v/v) TritonX-100 as a reference for complete content loss and ‘No DNA 

treatment’ group as 100% stable vesicles. Artificial cells showed 22.1 ±4% content loss 

when PFO pore formation is induced, while the “leaky” levels of gene expression or 

“unstable” artificial cells resulted in 6.6±4% content loss over no DNA control (Fig. 

6.32b). Parallel to earlier sucrose-dextran vesicles, addition of 4 µM PFO resulted in 

maximum of 37.2 ±2% content loss, confirming our initial ‘no template DNA control’ 

experiments.  

4. Maximizing Artificial Cell Content Delivery  

4.1. Proteases in cell extract  

Our physiological cell-free system is based on E. coli cells, instead of purified 

components, therefore it is influenced by variations in cellular composition at the lysis 
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time. Although cellular content is a great advantage for longevity and practicality for 

metabolism-like conversion of biomolecules, for particular applications, variability in 

cytosol contents can be considered as a hampering factor. For example, during extract 

preparation, enzymatic digestion and dialysis steps are removing the nucleic acids and 

small molecules very effectively, but the remaining portion of the cellular contents, 

predominantly enzymes and other macromolecules (e.g. ribosomes, cis-acting elements 

etc.) are still retained in the dialysis chamber, as they are not smaller than 3.5 kDa (see 

methods). Recently a whole extract mass spectrometry analysis of S12 prep has been 

published and as it has been previously assumed, cellular deposits of proteases (i.e. ClpP 

and ClpX) and nucleases were still present in the final composition318.  

 

If one would like to achieve a modular control over pore formation, one option is to 

controllably digest the membrane protein or interfere with its functionality through 

competitive binding. We, in some sense, achieved this by modulating cholesterol content; 

however, a sudden decrease in cholesterol content results in complete malfunctioning of 

the system due to cholesterol dependency of PFO. Therefore, as another option, a specific 

orthogonal protein degradation tag would be advantageous to control content delivery. 

Furthermore, if provided in catalytically inactive form, proteases may be also used for 

ON/OFF switch for pores simply by competitive binding. Similarly, engineered antibodies 

could be used to bind pore monomers and clog the pore perhaps with a superior specificity. 

Last, but not least, such orthogonal protease digestion system would function 

independently from eukaryotic cellular context as well; therefore, the therapeutic 

applicability of artificial cellular cocktail with orthogonal mf-Lon protease emerges as an 

intriguing future direction319. 

4.2. Non-specific Vesicle Digestion 

To test our hypothesis, we first examined vesicle-PFO ‘conjugate’ digestion by non-

specific proteases. To this end, we used commercial Proteinase K upon PFO association 

with membranes. After PFO was made sure to associate with the membrane ca. after 15 

min of pre-incubation, proteinase K was added to vesicle medium and left incubating at 30 

°C for 2 h. 

 

Triggered by observed low levels of content loss, we wanted to investigate the cytosolic 

context dependency of protein release from artificial cells simultaneously. We 
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hypothesized that similar to packed and diffusion limited nature of the bacterial cell, 

artificial cellular components may interfere with the diffusion of macromolecules through 

the pores and hamper the system to reach its full potential. For that purpose, we tested 

varying amounts of molecular crowding agents (0–4% polyethyleneglycol (PEG)) keeping 

the rest of the components identical. After 2 h of incubation of artificial cells encapsulating 

GFPmut3B, we failed to observe any significant difference between 1% and 4% PEG 

content, in terms of content release (Fig. 6.33). 

 

         

 

Fig. 6.33. Flow cytometry analysis of protease digestion of vesicles with PFO. SSC-A vs FITC-A 

plot with varying amounts of polyethyleneglycol (PEG) inside artificial cell membrane. 
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A significant improvement in protein release efficiency could not be achieved unless non-

specific Proteinase K (or potentially orthogonal tag-specific mf-Lon protease) used to 

disrupt the vesicles. The mode of fluorescence loss from particles were either by non-

selective diffusion of proteinase K into vesicles and digest the GFPmut3B, or presumably 

by digesting the pore proteins on vesicle surface without passing through the pores and 

digest in situ (Fig. 6.33 and 6.34).  

 

 

Fig. 6.34. Flow cytometry histogram analysis of protease digestion of vesicles with PFO. Vesicles 

were prepared with varying amounts of PEG inside artificial cell membrane. 

In combination, our findings indicated the protein release from artificial cells was limited 

by pore-forming efficiency instead of cytosolic diffusion. Having said that the GFPmut3B 
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diffusion was still possibly hampered by non-specific protein-protein interactions due to 

complex nature of S12 reaction. Nevertheless, diffusion coefficients for globular proteins 

significantly vary with their size320; therefore, increased efficiency in BDNF diffusion was 

naturally expected over GFPmut3B.  

4.3. Specific Vesicle Digestion (preliminary) 

The C-terminus of PFO is important because the association of PFO and the free hydroxyl 

of cholesterol occurs via (domain 4) of the C-terminus of the monomer317. The previous 

mutational studies also revealed that PFO failed to undergo conformational change and 

cannot form functional pores when interactions between domains 3–4 and 2–3 are 

disrupted317,321. Similarly, the fusion protein at the C-terminus did not allow 

oligomerization of PFO on the host membrane282. Therefore, we first sought to test 

whether a small protein degradation tag of E. coli orthogonal mf-Lon protease would 

inhibit functional pore formation or not. We found that a small protease recognition tag did 

not cause any functionality defect in pore forming. 

 

                       

Fig. 6.35. Functionality of C-ter-pdt#3-tagged PFO in the artificial cellular context with 

PEGylated lipid. The membrane composition was 1:0.85:0.01 POPC:cholesterol:1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000]. a) Negative control, without 
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any treatment. b) Positive control without tag PFO, provided in purified form as N-ter-6xHis-tagged, c) 

pLuxR promoter controlled PFO-pdt#3 expression with 3OC6 HSL induction, d) without induction. All 

experimental conditions were as mentioned in Fig. 6.25. 

To this end, we used both calcein leakage assay as in Fig. 6.11 and GFPmut3B release 

assay as in Fig. 6.32. We found out that the membrane composition of either 1:0.85 

POPC:cholesterol or 1:0.85:0.01 POPC:cholesterol:DSPE-PEG2000 (where DSPE-

PEG2000 stands for 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[biotinyl(polyethylene glycol)-2000], and PEG is polyethyleneglycol), PFO pore formation 

was not influenced by the presence of pdt#3 tag (Fig. A6.3). It is noteworthy that 

PEGylated lipids are commonly employed for providing vesicles structural flexibility and 

support for osmotic stress322. Provided maintained PFO pore functionality (Fig. 6.35) and 

superior compatibility in osmotically challenging media, from this point on we kept 

PEGylated lipid composition in our artificial cellular formula. 

5. Artificial Cells Can Influence Behavior of Eukaryotic Cells in vitro. 

5.1. Transcriptional Reprogramming of HEK293T Cells with Artificial Cells 

Having demonstrated artificial cells could be induced to make functional pores allowing 

the diffusion of macromolecules into bulk solution, we finally assembled BDNF and 

LuxR-PFO modules together to test with eukaryotic cells. To begin with, we examined the 

functionality of the artificial cells with HEK293T-CMV-TrkB-CRE-eGFP cell line. First, 

eukaryotic cells were serum-deprived for ~7 h to reduce signaling pathway backgrounds. 

Concurrently, artificial cells were incubated at 30 °C for BDNF gene expression and pore 

formation. Then, artificial cells were put into contact with eukaryotic cells followed by a 

co-incubation step at 37 °C for 16 h (Fig. 6.32a and Fig. 6.36).  
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Fig. 6.36. Experimental setup for artificial to eukaryotic cell communication. Artificial cell 

treatment overviews for short-term and long-term schemes. Short-term scheme is employed for all 

HEK293T experiments and pathway activation studies on pre-differentiated stem cells, whereas long-

term strategy is employed in stem cell differentiation exclusively. 

Microscopy analysis revealed significant increase in eGFP expression when artificial cells 

contained BDNF gene, compared to sfGFP expressing ones (~20% ±2% vs ~12% ±2%) 

(Fig. 6.37b). When induced to form PFO pores, statistically significant levels of eGFP 

expression was detected in HEK293T cells (~20% ±2% vs ~15%±2%), indicating 

functional pore formation, thereby enhanced biological availability of S12-BDNF. 

Relatively unstable nature of artificial cells (ca. 1–6 % of total population, see Fig. 6.32b) 

might be responsible for significant increase in eGFP expression even in the absence of 

pore induction. 

 

Fig. 6.37. Results of artificial cell to eukaryotic cell communication. Left: Representative 

microscopy images of eGFP+ cells in each treatment group. Right: Statistical analysis of HEK293T 

cells treated with artificial cells for 16 h reveals increase in eGFP expression levels, which is controlled 
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by cAMP regulated promoter. All scale bars indicate 50 µm and error bars represent ±SEM for 

independent biological replicates, n = 3. The percent increase was normalized against sfGFP secreting 

artificial cells. Statistical test was student’s t-test, two-tailed, unpaired. p < 0.05 was considered 

statistically significant. 

5.2. Neural Progenitor Stem Cell Differentiation with Artificial Cells 

In HEK293T cells, TrkB might be prone to autophosphorylation due to artificial 

overexpression, and potential acute toxicity effect of artificial cells could trigger non-

selective phosphorylation of ERK1/2MAPK. Thus, our functional assay in genetically 

modified HEK293T cells might not represent the true efficacy of released S12-BDNF from 

artificial cells. Moreover, significant long-term biological output requires persistent 

activation of the downstream pathway in the target cells323,324. To this end, we decided to 

continue testing our artificial cells for stem cell differentiation, continuously supplying 

every 24 h, together with fresh growth medium replacement to wash away old contents 

(see methods). 

 

Similar to (cell-free) S12-BDNF results (Fig. 6.18–21), we decided to perform 

immunostaining on stem cells treated with artificial cells expressing S12-BDNF and 

releasing the inner contents through PFO pores. Here, the differentiation success was 

assessed by high b-III-tubulin (Tuj1) expression, MAP2 expression, presence of cleaved 

Caspase-3 and finally expression of Glial Fibrillary Acidic Protein (GFAP). After 19 days 

in vitro, we detected significant increase in neuronal population by microscopy (Fig. 6.38). 

Importantly, the signals for MAP2 and b-III-tubulin were found as overlapping, indicating 

specificity of the staining. 
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Fig. 6.38. Differentiation of neural stem cells into more mature neurons. Representative microscopy 

images of immunofluorescence staining for b-III-tubulin (Tuj1) and MAP2, where experiments were 

performed following long-term scheme, artificial cells supplied for 15 d with 24 h intervals. All scale 

bars indicate 50 µm. Signals for Tuj1 and MAP2 were expected to overlap, indicated by yellow color. 

The maturation of neurons was assessed by high expression levels of Tuj1 and presence of MAP2. 

Artificial cells with BDNF and pore formation, clearly showed mature neurons with greater numbers 

compared to other experimental groups. pS30 BDNF indicates functional pore formation and pS30 only 

indicates cell-free BDNF production but to pore formation. pS30 GFP indicates functional pore 

formation but secretion of sfGFP instead of BDNF, as a negative control. 

In order to assess the high b-III-tubulin expressing cells, we used exactly the same 

methodology for all conditions. Briefly, the images were taken with identical exposure 

time, and we selected a threshold level for high signal intensity by reducing the 

background levels and selecting for specific signals to differentiate from low and/or non-

specific ones. Following the guideline as pictured, cell counting revealed ~39% ±3% 

Tuj1+ cells when artificial cells were synthesizing BDNF and induced to release the inner 

contents with PFO pores (Fig. 6.39a). On the contrary, stem cells contained only 25–26 % 

±5% high b-III-tubulin cells when pore formation was not induced nor sfGFP was 

produced instead of BDNF (Fig. 6.39a). 
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Fig. 6.39. Statistical analysis of neural stem cells differentiation and maturation. a) Statistics for 

high b-III-tubulin expressing cells. The error bars represent ±SEM for n = 3 biological replicates, 

independent experiments. b) An example analysis for high b-III-tubulin expressing cells, 3–4 different 

random fields were analyzed. c) An example analysis for MAP2 expressing cells. Error bars represent 

±SD for different fields, n = 3. In (a), at least 3000 nuclei per condition was counted. In (b) and (c), at 

least 1000 nuclei per condition was counted. A complete biological triplicate experiments were 

performed, and data acquisition was completed. All cell counts, and statistical analyses were performed 

blind to the observer, the images were taken from random fields within the well. Statistical test was 

student’s t-test, two-tailed, unpaired. p < 0.05 was considered statistically significant. 

As a complementary result, same stem cells also showed statistically significant increase in 

mature neuron levels (Fig. 6.38). in the presence of artificial cells with PFO pore induction 

compared to no pore induction control (Fig. 6.39b). Similar to Tuj1 analysis, counting of 

immunostained stem cells revealed more MAP2+ mature neurons were present as ~38% 

±3% of overall population in case of artificial cells with PFO pores, as opposed to ~24% 

±3% without pore induction (Fig. 6.39b). Overall, Tuj1 and MAP2 statistics were 

overlapping with and complementary to each other, as Tuj1+ cells were also expected to be 

MAP2+, as evidenced by epifluorescence microscopy (Fig. 6.38), known in the 

literature325,326. 

 

BDNF has a two-fold effect on neural progenitor stem cells. On one side, BDNF promotes 

the differentiation of stem cells into mature neurons. On the other hand, BDNF 

significantly enhances the survival rate of differentiating and already-differentiated 

neurons. In order to assess the overall influence of cell-free synthesized BDNF and 

potential toxicity of artificial cells, we further complemented our differentiation analyses 

by immunostaining the stem cells with cleaved Caspase-3 (apoptosis marker) and b-III-

tubulin (Tuj1) antibodies. Our microscopy analysis, again revealed higher number of 
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neurons when artificial cells were producing BDNF and releasing through PFO pores, 

compared to artificial cells with sfGFP production or without pore induction (Fig. 6.40). 

Statistical analysis revealed ~9% ±1% cleaved Caspase-3+ cells when supplied with 

BDNF producing and releasing artificial cells. In comparison, we observed higher cleaved 

Caspase-3+ cells in the absence of BDNF or only when PFO present, ~10% ±2% and 

~12% ±1%, respectively. This result indicated the enhancement of neuron survival rates 

with BDNF producing artificial cell treatment. A slight decrease in apoptotic cells in the 

presence of pore induction could be explained by possible cytotoxicity of PFO and low 

levels of cell-free BDNF that was not able to trigger differentiation but only contribute to 

survival. Similarly, washing away the dead cells could also contribute to high percentage. 

 

 

Fig. 6.40. Maturation and survival of differentiating neural stem cells. Representative microscopy 

images of immunofluorescence staining for b-III-tubulin (Tuj1) and cleaved Caspase-3, where 

experiments were performed following long-term scheme, artificial cells supplied for 15 d with 24 h 

intervals. All scale bars indicate 50 µm. Increasing number of neurons were detected, while apoptotic 

cells were slightly decreased with the presence of cell-free BDNF. pS30 BDNF indicates functional 
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pore formation and pS30 only indicates cell-free BDNF production but to pore formation. pS30 GFP 

indicates functional pore formation but secretion of sfGFP instead of BDNF, as a negative control. 

Along the course of stem cell differentiation, as mature neuron percent increase, total 

number of glial cells are expected to decrease or stay at steady levels. Therefore, to cross 

check whether neuronal maturation was correlating with overall influence in the 

population, we also immunostained the stem cell population for Glial Fibrillary Acidic 

Protein (GFAP), which is a common glial cell marker. Upon microscopy analysis, we 

report a slight (little to no) reduction in glial cell population; however, more neurons were 

again observed (Fig. 6.40 and 6.41). The statistical analysis revealed no significant 

difference. 

 

Fig. 6.41. Supplementary analysis of neural stem cell differentiation with artificial cells. 

Representative microscopy images of neural progenitor stem cell differentiation, immunostained for 

neurons with Tuj1 and glial cells with GFAP. The signals for glial cell marker were not overlapping 

with neuron signals and slight decrease in glial cells were detected in the presence of artificial cells with 

BDNF and pores. Experiments were performed following long-term scheme, artificial cells supplied for 

15 d with 24 h intervals. All scale bars indicate 50 µm. pS30 BDNF indicates functional pore formation 
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and pS30 only indicates cell-free BDNF production but to pore formation. pS30 GFP indicates 

functional pore formation but secretion of sfGFP instead of BDNF, as a negative control. 

 
Fig. 6.42. Statistical analysis of neural stem cell survival and glial cell population. The biological 

replicates were performed (n = 3), and the complete data analysis. Images show representative field of 

three biological replicate. +/- PFO pore induction case did not show statistical significance, possibly due 

to leaky levels of gene expression. However, when artificial cells expressed and released sfGFP, 

statistically significant signals of apoptosis rescue were detected. Statistical test was student’s t-test, 

two-tailed, unpaired. p < 0.05 was considered statistically significant. 

5.3. Downstream Signaling Pathway Activation in Differentiated Neural Stem Cells 

Ultimately, we checked whether the neuronal maturation was due to signaling pathway 

activation. To this end, we performed a replica experiment, using artificial cells in 

differentiation for 19 days. At the end of treatment, we serum-deprived the pre-

differentiated stem cells and 24 h later, artificial cells were provided as if in long-term 

treatment. The success for stem cell differentiation was tested for b-III-Tubulin expression 

levels and verified by western blotting (Fig. 6.43). Whereas, the success for TrkB signaling 

pathway activation was assessed by phosphorylation of two nodes, in the upstream PLCg1 

and downstream, ERK1/2MAPK (Fig. 6.12). Upon artificial cell treatment, both proteins 

showed clear increase in phosphorylated protein levels, nearly 2-fold (assessed by 

quantification and normalization by total and housekeeping protein content) and in 

phosphorylated PLCg1 (p- PLCg1) and 1.5-fold in phosphorylated ERK1/2MAPK levels (p-

ERK1/2 p42/44), unequivocally verifying the differentiation was due to BDNF–TrkB 

signaling pathway activation (Fig. 6.35). 
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Fig. 6.43. Western blot analysis of pre-differentiated neural stem cells (DIV 19) in the presence of 

artificial cells. Tests were for BDNF-TrkB signaling pathway activation and neuron maturation. The 

analysis reveals successful differentiation (b-III-tubulin signal) and signaling pathway activation at 30 

min, revealed by phosphorylated PLCg1 (p- PLCg1) and phosphorylated ERK1/2MAPK (p-ERK1/2MAPK). 

5.4. In vivo Tests on Xenopus laevis Embryos  

Theoretical Expectations 

During development of Xenopus eyes, retinal ganglion cell axons dynamically respond to 

pathfinding cues. The timing and positioning of the axons are important for functionality 

of eyes and healthy development of the brain. To achieve correct axon pathfinding, there 

are multiple protein signal cues in the Xenopus brain. The majority of these axon cues are 

acting as repellent/inhibitory factors, so that during pathfinding, axons prefer to avoid and 

by-pass327. By this way, possible random routes that a single axon can prefer is limited to 

the unique pathway lacking the repellent cues. Fig. 6.35 summarizes the guidance cues for 

axon pathfinding towards tectum, where they stop, branch and start making complex 

connections. 
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Fig. 6.44. Axon pathfinding in Xenopus embryos. The image shows single hemisphere of Xenopus 

brain, where green indicates Slit1, purple indicates Slit 2, Yellow indicates Netrin 1 and blue indicates 

Sema 3A. Sema 3A has a major role as repellent cue, while others have dual roles as both repellent and 

attractant, depending on the location, developmental stage and particularly, local concentrations. Here 

during the development between stages 24–40, all cues are acting as repellent. The eye and the RGC 

axons are indicated with pale red and red color. The artificial cell injection sites are highlighted with 

dark green arrows, namely tectum and telencephalon.  

To test the influence of artificial cells synthesizing and releasing BDNF, we first aimed to 

hijack and re-route the standard axon pathway. To this end, we explored possible injection 

sites near telencephalon. Injection of the artificial cells were performed at an earlier stage 

of development ca. 33/34, before reaching the midway of the pathway, particularly at a 

perpendicular site to standard growth route. Nevertheless, our efforts did not lead to any 

clear conclusion of pathway re-routing, apart from the clear risks of the approach (data not 

shown). Therefore, we decided to test injections along the axon pathway, locations near or 

directly deep inside the tectum (Fig. 6.44). 

Vesicle Delivery and Experimental Flowchart 

For Xenopus embryo injections, thin capillary tubes were used with very small volumes 

and pulses. The working capillary opening was pre-determined as 5–10 µm in diameter. 

Notably, water-in-oil method yields with vesicle size of at least 0.5 µm, up to 50 µm in 
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diameter. Such a wide normal distribution triggered us to reason that the glass capillary 

opening size was incompatible with the average size of artificial cells. This fact could 

bring potential complications in experimental procedures, execution and analysis of the 

results. If larger capillary size were to be adopted, the recovery time of embryos after 

injection would prolong significantly, impairing with the regular developmental rate of the 

embryos (data not shown). Moreover, the small capillary size and the applied pressure for 

injection would result in rupture of vesicles and release of contents. Considering above 

challenges, we decided to apply modifications to our artificial cell preparation protocol. 

The average size of the vesicles was reduced to less than 5 µm in diameter with centrifugal 

spin column filters. The disrupted vesicles were diluted and washed away with PBS, 

followed by centrifugations (see methods for details). By doing so, we were able to 

achieve a clean vesicle preparation, free of lipid aggregates, droplets and inner contents, 

where the purity and uniform distributions were assessed by fluorescent tracer HPTS and 

0.1 mol% LR-DhPE. Having optimized the artificial cell generation procedure for in vivo 

injections, we followed the experimental procedure for axon pathway analysis as depicted 

in Fig. 6.45. For tracing the RGC axons, we used commonly employed lipophilic dyes 3,3'-

Dioctadecyloxacarbocyanine Perchlorate (DiO) or 1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindocarbocyanine Perchlorate (DiI). Initially, the optimal diffusion time of DiI 

was determined to be less than 24 h and 3D reconstruction of axon pathway was easily 

achievable (Fig. 6.48a). 

 
Fig. 6.45. Experimental flow chart for axon growth analysis. a) Artificial cells were preincubated 

and induced prior to treatment as in HEK293T and stem cell experiments. The injection sites were 
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highlighted with black arrows. After the injection, the embryos were cultured few more days until 

reaching developmental stage of 40/41 and fixed with formaldehyde solution. Subsequently, lipophilic 

axon tracer dyes were injected into eyes and let diffuse throughout the entire axon projection. b) 

Summary of brain dissection and imaging strategy. Always single hemisphere of the brain was imaged. 

 
Fig. 6.46. Experimental evidence for artificial cell and lipophilic dye injections. a) Brightfield and 

red channel images of Xenopus embryos. The artificial cells were labeled with 0.1 mol% LR-DhPE as a 

tracer. Here, the artificial cells were injected to tectum area, under the skin. b) Example of successful 

DiI injection into Xenopus eyes, prior to diffusion. c) An example of open brain preparation of 

Xenopus, prior to imaging for axon path. 

Using the above experimental outline (Fig. 6.45), we tested whether we could detect 

fluorescent signals of artificial cells and DiI independently (Fig. 6.46). Artificial cellular 

signals were detected by fluorescence microscopy after 48 h post injection –prior to 

fixation–, indicating the success of injection at the targeted location. Similarly, a clear DiI 

signal was detected in the eye, at the injection location, and DiI was able to diffuse 

significantly within experimental expectations (Fig. 6.46 and 6.47) with a diffusion rate of 

0.2–0.6 mm per day328,329. 

Preliminary Results 

As depicted previously (Fig. 6.44 and 6.45), we injected artificial cells at two different 

locations, with different developmental stages. To begin our analysis, we first decided to 

screen the embryos with artificial cell injection site with the greatest likelihood of success, 

where the application was performed deep inside to tectum (Fig. 6.44). Open brain 

imaging indicated truncation of axon pathway even in wild type embryos (Fig. 6.47). This 

led us to conclude the DiI diffusion rate was not high enough to achieve efficient staining 

of the entire pathway. By stage 40/41, it was expected that the axons would have almost 

reached to tectum, if not already reached. Here, the influence of artificial cells and BDNF 

would have been the enhancement of axon speed and perhaps the thickness of the overall 

axon cluster311,330,331. 
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Fig. 6.47. Preliminary results of axon growth as a response to artificial cell injections. Selected 

images of axons stained with DiI. The rough shape of the brain was indicated with white dashed lines. 

The final destination of axons (tectum) was indicated as red dashed lines, and green arrow highlights the 

approximate artificial cell injection site. 

Possibly also due to potential staining problems, independent analysis of 5 different 

embryos did not lead to statistically significant levels of axon speed change (Fig. 6.48b). 

From a limited perspective, what we can draw as a conclusion was that artificial cells 

exerted an arguable (yet statistically insignificant) toxic effect in the brain (p = 0.2 between 

wild-type and sfGFP, student’s two-tailed t-test, with normal data distribution assumption). 

If present, toxicity would lead to the stalling of the axon growth and explain the visible 

trend of axon volume decrease. Perhaps more logically, this arguable toxic effect almost 

completely diminished when the embryos were supplied with artificial cells producing 

BDNF, either with or without pore formation (Fig. 6.48b). The lack of influence of pore 

formation on the results we obtained could be explained by the short life time of the 

artificial cells inside the brain, leading to disruption and release of inner contents. It is 

more complicated and challenging for vesicles to survive the enzymatic digestion in tissues 

rather than circulation. The rupture of vesicles could be expected due to their fragile nature 

and delivery to spatially confined tissue by force, rather than mild systemic delivery by 

blood. Nevertheless, in order to reach a decisive conclusion, at least 20–30 embryos should 

be tested. Therefore, in the absence of enough biological replicates, we conclude that our 

results were promising enough to continue our in vivo studies, yet further experimental 

optimizations are also necessary, particularly regarding DiI delivery methods and diffusion 

time. 
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Fig. 6.48. Preliminary analysis of axon growth as a response to artificial cell injections. a) A 3D 

reconstruction example of axon pathway using Z-stack images, figure generated on ImageJ, using 

custom-written macro. b) Statistical analysis of at least 5 embryos analyzed per condition. No 

statistically significant differences were detected by Kruskal-Wallis test (no normal distribution 

assumption), or student’s two-tailed t-test (normal distribution assumption). 

Discussion 

Over the last decades, biologically simplified but chemically complex systems combined 

with their incapability of evolution gets as much attention as common synthetic biology 

frameworks. In this work, we demonstrated such laboratory-synthesized chemical system 

has potential to trigger a biological response in animals (frogs, mice and humans). An 

optimized in vitro transcription/translation system was developed for physiological 

conditions and could serve as a basis for future characterizations and studies. We showed 

E. coli cell extract can be housed in lipid vesicles under physiological conditions, 

synthesize biologically active signaling macromolecules, process information by sensing a 

quorum molecule and as a response, deliver the inner contents through a membrane pore 

whose synthesis is genetically controlled. Our results emphasized the applicability of the 

second-generation artificial cells in complex tasks with greater reproducibility, stability, 

encapsulation efficiency, controlled membrane size, and permeability. Enabling simple 

bacteria-based cell-free systems compatible with eukaryotic protein effectors opens up 

endless possibilities to adopt similar macromolecules or small molecules such as cyclic 

AMP. 
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Conclusions and Future Directions 

Functionalization of vesicle membrane coupled to gene expression is an attractive target 

for cell-free technologies. Recent advances render decoration of artificial cellular 

membrane with homing macromolecules292,332,333 for tissue-specific delivery of 

therapeutics e.g. drugs, probiotics and neurotransmitters, akin to extracellular vesicles with 

endosomal escape avoiding the immune response334–336. For this purpose, two appealing 

candidates are synthetic adhesins and mechanoreceptors to target biological systems337 and 

achieve remote control over behavioral output338 in a reversible manner339. Moreover, 

sensing modules of artificial cells can be tailor-made for physiological content via cations 

and utilize many other signaling molecules released to extracellular matrix340. 

 

This proof-of-concept study renders in vivo tests and clinical applications plausible for 

modulating eukaryotic cell behavior. Artificial cells can integrate into gut-brain-axis, 

possibly using naturally occurring microbiota as a mediator341,342. Alternatively, artificial 

cells can be coupled to synthetic biocompatible transplants for damaged tissue 

regeneration, stem cell differentiation and even axon regeneration, particularly in spinal 

cord injury323,343,344. Provided further extensive optimization, this technology has potential 

to be coupled with 3D tissue printing and neural mimicry artificial networks integrated to 

electronics, triggering inter-tissue communication and/or light-triggered drug release on-

demand345,346. While short-term contact (2–6 h) and replenished continuous delivery (24 h 

intervals for 14 d) provides promising results for in vitro and ex vivo studies, a careful 

long-term systemic study is required for in vivo stability and immunogenicity. 

Materials and Methods 

Bacterial Strains and Media 

E. coli strain Rosetta2 (DE3) pRare2 was used for cell-free extract preparation, which was 

a kind gift from F. C. Simmel. E. coli strain NEB5α (New England Biolabs) was used for 

general molecular cloning purposes. E. coli strain BL21 (DE3) (New England Biolabs) 

was used for recombinant protein expression. 
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Materials/Reagents 

All chemicals were purchased from Sigma-Aldrich with highest possible purity, unless 

otherwise noted. Commercial BDNF was recombinantly expressed in E. coli and 

purchased from Peprotech. Lipids were from Avanti Polar Lipids. 

Genetic Constructs and Recombinant Protein Handling 

All clonings were performed by Gibson Assembly347, unless otherwise noted. For all 

artificial cell clonings, iGEM parts registry plasmid pSB1A3 was used as a common 

backbone. Promoter, terminator and short-tag (<50 bp) sequences were taken from registry 

website (parts.igem.org) and reconstituted by primer stitching method. E. coli codon 

optimized gene coding sequence of murine mature BDNF was synthesized by Genscript. 

LuxR gene was taken from registry plasmid BBa_T9002. Perfringolysin O (PFO) coding 

sequence was a kind gift from M. Dalla Serra. Human TrkB cDNA was synthesized by 

Genscript in two parts, joined in-house by Gibson Assembly and cloned into pLenti vector 

by standard molecular cloning protocols. A detailed list of genetic constructs and plasmids 

used in this study is reported in supplementary table  

S1. The recombinant proteins were expressed in BL21-based E. coli strains and purified 

with common Ni2+-NTA based strategies. For all, N-terminus 6xHis-tag was used with 

flexible linker sequence (GGGS)3. 

E. coli Extract Preparation 

Homemade E. coli extract was prepared using published protocols as a general guide348. 

Rosetta2 (DE3) pRare2 strain was streak in 2xYT+P agar plates containing 

chloramphenicol (34 µg/mL) incubated overnight at 37 °C and large, healthy-looking 

single colony was picked for an overnight (precisely 15 h) culture to prepare starter freezer 

stock (10x concentrated) in 2xYT+P, containing 12.5% glycerol, 100 mM MgSO4, 25 mM 

Tris-Cl at pH 8.0. To prepare the E. coli extract, a new overnight (= 15 h) culture was 

prepared in 2xYT+P with chloramphenicol (34 µg/mL) and the next day, transferred to 1 L 

pre-warmed 2xYT+P in 5 L flasks with 1:100 dilution and incubated shaking (220 rpm) at 

37 °C, without disturbing for 3.5 h. The cells were then immediately harvested and 

centrifuged down for 10 min, 6000 x g at 4 °C. From this point on, the cells were 

constantly kept at 4 °C and all centrifugations are performed at identical conditions. The 

pellets were briefly washed, resuspended in pre-chilled buffer A (14 mM Mg-glutamate, 

60 mM K-glutamate, 50 mM Tris-Cl, 2 mM DTT at pH 7.7 with acetic acid) and re-
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centrifuged at same conditions and resuspended in 1/10th of the original buffer A volume to 

transfer them to prechilled 50 mL falcon tubes. Following the second round of wash, 

residual buffer was removed, and the wet pellet weight is determined for autoclaved glass 

beads (3-times of total weight, 100 µm average diameter) and buffer A (0.9-times of total 

weight) which were added to the cell pellet in 3 rounds, vortexing after each addition. 

Falcon tubes were then cut in half, and the slurry-bead mixture was carefully transferred 

into bead beating tubes using 1 mL syringes (no needle), without leaving visible bubbles 

inside and the resulting mixture is frozen at -80 °C to carry out the subsequent steps on the 

next day. After thawing the slurry-bead mixture on ice for <2 h, the bead beating was 

performed at beat rate of 6.5 m/s for 30 s (2-times) (FastPrep-24, MP Biomedicals) Then, 

the crude cell extract was cleared from glass beads by centrifugation at using Bio-Rad Bio-

Spin™ columns (12.000 x g, 5 min), after which the extract is transferred to new tubes to 

remove cell debris via at least two-times centrifugation whenever necessary. The crude 

extract was incubated at 37 °C shaking (220 rpm) for 90 min in open-capped tubes and 

subsequently cleared at least twice by centrifugation. Finally, the extract was dialyzed 

against freshly prepared buffer B (14 mM Mg-glutamate, 60 mM K-glutamate, 1 mM DTT 

at pH 8.2 with Tris-Cl) first round for < 3 h and then overnight (< 24 h) at 4 °C using 10 

kDa MWCO SnakeSkin® dialysis tube (ThermoFisher Scientific) with gentle stirring. 

Following dialysis, the E. coli S12 (as throughout the process 12.000 x g was used) extract 

was aliquoted, stored at -80 °C and used within 1 year from preparation date. 

In vitro Transcription/Translation (IVTT or TX-TL) 

In vitro and artificial cell TX-TL reactions were performed at 30 °C in Rotor-Gene Q 

qPCR machine (Qiagen) and in a regular incubator or plate reader without shaking (Tecan 

Infinite M200) respectively. For plate reader experiments, each well in black/clear bottom 

96-well plate (Costar 3603) was covered with 50 µL sterile mineral oil to avoid 

evaporation. For cell-free reactions in physiological conditions, the final composition of 

amino acid solution was 0.5 mM each, the energy solution was 33 mM Na-HEPES pH 8, 

20 mM 3-PGA, 1 mM ATP, 1 mM GTP, 0.6 mM CTP, 0.6 mM UTP, 0.133 mg/mL tRNA, 

0.17 mM CoA, 0.22 mM NAD+, 0.5 mM cAMP, 0.045 mM folinic acid, 0.66 mM 

spermidine, and the supplement solution was 2% (w/v) PEG4000, 10 mM Mg-glutamate, 

10 mM K-glutamate, 20 mM sucrose, 6 mM maltose; where all are reported as final 

concentrations in TX-TL. The high-quality plasmid DNA was obtained using Qiagen® 

Plasmid Midi kit (12145), with certified nuclease-free deionized water as final solvent. The 
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DNA was quantified in NanoDrop 2000c (ThermoFisher), diluted, aliquoted and stored at -

20 °C with concentrations of 200 nM, and used in the range of 10–40 nM at final reaction. 

Components were assembled with the following order, briefly vortexing after each 

addition and without using bench-top spinner: E. coli extract, amino acid solution, energy 

solution, PEG, supplement solution, water and plasmid DNA. 

Generation of Artificial Cells 

Vesicles and artificial cells were generated using previously established conversion of 

water-in-oil emulsion into vesicles method with slight modifications (Fig. 6.12). As a rule-

of-thumb, always equiosmolar solutions of outer (either alanine or DPBS) and inner 

(physiological cell-free reaction or sucrose) has been used. Osmolality readings were taken 

in ‘freezing-point-depression’ type osmometer (Löser) in 25 µL aliquots. The vesicles 

were made of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and cholesterol 

(Sigma Aldrich) with total final concentration of 380 µM, either with or without 1 mol% 

DSPE-PEG2000, which were prepared in sterilized glass vials using sterile cell culture 

grade mineral oil (BioXtra 5310, Sigma Aldrich) and protected from light either by 

wrapping aluminum foil around or using amber vials. Briefly, chloroform lipid stocks were 

pipetted into glass vials and carefully dried under constant N2 flow. The resulting dry film 

is put under vacuum >4 h to remove residual solvent; then dissolved in mineral oil, 

vortexed and briefly incubated at 80 °C oven for multiple times, until all components were 

dissolved. Then the dissolved lipids were sonicated in water bath (50–60 °C) for 30–60 

min, depending on the vial size and glass thickness. The lipids were then stored in the dark 

and used within 1 week after preparation. The resulting lipid solution was carefully 

overlaid onto outer solution through the walls of Eppendorf tube. The mixture was left 

undisturbed for phase separation and monolayer formation for 30–60 min, until clear ‘flat’ 

interface appeared (Fig. 6.12b). Then, 10 µL of freshly assembled cell-free reaction was 

pipetted into 550 µL of mineral oil-lipid solution in a separate tube to generate water-in-oil 

emulsion by rapidly drawing over a rack. The emulsion was left equilibrating at room 

temperature for ~1 min and overlaid onto interface, followed by 2–3 min of incubation to 

settle down. The artificial cells were formed and pelleted by centrifugation at 5000 x g for 

5 min. The upper mineral oil layer was removed by vacuum until ~50 µL of solution was 

left and the artificial cell pellet was washed two times (1 mL each) either with alanine or 

DPBS without Mg2+ and Ca2+ (for cell culture experiments), with centrifugation at 5000 x 

g for 1 min. 
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Calcein Release Assay and PFO Pore Functionality 

In vitro transcription/translation reactions were prepared as in section containing 3OC6 

HSL/LuxR AND-gate pair for production of PFO was used. The non-extract-encapsulating 

(‘empty’) vesicles with different cholesterol contents were prepared by thin-lipid-film 

hydration with milliQ-water, with total lipid concentrations of 23 mM (POPC:cholesterol). 

The lipid mixture was hydrated with 100 µL water and subjected to 5 cycles of freeze/thaw 

cycles to increase vesicle forming efficiency. Then, the ‘empty’ vesicles were 

homogenized by hand-held homogenizer (IKA T10 Basic) and extruded for 100 nm with 

mini extrusion system (Avanti Polar Lipids). The prepared lipids were dried overnight 

either with Rotavap R-210 (Büchi) or CentriVap DNA concentrator (Labconco) and stored 

at –20 °C until use. The lipid stocks were used within 1 year after preparation. In order to 

test PFO pore forming efficiency, vesicles were re-hydrated with 80 mM calcein (self-

quenched) and purified from unencapsulated fluorophore by size-exclusion 

chromatography using sepharose 4b. 10 µL of cell-free reaction was assembled as in ‘in 

vitro transcription/translation‘ section, with freshly purified calcein-containing vesicles 

with at least 1/10th of final reaction volume (1 µL) The reaction was incubated at 30 °C and 

fluorescence increase was monitored over time in RotorGene Q qPCR instrument. For PFO 

pore formation tests inside artificial cells, LuxR–PFO plasmid DNA was encapsulated at a 

concentration of 20 nM and induced to express PFO gene at 30–60 min of incubation at 30 

°C for 16 h with 10 µM 3OC6 HSL from 1 mM DMSO stock (freshly diluted for 10% 

DMSO). The artificial cells were then treated and analyzed as in ‘Flow Cytometry’ section. 

Flow Cytometry 

For all experiments, artificial cells were prepared, treated as indicated throughout and 

diluted in either 300 mM alanine solution or DPBS (without Ca2+/Mg2+) at 1:10 ratio prior 

to run. Flow cytometer FACS Canto A (BD Biosciences) was used in flow rate ‘low’, with 

voltages values of FITC: 400 V (for AF488-dextran) or 700 V (for sfGFP and GFPmut3B), 

SSC-A: 400 V, SSC-W: 350 V, FSC-A: 400 V. For each run, at least 10,000 significant 

events were recorded based on a gating strategy taking into account only giant vesicle 

fractions (Fig. 6.13 and 6.29). The instrument was calibrated using known-size particles 

for voltage adjustment and vesicle size determination to discriminate between multiple and 

single events, where only singlets were taken into account for statistical analyses. For 

experimental gating strategy, ‘No DNA’ and/or ‘No dextran/GFPmut3B’ samples were 

used as negative control to determine FITC-positive events to create a new gate. Both 
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FITC intensity loss (due to GFPmut3B escape through PFO pores) and percent changes in 

events of specific gates were taken into account for statistical analysis. The data has been 

analyzed in either FACS Diva software (BD Biosciences) or FlowJo v10 (FlowJo LLC). 

Microscopy 

Artificial cells were imaged with Axio Zeiss Observer Z1 microscope equipped with either 

100X (oil objective) or 40X EC Plan-Neofluar 40x/0.75 objective with λex = 484 ± 25 nm 

and λem = 525 ± 50 nm, both with and without physical spacer between coverslip and glass 

slides, where necessary, both were treated with Repel Silane (GE Healthcare). For 

HEK293T and/or stem cells, the imaging was performed in either Axio Zeiss Observer Z1 

(10x EC and 20x LD) or Nikon Eclipse Ti2 spinning disc confocal microscope. HEK293T 

cells were cultured with 15 mm glass coverslips pre-treated with 100 µg/mL poly-L-lysine 

(Sigma) and imaged with glass slide prepared with homemade mounting media with 

following recipe: 4 mM Mowiol® (MW: 31.000, Sigma), 50 mM Tris-Cl at pH 8.0, 25% 

glycerol (v/v), 0.3 % (w/v) sodium azide. For unbiased data collection, all images were 

taken either on an automated stage (Nikon Eclipse Ti2) or purely random field of the 

culture, only focused/determined by nuclei (Observer Z1). For Xenopus collapse assay 

experiments, images of growing axons were taken in brightfield with an Axio Zeiss 

Observer microscope equipped with a 40X EC Plan-Neofluar 40x/0.75 objective. For axon 

speed analysis, the coverslips were mounted with ImmunoHistoMount (Sigma) on a glass 

slide and observed with Leica DMi8 microscope equipped with an HCX PL Fluotar L 

40x/0.6 Leica DMi8 objective. 

HEK293T Cell Culture 

Wild-type HEK293T was a gift from M. Pennuto and obtained from ATCC. Cells were 

cultured in high-glucose (4.5 g/L) complete DMEM (Corning) with 10% fetal bovine 

serum (FBS) (Gibco), 100 µg/mL Penicillin/Streptomycin (Corning) and 2 mM L-

Glutamine (Corning) at 37 °C with 5% CO2. The lentivirus production was performed 

using previously established common protocols. Briefly, the viruses were produced in wild 

type HEK293T with 2nd generation lentiviral system, transfected with pLenti-CMV-TrkB 

and auxiliary viral packaging plasmids using Lipofectamine 2000 (ThermoFisher) 

according to manufacturer’s instructions. After transfection, the medium was changed 

following overnight incubation at 37 °C. Subsequently, 24, 48 and 72 h medium were 

pooled concentrated using 50% (w/v) PEG. For CMV-TrkB stable cell line generation, 
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wild type HEK293T cells were seeded at a cell density of 2 x 106 in 10-cm dishes and 

transduced at 70% confluency. On day 3, cells were challenged with 1 µg/mL puromycin 

and kept in culture until clear single colonies appear. Then single colonies were isolated, 

picked and transferred to new 6-well plates to propagate, while selection was kept until the 

expression levels were verified by immunofluorescence against total TrkB protein. For 

CMV-TrkB-CRE-GFP cell line, plasmid DNA containing SV40 T-antigen was transfected 

using polyethylenimine (PEI, 1 mg/mL, company) with linearized plasmid on the 

backbone with ScaI. On day 2, cells were challenged with 400 µg/mL of zeocin 

(ThermoFisher) and selection was kept in culture until clear single colonies appear. 

Resulting stable polyclonal cell line was used in subsequent experiments. 

Cell-free BDNF Functionality on HEK293T 

For western blotting, HEK293T-CMV-TrkB cells were seeded on 12-well plates at a 

density of 2 x 105 and cultured at 37 °C until reaching to 70% confluency. On the day of 

treatment, the cells were washed once with warm DPBS without Mg2+ and Ca2+ (Gibco) 

and serum-starved for 4 h with complete DMEM without serum. Cell-free BDNF was first 

diluted 1:3 in DPBS without Mg2+ and Ca2+, then provided with final dilution of 1/1000. 

The cells were incubated for 2–30 min at 37 °C and subsequently lysed with buffer 

containing 50 mM HEPES at pH 8.0, 2% (v/v) SDS and 50 mM DTT and placed on ice or 

stored at –20 °C until subsequent steps as in ‘immunoblotting’ section. For fluorescence 

imaging, the day before treatment, HEK293T-CMV-TrkB-CRE-GFP cells were seeded 

into poly-L-lysine treated (37 °C for 1 h with [final] = 0.1 mg/mL) 24-well plates with a 

density of 2 x 105. On the day of the treatment, cells were washed once with complete 

DMEM without FBS (1 mL) and left incubating at 37 °C for ca. 7 h until the treatment 

(500 µL final volume). Cell-free BDNF production was performed as in ‘in vitro 

transcription/translation’ section until the reaction completion (7–12h at 30 °C) and 

provided at a dilution of either 1/1000 or 1/500 from a 1/4 pre-dilution tube in PBS. Upon 

treatment completion, cells were treated as in ‘Immunofluorescence’ section. 

Artificial Cell to HEK293T Communication 

Eukaryotic cells were prepared as in ‘Cell-free BDNF Functionality on HEK293T’ section 

for fluorescence imaging (only with exception to seed on poly-L-lysine treated 24-well 

plates (100 µg/mL, Sigma). Artificial cells belong to the same experimental groups were 

prepared in 4-identical Eppendorf tubes, pooled into single tube. The concentrated artificial 
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cells were then incubated as previously 30 °C for 5 h and added on top of eukaryotic cells 

(without Transwell®) and left incubating at 37 °C for another 16 h. At the end of the 

treatment, HEK293T cells were washed twice with 2 x 500 µL PBS to remove artificial 

cells and from this point on, eukaryotic cells were handled as in ‘immunofluorescence’ and 

‘microscopy’ sections. 

Neural Stem Cell Culture 

Mouse Neural stem cells (mNS) were derived from murine Embryonic stem cells as 

previously described349,350. mNS were routinely passaged every 3–4 days at a ratio of 1:3–

1:5 in mNS self-renewal medium composed of Euromed-N (Euroclone), supplemented 

with N2 supplement (1%, Thermo Fisher), Epidermal Growth Factor (EGF) and basic 

Fibroblast Growth Factor (bFGF) (both 20 ng/ml, Peprotech), and GlutaMAX (2 mM, 

ThermoFisher Scientific). For passaging, mNS cells were incubated with StemPro 

Accutase (ThermoFisher) and centrifuged at 260 g for 3 min. Pellet was resuspended in 

fresh medium and plated onto culture-treated plastic vessels. For neuronal differentiation, 

mouse NS cells were exposed to conditions described in literature349. Briefly, 100.000 

cells/cm2 were seeded onto culture-treated plastic vessels in D1 medium composed of 

Euromed-N (Euroclone) medium supplemented with N2 supplement (1%, Thermo Fisher), 

B27 supplement (0.5% (v/v) ThermoFisher), basic Fibroblast Growth Factor (bFGF) (10 

ng/ml, Peprotech), and GlutaMAX (2 mM, ThermoFisher Scientific) and cultured for 72 

hours (DIV 0-3). Cells were then gently detached as above and plated on laminin-coated (3 

µg/ml, ThermoFisher) plastic 24-well plates at a density of 35.000 cells/cm2 in D2 medium 

(1:3 mix of DMEM/F-12 and Neurobasal medium, 0.5% N2, 1% B27, 10 ng/mL bFGF) 

for 96 hours (DIV 4-6). The day after seeding, either commercial BDNF, artificial cells or 

cell-free reaction treatments were started. For final neuronal maturation (DIV 7-on), the 

medium was switched to D3 medium (1:3 mix of DMEM/F-12 and Neurobasal medium, 

0.5% N2, 1% B27, 6.7 ng/mL bFGF) and renewed every three days along with the 

treatment. 

Cell-free BDNF Functionality on Neural Stem Cells 

For cell-free reactions or artificial cell tests, mouse NS cells were differentiated as 

described above. From 4th day in vitro until the end of the differentiation procedure, either 

on the day or the day before the treatment, cell-free BDNF synthesis reaction was 

performed as described above in ‘in vitro transcription/translation’ section, for 7–12 h at 
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30 °C, until the completion of the reaction. The cell-free BDNF was provided with 

increasing concentrations at every 72 h with dilutions: 1/1000 (days 4-6), 1/750 (days 7-9) 

and 1/500 (days 10-on). Commercial BDNF was provided at final concentrations of 20 

ng/mL, 30 ng/mL and 40 ng/mL. 

Artificial Cell to Neural Stem Cell Communication 

Neural Stem cells were treated as in ‘Neural Stem cell culture/differentiation’ section until 

the treatment day. Starting from the first day of artificial cell treatment, 24-well plate 

Transwell® (Costar 3413, 6.5 mm insert, 0.4 µm polycarbonate membrane) permeable 

supports were used to avoid direct contact to minimize potential lipid toxicity effects in the 

long term. Growth media was added to lower chamber (500 µL) and artificial cells (100 

µL) to the upper chamber. BDNF producing artificial cells encapsulated BDNF DNA at 20 

nM and LuxR–PFO DNA at 10 nM concentrations. Every 72 hours, the total amount of 

artificial cells was increased by 1.5-fold in concentration. In all cases, 10 µM of 3OC6 

HSL is used to induce PFO gene expression, provided at final culture concentrations of 

<0.1% DMSO (v/v). For every 24 h, 350 µL of media was replaced with fresh media and 

trans-wells were thoroughly washed with PBS before supplying with fresh artificial cells. 

From this point on, the cells were handled as in ‘immunostaining’ and ‘microscopy’ 

sections. 

Xenopus laevis Embryos Maintenance 

Xenopus laevis embryos were obtained by in vitro fertilization, raised in 0.1x MMR diluted 

pH 7.5 at 14-22°C and staged according to previous literature351. All animal experiments 

were approved by the University of Trento Ethical Review Committee and by the Italian 

“Ministero della Salute” both according to the D.Lgs nr.116/92 and with the authorization 

n°1159/2016-PR and n°546/2017-PR according to art.31 of D.lgs. 26/2014.” 

Axon Speed Analysis 

For Xenopus retinal explant cultures, glass coverslips (Bellco) or glass-bottom dishes 

(MatTek) were coated with poly-L-lysine (Sigma, 10 µg/mL diluted in water) and with 

Laminin (Sigma, 10 µg/mL) diluted in L-15 medium (Gibco). Whole eyes from 

anesthetized embryos were microdissected and cultured at 20°C in L-15 60% + PSF [1% 

Antibiotic-Antimycotic (ThermoFisher)] medium. The day before the treatment, cell-free 

BDNF synthesis reaction was performed as described above in ‘in vitro 
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transcription/translation section’, at 30 °C for 7–12 h, until the completion of reaction. 

Cell-free BDNF and No DNA cell-free reactions were provided with dilution of 1/200, 

whereas commercial BDNF (Peprotech) was provided with final concentration of 50-100 

ng/mL. All conditions were tested for outgrowth within the same experiment on identical 

culture conditions. The imaging and analysis were performed as mentioned in 

‘Microscopy’ section. A z-stack of 10-12 planes of 0.7 µm was acquired every 5 minutes 

for 35 minutes thereby obtaining 8 time points in total. The average speed for each axon 

was calculated as the mean of the velocity measured for each time point. Fiji (ImageJ) 

software was used to analyze images starting from the raw .czi-files: the best plane of focus 

for each timepoint was selected. Distance covered by the axon from one time point to the 

next was traced using the Plugin Tracking-ManualTracking of ImageJ. 

Collapse Assay 

RGC axon collapse assays were performed as reported in the literature352. A few µL (1 – 

12.5) of the reactions were mixed in 1x PBS to reach 100 µL and applied for 10 minutes to 

RGC axons cultured in 400 µL medium with coverslips as above. Prior to imaging, 

explants were fixed with 2% (v/v) PFA (ThermoFisher) containing 7.5% (w/v) sucrose 

(prepared in 1X PBS) for 30 minutes and subsequently washed three times with 1X PBS. 

Axons were imaged as mentioned in ‘Microscopy’ section and collapsed growth cones 

were counted blind to the observer. Only single axons growing individually from the eye 

explant were taken into account and analyzed to avoid biological confound since cell to 

cell interaction may provide trophic support for axons. The data were expressed as 

percentage of collapsed growth cones to the total number of single growth cones counted. 

Growth cones were considered as collapsed when they had no lamellipodium and less than 

or equal to two filopodia (each less or equal to 2 µm)353. 

Immunoblotting 

For cell-free extract experiments, previously described in vitro TX-TL reactions were 

diluted in 2x homemade Laemmli buffer and boiled at 95 °C for 10 min. An aliquot was 

loaded on 11% SDS-PAGE and blotted using generic wet-transfer systems (300 mA, 2 h). 

Nitrocellulose membranes (0.45 µm, Bio-Rad) were blocked using 5% nonfat dry milk 

(Bio-Rad) in TBST (0.1% (v/v) Tween-20) and incubated with monoclonal 1° antibody α-

FLAG (M2) produced in mouse (Sigma Aldrich, F3165) either at 23 °C for 1 h or 4 °C for 

16 h with 1/5000 dilution in 5% milk/TBST. Following 1° antibody incubation, 
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membranes were washed 3x with TBST and incubated 30–60 min at 23 °C with 

horseradish peroxidase (HRP) conjugated α-mouse polyclonal 2° antibody with 1/80,000 

(eighty-thousand) dilution in 5% milk/TBST. Then the membrane was washed 3x with 

TBST and chemiluminescence signal was detected using ECL Select reagents (GE 

Healthcare) on Bio-Rad ChemiDoc™ XRS+ and subsequently processed using ImageLab 

software (Bio-Rad). For artificial-cell-only experiments, same reagents and conditions 

were used except with 1/1000 dilutions for both 1° and 2° antibodies. For eukaryotic cell 

western blotting, all cell lysates were homogenized with 25-gauge sterile needles passing 

multiple times and loaded onto SDS-PAGE (5–50 µL). Blotting and detection conditions 

were identical as above except following: nitrocellulose membranes were blocked using 

2.5% Bovine Serum Albumin (BSA, Euroclone) or 3% milk in TBST. For eukaryotic 

studies. the 1° antibodies were provided as following: Phospho-ERK1/2 with 1/2000 

dilution in 2.5% BSA (Cell Signaling Technologies (CST), #4370), total-ERK1/2 with 

1/2000 dilution in 2.5% milk/TBST (CST #9102), phospho-PLCγ1 with 1/2000 dilution in 

2.5% BSA (CST #2821), total-PLCγ1 with 1/2000 dilution in 2.5% milk/TBST (CST 

#2822), Lamin A/C with 1/3200 dilution in 2.5% milk/TBST (Abcam), Calnexin with 

1/2000 dilution in 2.5% milk/TBST (Abcam), β-III-tubulin with 1/1000 dilution in 2.5% 

milk/TBST (Promega, G712A), Cleaved Caspase 3 with 1/1000 dilution in 2.5% 

milk/TBST (CST, #9661s). The HRP-conjugated 2° antibodies were provided as 

following: α-rabbit HRP-conjugated with 1/2000 dilution in 2.5% BSA (RandD Systems), 

α-mouse HRP-conjugated with 1/2000 dilution in 2.5% BSA (RandD Systems). 

Immunofluorescence 

All cells were fixed with 4% (w/v) paraformaldehyde after treatment. Upon 15-20 min 

incubation at RT, cells were washed three times with excess DPBS (without Ca2+/Mg2+), 

subsequently permeabilized with 0.5% (v/v) Triton X-100 in PBS for 15 min at RT and 

blocked using 5% (w/v) FBS, 0.3% (v/v) Triton X-100 in PBS for 2h at RT. Cultures were 

then incubated overnight at 4°C with specific primary antibodies (below) diluted 2% FBS, 

0.2% Triton X-100 in PBS. The cells were then washed three times with PBS and 

incubated with the appropriate secondary antibodies (below) for 2 hours at RT and nuclei 

were counterstained with 0.2 mg/mL Hoechst 33258 for 20 min at RT and washed three 

times with excess PBS before imaging. The primary antibodies were provided as 

following: total-TrkB with 1/1000 dilution (Santa Cruz, sc-377218), β-III-tubulin with 

1/1000 dilution in (Promega, G712A), cleaved Caspase-3 with 1/500 dilution in (CST, 
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#9661s), MAP2 with 1/300 dilution (Chemicon-Millipore, AB5622), GFAP with 1/1000 

dilution (DAKO, Z0334), The secondary antibodies were provided as following: α-rabbit 

AF488-conjugated with 1/2000 dilution (ThermoFisher), α-mouse AF633-conjugated with 

1/2000 dilution (ThermoFisher). 

Statistics 

Unless otherwise noted, all statistical analyses were performed in GraphPad Prism 

software version 7. For the experiments involving GFPmut3B release from artificial cells, 

+/- 3OC6 HSL artificial cell groups originated from the same vesicle preparation batch, 

therefore the statistical analysis included “paired” t-test instead of “unpaired”. The 

immunostained cells were imaged with identical exposure time within the same experiment 

and exported from raw .czi files using same histogram corrections. All cell cytosols were 

counted manually on Fiji (ImageJ) and nuclei were counted either on Fiji (ImageJ) on 

Operetta (PerkinElmer). The replicate numbers, population size and suitable statistical tests 

were mentioned in figure captions. For immunofluorescence analysis and eGFP positive 

HEK293T cell counting, at least 3,000 cells per condition for every antigen were counted. 

Data were normalized on the total number of cells in every field and distribution was 

assessed for normality using the Shapiro-Wilk test. The statistical significance was 

determined by one-way analysis of variance (ANOVA) followed by a Dunnett’s post-hoc 

test or two-tailed Student’s t-test. A p value of less than 0.05 was considered statistically 

significant. All analyses were performed blind to the observer whenever possible. 
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Chapter 7. 

Expanding Chemical Language of Artificial Cells 

Summary 

Cell-free technologies offer great versatility in bio-inspired engineering, perhaps more than 

genetically modified organisms in the long run. Artificial cells allow synthetic biologists to 

design, take modular biological pieces apart and reconstitute in a synthetic chassis that is 

incapable of generating a biological respond outside of its design principles. Strikingly, gut 

microbiome is recently discovered as a key element in neurotransmitter regulation in 

mammalians; for example, up to 90% of all serotonin in human body is produced in 

intestines. But current synthetic biology schemes do not offer endeavors to influence the 

human microbiome without permanent alterations in human-gut-microbiome axis. Here, 

building upon our recent findings, we demonstrate cell-free synthesis of neurotransmitters 

along the path to build a communication bridge between microbes and humans. Our design 

efforts indicate that integrated artificial cellular consortia may operate under physiological 

conditions as a holistic unit, sensing its surroundings and respond to stimuli. The findings 

and future implications of this study includes influencing human central nervous system by 

cell-free syntheses of neurotransmitters. Using bacterial quorum sensing pathways from 

various species in gut microbiome, human physiological response regulation without 

genetic intervention may be possible, at least in theory. 

 

 

 

 

 

 

 

 

 

 

 

A version of Chapter 7 is being prepared for publication as original manuscript.  
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Background 

After our initial success in Chapter 6, we decided to direct our efforts for artificial cellular 

design of ‘sensing’ and ‘sending’ modules of truly physiological molecules. To this end, 

we got inspiration from mammalian cellular communication, with an ultimate aim to get in 

contact with neurons. Not so surprisingly, and also limited by what mammalian nature 

provided, we decided to mimic neurotransmitter communication networks in artificial 

cellular consortia. While being a demanding and daunting task, here in this chapter we are 

outlining initial steps with promising future work for ongoing efforts. 

 

The significance of using neurotransmitters in cell-free systems has laid even clearer with 

the recent discovery of major central nervous neurotransmitters in human gut342. 

Importantly, near 90% of the serotonin was produced and released to the systemic 

distribution, mainly by gut microbes. This finding was revolutionary so that scientists were 

reconceptualized how humans interact with surroundings. It is clear nowadays there is a 

great microbiome living in our bodies, and our food actually influence us more than we 

expected. The major involvement of regulatory signals via vagus nerve of the peripheral 

system indicated a possibility for a direct physiological intervention of human leading to 

mood changes. In this scheme, building on recent work from our laboratory210,274,297 and 

others289,343, we can envision steps towards smooth transition of bacteria to mammalian 

communication control, elegantly mediated by artificial cells. 

 

In order to get started with above goals and hands-on experience producing translatable 

chemical signals, we expanded the chemical language of artificial cells by engineering 

them to produce neurotransmitters namely gamma-amino butyric acid, serotonin, 

dopamine, and as a potential physiological response, sense neurotransmitter glutamate 

(Fig. 7.1). We constructed our experimental outline and hypotheses based on existing 

literature for biosynthesis enzymes and previously engineered bacterial systems, as cited 

throughout this chapter. We expect, perhaps not in near future, similar artificial cellular 

compositions could be considered as mediator systems in human microbiome and integrate 

into human physiology as another smart drug formula similar to we pictured in Chapter 6. 

Then, we start this chapter with neurotransmitter syntheses progress, further optimization 

of reaction schemes, move on to the in vitro optimization strategies artificial cells for better 
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control and modularity, and finally ongoing work about biological activity of cell-free 

components. 

Results 

1. Cell-free Syntheses of Neurotransmitters 

1.1. Gamma-Amino Butyric Acid (GABA) 

Gamma-amino butyric acid (GABA) is a universal inhibitory neurotransmitter in 

mammalian nervous system. Along with its central role in human brain in virtually almost 

any neural process, GABA was recently found in human gut as well, possibly mediating a 

communication bridge between microbial flora and central (or peripheral) nervous 

system355. GABA was shown to be a central figure in microbial communication too356, 

making it an attractive target for concerting/redirecting cellular events integrated with 

artificial cells. Due to its chemical and biosynthetic pathway simplicity (Fig. 7.2), with 

only single enzyme starting from glutamate as a substrate (with vast availability in cell-free 

conditions), GABA is an excellent target for cell-free synthesis. 

 

Fig. 7.1. Chemical structures of neurotransmitters. From right to left, Serotonin, Dopamine, 

Glutamate and GABA. 

GABA Detection Assay 

For sensitive detection of GABA in solution, enzyme-based fluorometric assay was set up 

based on previous literature357. The detection system used resazurin fluorescence (Fig. 

7.2). In this assay briefly, GABA is first digested by GABase, an enzyme mixture of amino 

butyraldehyde transaminase (ABAT), which converts GABA into succinic semialdehyde 

(SSAL) and semialdehyde dehydrogenase (ALDH5A1). In turn, ALDH5A1 converts 

succinic semialdehyde into succinate. ABAT uses a-ketoglutarate, and ALDH5A1 uses 

NADP as co-factors, respectively. At the final step, diaphorase enzyme is used to convert 

resazurin into fluorescent resorufin oxidizing NADPH back to NADP, rendering 
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ALDH5A1 reusable for continuous conversion of SSAL into succinate for signal 

amplification. Using above assay, GABA was detected in S12 medium. Resorufin 

fluorescence signal intensity increase was proportional to increasing pure GABA amount 

in cell-free reactions (Fig. A7.1). The minimum reliable limit of GABA detection in S12 

was calculated to be ~5–10 µM. Having set up the versatile fluorometric assay, we then 

wanted to test the gene expression conditions for GABA synthesis.  

 

Fig. 7.2. Summary of enzymatic GABA detection assay with fluorescence readout. The GABase 

enzyme cocktail is indicated with red color. 

Cell-free Synthesis of GABA 

For synthesis of GABA in cell-free systems, we used endogenous E. coli glutamate 

decarboxylase (GadB) enzyme (Fig. 7.3). Glutamate decarboxylase is responsible for 

scavenging acid stress in E. coli, and its expression is mainly regulated by gastric 

conditions, pH < 2 – 6 358. GadB uses glutamate as a substrate and converts it into gamma-

aminobutyric acid (GABA). Although found in cytosol above pH 7.0, it is selectively 

localized to membrane and periplasm upon acid stress359. The enzyme utilizes glutamate 

and arginine residues in its active site, and dependent on cofactor pyridoxal-5-phosphate 

(PLP, vitamin B6). The activity of the enzyme is present solely below pH 7.0 358. A 

conformational rearrangement at the active site is required for functionality under acidic 

conditions.  
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Fig. 6.3. Single-step cell-free biosynthesis strategy for GABA. 

To begin with, the homemade physiological extract (S12) reaction was first acidified down 

to 6.5–7.0 with concentrated HCl (1 M). The integrity of the was empirically assessed by 

eye for the presence of whiteish cloudy precipitation. Controlled by strong pTac promoter, 

sfGFP gene expression was verified under acidic conditions, indicating extreme acidity 

was not able to inhibit functionality of cell-free extract reaction (pH = ~6.5). GadB 

expression also demonstrated in cell-free conditions, both in the presence and absence of 

a-hemolysin gene expression (Fig. 7.4a). The levels of GABA in cell-free reactions were 

detected around ~55 µM after 6 h of expression/incubation (Fig. 7.4b). This levels of in 

vitro GABA production is possibly above minimum requirements for exerting a biological 

activity, where usual potency is around very low µM levels360. The GABA synthesis levels 

went down to ~15 µM in the presence of a-hemolysin expression, indicating availability of 

GadB enzyme was reduced due to shared-consumption of limited resources by two gene 

expression cassettes (Fig. 7.4b). 

 

Fig. 7.4. GABA production in physiological cell-free extract reactions. a) Influence of acidity on 

gene expression. Western blot analysis of FLAG-tagged GadB and aHL production in S12. pH 

optimization of S12 was done with concentrated HCl (1 M stock). Both plasmid template DNAs were 

provided at 10 nM concentration. b) Enzymatic detection (see Fig. 7.2) of cell-free synthesized GABA 

in S12, pH = 6.5. The raw fluorescence readings were normalized against background and 
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concentrations were determined from a standard curve with known GABA concentrations. Given 

excessive availability of glutamate in cell-free reactions (>74 mM when combined Mg2+-glutamate and 

K+-glutamate), GABA production at such levels were not surprising. n = 2 biological replicates, error 

bars indicate ±SD. 

The ultimate aim was to synthesize GABA from abundant source of glutamate in cell-free 

extract reactions and subsequently release it by a-hemolysin pores. To this end, GadB was 

cloned under strong pTet promoter and a-hemolysin was placed under medium strength 

pJ23117 (pMed) promoter (Fig. 6.10 and Appendix C). This unique combination was 

expected to bring a time-lapse in gene expression levels, thereby with an expectation of 

both efficient GABA synthesis within first hour and  a-hemolysin pore formation, upon 

reaching a critical concentration in vesicles. Towards systems’ functionality, GadB and  a-

hemolysin expressions were demonstrated by western blotting under acidic conditions, at 

pH ~7.0, both individually and altogether (Fig. 7.4a). As expected, GadB showed several 

couple of magnitude-of-order higher protein levels than a-hemolysin, indicating our initial 

strategy was viable. 

1.2. Serotonin (5-HT) 

Overview of biosynthesis 

Cell-free synthesis of serotonin takes places in two enzymatic steps. First hydroxylation of 

aromatic amino acid tryptophan, in a cofactor and metal dependent manner (Fig.7.5). 

Hydroxylation step is the rate limiting factor for the overall biosynthesis efficiency, since 

the reaction and the enzyme activity are quite labile to cellular conditions, namely 

reducing/oxidizing microenvironments, and particularly local availability of the substrates. 

Moreover, cofactor tetrahydrobiopterin (BH4) is very sensitive to oxidizing conditions361; 

therefore, at the catalytic core of the enzyme somewhat anoxic conditions are thought to be 

maintained for maximum activity. 

 

The second step in serotonin biosynthesis is the decarboxylation of 5-hydroxytryptophan 

(5-HTP) into serotonin (5-HT). This step also requires a unique cofactor, pyridoxal-

5’phosphate (PLP) or in other words, vitamin B6. Luckily, the second step of biosynthesis, 

according to both in vivo and in vitro studies, is found to be less prone to environmental 

conditions and more robust but less versatile enzymatic catalysis than hydroxylation361–363. 

Existing experimental evidence suggests once the hydroxylation step takes place, the 
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intermediate products will quickly be catalyzed into serotonin. Here it is notable to 

mention that the hydroxylation step in biosynthesis of dopamine also share similar 

processes and cofactors in enzymes for conversion of tyrosine to L-DOPA (Fig. 7.8). For 

biosynthesis of serotonin and dopamine we decided to screen the list of enzymes in Table 

7.1. 

 

Fig. 7.5. Cell-free biosynthesis strategy for serotonin. 

 

Protein Name Short Name Step Catalysis Cofactor(s) Source Organism 

Tyrosine 

Hydroxylase 

(catalytic domain) 

TH 

Phenylalanine and 

Tyrosine to L-

DOPA 

Iron (II) 

Tetrahydrobiopterin 

(BH4) 

Rattus norvegicus 

Human Tryptophan 

Hydroxylase 2 

(catalytic domain) 

hTPH2 
Tryptophan to 5-

HTP 

Iron (II) 

Tetrahydrobiopterin 

(BH4) 

Homo sapiens 

Aromatic amino 

acid hydroxylase 
Cpn1046 

Phenylalanine, 

Tyrosine and 

Tryptophan to L-

DOPA and 5-HTP 

Iron (II) 

Tetrahydrobiopterin 

(BH4) 

Clamydia 

pneumoniae 

Aromatic amino 

acid decarboxylase 
AADCd 

From L-DOPA and 

5-HTP to dopamine 

and serotonin 

Pyridoxal-5’-

phosphate (PLP, or 

vitamin B6) 

Drosophila 

melanogaster 

Aromatic amino 

acid decarboxylase 
AADCm 

From L-DOPA and 

5-HTP to dopamine 

and serotonin 

Pyridoxal-5’-

phosphate (PLP, or 

vitamin B6) 

Mus musculus 

 

Table 7.1. List of enzymes used/screened for biosynthesis of neurotransmitters. For full sequences, 

see Appendix C. 
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Considering the accumulated amount of existing literature and rate-limiting facts of both 

steps, we aimed to produce first-step enzymes more than second-step. By doing so, we 

expected to re-direct the limited extract metabolism towards production of TH, hTPH2 or 

Cpn1046 instead of decarboxylases. To this end, we designed the genetic constructs for 

pTet (strong E. coli promoter, Fig. A6.10) and J23101 for AADCd and AADCm 

(Appendix C). 

 

Using this strategy, we were able to express greater levels of TH and hTPH2, rather than 

AADCm (Fig. 7.9). We detected cell-free expression of the biosynthesis enzymes by 

FLAG-tagged antibody based western blotting. Surprisingly, bacterial Cpn1046 did not 

show high levels of gene expression, therefore we dropped the use of it. Importantly, 

AADCd was expressed in greater levels than AADCm, therefore, we kept utilizing this 

enzyme over AADCm for subsequent experiments. 

 

Fig. 7.6. Cell-free gene expressions for dopamine and serotonin syntheses. 

Aptamer-based 5-HTP Detection 

For rapid detection of neurotransmitters is of therapeutic interest, particularly to have 

versatile easy-to-handle tools for detection of biomolecules. In one example, Porter and 

colleagues developed genetically encodable novel aptamer folds to detect neurotransmitter 

precursors 5-HTP and L-DOPA in cell-free medium364. They designed and selected for 

recurrent small molecule binding motifs along with fluorescent molecule binding pocket. 

In the presence of both molecule-of-interest (e.g. 5-HTP or L-DOPA) and 3,5-difluoro-4-

hydroxybenzylidene imidazolinone (DFHBI) – a fluorescent reporter that is commonly 

used in similar aptamer binding studies, e.g. Spinach aptamer – the small RNA motif 

showed elevated levels of fluorescence with increasing concentrations of the target 

molecule. By doing so, this group was able to show both in vivo and in vitro detection of 5-
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HTP and L-DOPA. Taking the unique sequences identical from their research paper, we 

selected and screened few of the brightest aptamer folds with large dynamic range. We 

synthesized the small RNA by in-house designed in vitro transcription (see methods) and 

used without column purification for rapid detection (Fig. A7.2). 

 

As expected, the RNA aptamer was able to distinguish different concentrations of 5-HTP 

in cell-free reaction conditions (with final assembly compositions). Therefore, we 

concluded that 5-HTP detection by aptamers could be utilized in high throughput screens 

of enzymatic conditions to see at least first step efficiency in serotonin biosynthesis (Fig. 

7.7). Alternatively, careful design for decarboxylation step could also be coupled to overall 

fluorescence loss, as the % ‘simulated production’ levels also showed clear linear 

dependency from 10% to 90%, hypothetically starting from 250 µM tryptophan in the cell-

free reaction assembly, that is shown to be self-inhibitory for the aptamer fold (Fig. 7.7). 

 

Fig. 7.7. 5-HTP aptamer is functional and calibrated in cell-free extract reaction conditions. 

Cell-free Synthesis of Serotonin 

The cell-free, purified-enzyme-based synthesis conditions of serotonin pathway were 

optimized by A. Groaz. A. Groaz demonstrated the biological activity of both hTPH2 and 

AADCd enzymes both individually and cooperatively. He was able to produce serotonin 

and detect by HPLC (Fig. A7.3). However, all this work was performed in buffered and 

isolated environment. When the activity inside vesicles were to be considered, production 

levels of small molecules should be efficient enough to show biological output after 

dilution when in contact with eukaryotic cells. For example, genetically engineered GABA 

and serotonin receptors have potency of ~0.5 µM (Ready-to-Assayä, Millipore, Merck). 
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This value translates into approx. 100 µM of neurotransmitters encapsulated inside vesicles 

before release. Considering total vesicle volume being 1% of total solution volume, the 

production levels of approx. 10 mM is required for efficient neurotransmitter release and 

show significant effect on host cell. Alternatively, concentrating and pooling multiple 

artificial cell preparations prior to final application could be considered. However, the 

overall challenge of efficiency still remains almost as is. Currently, we have no means of 

estimating how much neurotransmitter can be produced inside artificial cells, and what 

fraction of it we can detect reliably. 

HPLC Detection of Serotonin 

The vast availability of glutamate gives a great advantage for efficacy of GABA 

production inside the artificial cells; however, it may not be easy to stay optimistic for 

serotonin production levels. For that purpose, we would prefer to try alternative means of 

neurotransmitter production, such as combinatorial purified enzymes (e.g. tryptophan 

hydroxylase) and cell-free expressed enzymes (e.g. aromatic amino acid decarboxylase) or 

simply complete assembly of all purified components instead of cell-free expression. 

Similarly, one can try to encapsulate tryptophan at the maximum solubility in order to 

drive the synthesis towards 5-HTP as the hTPH2 enzyme does not seem to be labile to 

substrate inhibition. Regardless of the route taken, the final concentrations of serotonin to 

be detected is of great interest in monitoring the experimental success. To this end, we 

have tested a plausible –and preferred– levels of serotonin detection by means of HPLC. 

We encapsulated 2 mM of commercial serotonin-HCl inside 2:1 POPC:cholesterol 

vesicles. Then, we verified the presence of vesicles using a calcein fluorescence tracer 

(Fig. 7.12). The crude extraction of serotonin from artificial cells were achieved by simply 

mixing with chloroform, vortexing and taking the upper aqueous phase. By doing so, we 

were able to eliminate > 95% of the protein content coming from artificial cells and 

achieve good yields of purity to be directly injected to HPLC. After developing a mild 

water:acetonitrile gradient (8% to 20%), the separation and detection of serotonin from 

artificial cells were proven to be possible within 15 min, even for lower concentrations 

than initial 2 mM we tested (Fig.7.8). 
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Fig. 7.8. Commercial serotonin detection by HPLC, extracted from artificial cells. The initial 

encapsulated serotonin concentrations were 2 mM. Artificial cells were encapsulating cell-free reaction 

and serotonin. 

1.3. Dopamine (DA) 

Overview of Dopamine Synthesis 

Dopamine biosynthesis in mammalian cells also takes place in two steps, similar to 

serotonin biosynthesis pathway. Briefly, L-tyrosine is converted into L-DOPA by 

hydroxylation of aromatic ring at 3’ position, and then subsequent decarboxylation step 

produces dopamine in PLP cofactor dependent manner (Fig. 7.9). Being quite similar to 

serotonin biosynthesis, dopamine biosynthetic pathway possesses the same limitations and 

disadvantages of serotonin pathway. Mainly, potential substrate inhibition of TH by L-

Tyrosine and pH dependency of the enzymes would invoke problems365,366. 

 

Fig. 7.9. Cell-free biosynthesis strategy for dopamine. 

Aptamer-based L-DOPA Detection 

Similar to 5-HTP detection by small RNA motifs, we demonstrated genetically encodable 

L-DOPA aptamer could also be utilized to monitor enzymatic catalysis in cell-free extract 

reaction settings (Fig. 7.10). Here, we observed a notable decrease in dynamic range, and 
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therefore lower efficiency of detection accompanied. Similar detection inconsistencies 

were also present in the source publication364. Therefore, we conclude that our inability to 

obtain a robust system was not due to extract conditions, instead it was due to intrinsic 

limitation of the aptamer fold itself. 

 

Fig. 7.10. L-DOPA aptamer is functional and calibrated in cell-free extract reaction conditions. 

Cell-free Synthesis of Dopamine 

The cell-free, purified-enzyme-based synthesis conditions of dopamine pathway were 

optimized by F. Benedetti. F. Benedetti demonstrated the biological activity of both TH 

and AADCd enzymes both individually and cooperatively. Along the course of his studies, 

he figured out TH can be substrate-inhibited by the excess L-tyrosine. He then 

subsequently changed direction, found an alternative enzyme with reduced size and 

enhanced catalytic activity, namely DTH366. He cloned, purified and showed the biological 

activity of DTH as well. He was, after these optimization efforts, able to produce dopamine 

and detect by HPLC (Fig. A7.4). This result demonstrates the plausibility of enzyme-based 

dopamine production inside vesicles. 

2. Release of Neurotransmitters from Artificial Cells 

2.1. Time-Variable Release 

Based on our in vitro expression studies regarding a-hemolysin under weak promoters 

(Fig. 7.4 and 7.11), we envision a scenario with time-lapse in pore forming activities of 

artificial cells. While final verification of the pore formation under artificial cellular 

settings are still awaiting, we have performed necessary characterizations towards 
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optimization of membrane composition, gene expression and provide a future line of 

experiments at the end of this section. 

Membrane Composition  

Although bacterial toxin a-hemolysin is not inherently cholesterol dependent, efficiency of 

pore formation is still influenced by the presence of cholesterol in the membrane, mainly 

due to fluidity and preferred membrane geometry367. To this end, we performed a series of 

artificial cell screening tests to determine the optimal membrane cholesterol content. The 

pore functionality was assessed dye release assay based on de-quenching of self-quenched 

calcein fluorophore. a-hemolysin gene expression was controlled by medium strength 

promoter, and the release of self-quenched calcein accompanied fluorescence increase due 

to dilution. We found out that a membrane composition of ~2:1 POPC:cholesterol was the 

most suitable one for minimal leakage and cholesterol concentrations and maximum pore 

forming efficiency. Therefore from this point on, we kept above lipid composition 

constant, with only addition of 1 mol% 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[biotinyl(polyethylene glycol)-2000] to enhance long-term vesicle stability as in Chapter 

6. We then demonstrated the production of artificial cells using above optimized 

membrane composition, encapsulating all the final reaction components (see Section 1, 

Fig. 7.12. and methods). The vesicle yields were comparable to regular artificial cell 

preparations, without showing any signs of efficiency loss. 

 

Fig. 7.11. Influence of membrane cholesterol content on  aHL pore formation. Gene expression is 

performed in vitro, and previously purified ‘empty’ calcein vesicles (80 mM) are added to the medium. 

Here it is important to note that the  aHL gene expression was controlled by medium strength promoter 

J23117 not literature-found strong promoters such as pT7. Time-based analysis with incubation at 30 °C 

for 4 h. The readings were collected in RotorGene®. For more details, see methods and Chapter 6. 
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Fig. 7.12. Microscopy images of artificial cells encapsulating purified enzymes for serotonin 

biosynthesis. hTPH2 and AADCd were used, see Fig. 7.5 and Table 7.1. Vesicles include S12 

components together with cofactors (see methods for full details). The membrane composition was 

2:1:0.01 POPC:cholesterol:DSPE-PEG2000. The fluorescent molecule calcein (500 µM) was used for 

tracer to quality-check the vesicle formation. Scale bars for 10x and 20x magnifications indicate 50 µm 

and 20 µm, respectively.  

Verification of Gene Expression inside Artificial Cells 

Gene expression in artificial cells were verified by flow cytometry using the genetic 

construct of pT7-sfGFP. The expression characteristics were analyzed with respect to 

different cholesterol contents. Indicated in the literature, cholesterol may have influence on 

vesicle stability and gene expression efficiency in artificial cells. Therefore, we wanted to 

probe whether above-determined levels of cholesterol would have significant influence on 

artificial cell functionality or not. After incubation at 30 °C for 90 min, under physiological 

operating conditions as in Chapter 6 (~300 mOsm/kg H2O, 300 mM alanine buffer or 

PBS), the artificial cells did not show any clear gene expression efficiency decrease with 

respect to decreasing concentrations of cholesterol (Fig. 7.13 and Fig. A7.5) Notably, 2:1 

POPC:cholesterol ratio showed the least percent active artificial cells. However, the 

expression levels in 5:1 POPC:cholesterol suggests that this decrease may not be due to 

cholesterol content, rather, it may be the stochasticity in encapsulation efficiency. 
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Nevertheless, we did not observe complete reduction in active vesicle percent within 

artificial cell operation window (0–2 h). 

 

Fig. 7.13. Influence of membrane cholesterol content on sfGFP gene expression in artificial cells. 

FACS analysis after incubation at 30 °C for 1.5 h. All compositions tested showed gene expression 

activity. 

Self-Activating Gene Circuitry (Theory) 

Previously Mansy Lab had screened various mutants of an E. coli transcriptional regulator, 

namely Trp operon repressor (TrpR). The goal of this mutational screen was to fish for cis-

acting genetic elements integrating with serotonin, for ultimate use in artificial cells 

communicating with neuronal cells (PhD Thesis, D. Cecchi). To this end, TrpR was 

repurposed as serotonin-binding element for genetic control of gene expression, akin to 

transcriptional de-repression by the presence of high environmental concentrations of 

tryptophan. Nonetheless, despite tremendous efforts, no significant serotonin binding to 

TrpR was identified. Mainly what came out of the mutational screen was a recurring 

observation of Kd decrease in TrpR towards tryptophan. Despite not meant to be for self-

activating control of gene expression, altered levels of TrpR sensitivity to tryptophan is 
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possible to be exploited in S12 reaction, when internal tryptophan deposits are constantly 

consumed by tyrosine hydroxylase (TH) or tryptophan hydroxylase (hTPH2). To this end, 

we proposed a secondary gene regulation screening for previously generated TrpR 

mutants. We expect low µM levels of tryptophan would be enough to de-repress gene 

expression. Therefore, with precise fine-tuning of cell-free reaction total amino acid 

content, we conclude it is possible to utilize TrpR mutants for indirect regulation of pore 

formation by serotonin levels. The preliminary tests for this experimental design are still 

ongoing. 

3. Neurotransmitter Sensing and Processing 

3.1. Chimeric Glutamate Receptor Design 

Tar is a bacterial intermembrane protein that has a role as amino acid receptor, facing 

outwards of the E. coli periplasm. This main duty of this membrane protein is to sense the 

environmental concentrations of mainly aspartate and glutamate368. As a response, Tar 

activates two-component signaling pathway to generate a chemotaxis movement based on 

the availability of the chemical. Tar has a part of the periplasmic domain/transmembrane 

domain/HAMP domain coupled to histidine kinases responsible from phosphorylation of 

transcriptional factors and flagellar control proteins. 

 

EnvZ is another intermembrane protein faces to the periplasm of E. coli. EnvZ is mainly 

employed as an osmoregulator protein that It senses the changes in osmotic pressure and is 

activated upon changes environmental and cytosolic salt concentrations369. EnvZ has a 

cytosolic domain, that is a histidine kinase, which in turn trans-phosphorylates the 

transcription factor OmpR. When phosphorylated, OmpR binds to a regulatory domain 

called pOmpC and activates osmoregulation related gene expression. 

 

Above two outlined systems are among the major well-characterized two-component 

systems found in E. coli. And both Tar and EnvZ has been extensively studied, showed to 

have similar membrane topologies and transmembrane domains370. Particularly, EnvZ-

OmpR system has been widely acknowledged as a primitive example of signal 

transduction mechanism371, resembling to G-protein coupled receptors, in terms of signal 

processing and amplification368,372. That is perhaps why, it has been previously postulated 

that chimeric receptor designs of adjoining Tar and EnvZ N-terminal and C-terminal 
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domains can function smoothly. Applications of such repurposing strategy of the two-

component system in E. coli were shown possible in one of the iconic publications in 

synthetic biology field373,374. In 2005, Voigt lab reported an OmpR-EnvZ based-system 

coupled to light-sensitive chromophoric molecules from various bacterial lineages. With 

engineered photoreceptors to respond to green and red lights, they demonstrated 

autophosphorylation of OmpR can control downstream gene expression. With the presence 

of pigment generating enzyme Cph8, which converts of haem into phycocyanobilin (PCB), 

light-triggered patterns of bacterial growth ‘pigments’ were generated by controlling the 

expression of LacZ.  

 

Despite being membrane proteins –thereby raising obvious solubility concerns– the 

transmembrane domains of both Tar and EnvZ proteins are fairly short, with only one helix 

crossing the membrane375. Therefore, the likelihood of success in artificial cell conditions 

cannot be overruled easily. In one relevant in vivo study, histidine kinase domain of EnvZ 

has been repurposed to auto-phosphorylate OmpR due to conformational change coming 

from ligand binding to outer Tar domain. This chimeric protein behaved as expected 

towards different classes of amino acids as well (e.g. first group with L-glutamate and L-

aspartate with high sensitivity and second group with L-alanine, L-serine and L-threonine 

with one order-of-magnitude lower sensitivity)370. Tar-EnvZ (TaZ) primarily acted as a 

sensor for L-aspartate (nM–µM range) and L-glutamate (µM–mM range). Under the 

saturation conditions, TaZ was proposed that the cytosolic domain stops phosphorylation, 

when faced with excess concentrations of ligand. However, in low concentrations, it was 

clear that this receptor worked as expected. 

 

Having encouragements from the previous characterizations, we decided to generate a cell-

free reporter system for neurotransmitter sensing. To this end, we used sfGFP or Firefly 

luciferase (Fluc) under control of pOmpC promoter, controlled by OmpR Fig. (7.14). The 

local concentrations of L-aspartate and L-glutamate were calculated at maximally at 

millimolar range in cell-free extract. Therefore, our proposed receptor system should be de 

novo activated by ambient concentrations, which are similar enough to local concentrations 

around the synaptic cleft376. In theory and in an ideal case scenario, artificial cells may 

behave as post-synapse unit, therefore, we tested the above genetic constructs in vitro, in 

the presence of excess glutamate. 
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Fig. 7.14. Tar-EnvZ (TaZ) chimeric glutamate receptor design. TaZ has a constitutively active 

phosphatase activity. When bound to amino acids, this phosphatase activity reduces and allows the 

accumulation of phosphorylated-OmpR (OmpR-P). Then in turn, OmpR-P binds to pOmpC region in 

the plasmid DNA, that is consist of three consecutive binding sites for OmpR and controls gene 

expression of Firefly Luciferase (Fluc) or sfGFP.  

3.2. Cell-free Reaction Optimization for Receptor Activity 

In regular E. coli cell-free extract preparation, we have total ~74 mM of L-glutamate 

coming from S12B buffers alone (see methods, Chapter 6). In the cell-free reaction 

optimized assembly, there is another additional ~20 mM of L-glutamate contribution, in 

the form of Mg2+ and K+ salts (see Fig. 6.5). While quite negligible, we finally have L-

glutamate contribution from amino acid mixture as 0.5 mM, in final assembly. Clearly, 

solely by assembling the cell-free reaction, we would expect a gene expression increase 

when we have entire genetic circuitry present altogether. Indeed, in our initial sfGFP 

reporter system, we were able to observe a clear two-fold increase in sfGFP signal (Fig. 

7.15). 
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Fig. 7.15. Test of Tar-EnvZ (TaZ) glutamate sensor in cell-free extract reaction conditions. In the 

condition of ‘no extra glutamate’, the background levels of L-Glutamate were around ~100 mM (see in-

text). 

Having demonstrated the expressed TaZ receptors can activate expression of sfGFP under 

control of pOmpC receptor, we then decided to investigate the background levels of 

pOmpC promoter and further fine-tune the expression levels. We conclude the preparation 

of ‘all-glutamate-free’ S12 extract preparation is risky and troublesome. Therefore, we 

shifted our efforts to operate at more minimalistic context by using PURExpress® system.  

 

The functionality of the system in PURExpress® was verified under reduced amino acid 

environment. The potentially high background levels of auto-activation of Tar-EnvZ 

domain was circumvented by preparation of amino acid mixture lacking L–aspartate and 

L–Glutamate (see methods). We titrated various levels of these two amino acids and 

assessed whether the PURExpress® system could still operate under this minimal 

environment (Fig. 7.16). Clearly, background levels of pOmpC promoter were reduced, 

and again, almost 3-fold gene expression difference was observed (Fig. 7.16). Importantly 

here TaZ gene was also expressed by strong J23101 promoter (Fig. 6.5), and pOmpC 

reporter system of Fluc gene expression was used to improve the sensitivity limits of the 

system (Fig 7.15). The concentration difference between 500 µM and 50 µM was enough 

to trigger the phosphorylation of OmpR, which was added to PURExpress mixture as a 

recombinantly expressed and purified component (see methods).  
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Fig. 7.16. PURExpress® amino acid content optimization for Tar-EnvZ receptor. The gene 

expression output was Firefly luciferase (Fluc), expression from pOmpC promoter with purified 

transcription factor OmpR. Different glutamate concentrations were used (indicated above) both to test 

the gene induction and the maximum limit of Fluc production. Sol. A is the commercial buffer 

composition from New England Biolabs. Nearly 10-fold gene expression reduction was observed 

between homemade buffer and commercial product. 

The data may still suggest to some the background levels need to be reduced to near zero. 

As a solution, the potential sources of phosphorylated OmpR could be investigated and 

eliminated, if possible. To this end, one alternative is to prepare S12 extract without Mg2+-

glutamate and K+-glutamate, however as mentioned above, it is a risky and laborious 

process. Instead, we already used Mg2+-acetate and K+-acetate, in PURExpress® 

homemade buffer (see methods), without disrupting the final gene expression output to 

zero (see pTac-Fluc and Sol.A control in Fig.7.16). One viable scenario is to use purified 

TaZ protein without cell-free expression. This operation could definitely boost up the final 

yields of Fluc produced in PURExpress®. The last possibility was to purify OmpR from 

genetically engineered E. coli by CRISPR-Cas9 to have genomic deletion of EnvZ, aiming 

to have a near-zero backgrounds of phosphorylated OmpR similar to what was achieved in 

the literature377. Obviously in all these scenarios, we were expected to eliminate potential 

artifacts coming from lysed artificial cells, which in turn possibly increase the background 

levels, but any not more than true signal. 
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4. Biological Functionality of Cell-free Synthesized Neurotransmitters 

4.1. Eukaryotic Cell Reporters 

We previously generated a cell line for our studies in Chapter 6. We genetically engineered 

HEK293T cells, transfected with cAMP responsive element binding (CREB) promoter 

controlled eGFP expression (Fig. 6.12 and 6.13). This parental cell line had a background 

expression of TrkB receptor. The characterizations were performed by immunostaining, 

fluorescence microscopy, cell counting and eventually flow cytometry (~3% overall 

population change).  

 

Quite unexpectedly this CREB-eGFP cell line responded to serotonin. According to 

existing literature, HEK293T cells possess very-low background levels of excitatory Gs-

protein coupled serotonin receptor 5-HT7. The conclusion was that HEK293T cell line is 

inherently responsive environmental levels of commercial serotonin, showing response to 

elevated levels of cAMP378 (~ 4 pmole/million cells, approx. 40 µM of local 

concentration). Therefore, we reasoned similar to BDNF-TrkB response, serotonin could 

show similar effect. Indeed, fluorescent microscopy results verified the excitatory effect of 

serotonin in CMV-TrkB-CREB-eGFP cell line (Fig. 7.17). Upon this discovery, we aim to 

use this cell for the tests for cell-free synthesized serotonin, which are currently ongoing. 
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Fig. 7.17. Serotonin response of engineered HEK293T cells. CRE-GFP-CMV-TrkB cell line was 

previously engineered for S12-BDNF (see chapter 6). 100 µM of serotonin was used to induce gene 

expression. The cells were serum-deprived for at least 7 h prior to treatment and incubated for 16 h at 

37 °C for gene expression. Scale bars indicate 100 µm. 

4.2. Tests of Cell-free Serotonin, Dopamine and GABA (ongoing) 

Apart from HEK293T approach as outline above, commercially available genetically 

engineered cell lines may be used to probe the biological activity of neurotransmitters. To 

this end, we obtained the following cell lines from Millipore: Ready-to-Assayä D1 

dopamine receptor expressing CHEM-6 cells, Ready-to-Assayä 5-HT2A serotonin family 

receptor expressing CHEM-1 cells and finally, Ready-to-Assayä GABAB GABA family 

receptor expressing CHEM-1 cells. To probe the efficacy of the neurotransmitters, these 

cell lines can be used. 

 

Alternatively, we briefly screened the literature for dopamine responsive cell lines that 

does not require genetic intervention. To our surprise, unless otherwise gone with 

laborious differentiation process or fine-tuning the membrane protein levels, we were 

unable to find an easily-available reporter cell-line that is responsive to reasonable levels 

of dopamine. To this end, what we could find at best was a kind gift from Biagoli 
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laboratory (CIBIO), a Huntington’s disease cell model STHdhQ11/Q11 cell line. This cell 

line express both excitatory D1 and inhibitory D2 dopamine receptors, with excitatory 

capabilities characterized for cytosolic cAMP levels379,380. The STHdhQ11/Q11 cell line 

requires short pre-differentiation protocol to observe the effect of dopamine, however 

unfortunately, the protocol could not be implemented as envisioned. The unresponsiveness 

of the cell line was clear even if the differentiation was triggered by T-antigen activated 

gene expression via temperature shift from 33 °C (regular culturing temperature) to 37 – 

39 °C325. It did not come to our pleasure to find out the cell line was not very 

straightforward to work with. Having said that, a future line of studies may still take over 

from where we left off to differentiate the cell line with appropriate differentiation 

environment, rather than temperature-senstive T-antigen induction. 

Discussion, Conclusion and Future Directions 

Here we showed cell-free synthesis of GABA. The concentrations we detected with 

enzymatic assay indicate plausibility of artificial cell encapsulated system’s functionality 

even if it is diluted in the eukaryotic cell medium. Artificial cell generation was 

demonstrated, next we will be encapsulating the production module and detect in vesiculo 

concentrations. Serotonin and dopamine biosynthesis had more limitations and potential 

pitfalls than GABA. First, the biosynthetic enzymes were very sensitive for environmental 

conditions, and therefore, precise control in cell-free reactions was necessary. Artificial 

cells were optimized to encapsulate enzyme mixtures both in buffer and cell-free reactions. 

Moreover, we developed an HPLC method to extract and detect reasonable concentrations 

of serotonin that could be produced by artificial cells. The artificial cell functionality tests 

are currently ongoing.  

 

Detecting a biological response from cell-free produced serotonin poses even greater 

challenges than simple test tube or artificial cell production. For this purpose, we are both 

limited and determined to use the HEK293T cell line for screening multiple production 

conditions, time points and controls. Clearly, concentrations of serotonin inside vesicles 

are unlikely to be enough. Therefore, our current eukaryotic cell approach will be utilized 

to screen concentrations of artificial cells. That is in turn, one great advantage of having 

easy-to-handle reporter system. 
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As proposed in time-variable release section, we will direct our final efforts to have more 

complex genetic circuitry to achieve modular control over artificial cell content release. To 

this end, we foresee multiple options. First, we can try to integrate PURExpress® system 

to trigger LuxI expression to synthesize quorum molecule 3OC6 HSL. All the parts 

necessary for quorum sensing were previously shown to be active and efficient by previous 

members of our laboratory. Therefore, that part does not seem to be a pressing concern; 

rather, integration of two subsystem is. Building upon existing data, Tar-EnvZ domains 

were demonstrated to be active in vitro; therefore, one option is to make use of it artificial 

cellular context, most likely by using purified Tar-EnvZ. Final option for content release 

was proposed section 2.1. Self-activating gene circuitry has potential to work, but clearly 

much work and proof-of-concept study is necessary.  

Materials and Methods 

In vitro Transcription/Translation 

Physiological extract in vitro transcription/translation reactions were performed according 

to guidelines in Chapter 8, unless otherwise noted below. The reactions using purified cell-

free components (PURExpress®, NEB), the enzyme mixture (Solution A) was used as 0.3 

units of final 1.0 unit of reconstituted reaction. Whereas, homemade buffer mixture 

(solution B) was used as 0.4 units of final 1.0 unit of reconstituted reaction. The 

homemade buffer composition was 50 mM HEPES-KOH at pH 7.6, equimolar amino acid 

mix (without aspartate and glutamate) 2 mM each, 300 mM potassium acetate, 1 mM 

spermidine, 18 mM magnesium acetate, 50 mM creatine phosphate, 5 mM DTT, 3.75 mM 

ATP, 2.5 mM GTP, 1.25 mM CTP, 1.25 mM UTP, 4 µg/mL tRNA mix, 0.06 µg/mL 10-

formyl-5,6,7,8,-tetrahydrofolic acid. The rest of the reaction mixture was composed of 

template DNA (pJ23106-Tar-EnvZ-pOmpC-sfGFP or pJ23106-Tar-EnvZ-pOmpC-fLuc, 

[Final] = 20 nM), recombinantly expressed and purified 6xHis-OmpR ([Fin] = 200 nM), 

RNase inhibitor (ThermoFisher), and PCR-certified-water (Qiagen) up to 10 µL. 

Cell-free Synthesis of Neurotransmitters 

Recombinant enzyme purifications were performed with Maltose Binding Protein tag, 

using Amylose resin according to manufacturer’s instructions. The final resuspension 

buffer after dialysis contained 50 mM Tris-Cl at pH 8.0 and 15% (v/v) glycerol. The final 

reaction conditions were tested and optimized by A. Groaz and F. Benedetti. S12-based 
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serotonin synthases were performed with reaction assemblies containing S12-base (as in 

Chapter 6), together with 0.1 mM FeCl2, 0.1 mg/mL catalase, 0.2 µM Tetrahydrobiopterin 

(BH4), 20 nM pTet-hTPH2 template DNA, 10 nM pJ23106-AADC template DNA. S12-

based GABA synthases were performed with reaction assemblies containing S12-base (as 

in Chapter 6), 0.1 mg/mL catalase and 0.1 mM PLP, where overall reactions acidified with 

25 mM hydrochloric acid. 

Artificial Cell Generation 

Artificial cells were generated as in Chapter 6, with modifications to only membrane 

composition being 2:1 POPC:cholesterol as a major constitute. 

Aptamer Generation 

The aptamers were generated using home-made in vitro transcription reactions. Briefly, 

final reaction mixture was composed of 200 mM HEPES at pH 8.0 (with KOH), 35 mM 

MgCl2, 2 mM spermidine, 100 µg/mL BSA, 10 mM DTT, 2 mM rNTPs (each), with 0.1 U 

yeast inorganic pyrophosphatase (New England Biolabs) and 0.1 U RNase inhibitor 

(ThermoFisher), and homemade T7 RNA polymerase (~10 U). The synthesized RNA 

oligomers were checked for purity on 2% Agarose gel electrophoresis. The RNA 

concentrations were determined by the band intensity analysis of serial dilutions after 

Ethidium Bromide (0.1% v/v) staining. For concentration and size standards, single 

stranded RNA marker (Fermentas) was used. The calculated concentrations were 

compared to NanoDrop 2000 (ThermoFisher) readings. 

Calcein Release Assay 

Calcein release assay for determination of optimal cholesterol content in artificial cells 

were determined by in vitro transcription/translations. The vesicles with different 

cholesterol contents were prepared by thin-lipid-film hydration with milliQ-water, with 

total lipid concentrations of 23 mM (POPC:cholesterol). The lipid mixture was hydrated 

with 100 µL water and subjected to 5 cycles of freeze/thaw cycles to increase vesicle 

forming efficiency. Then, the ‘empty’ vesicles were homogenized by hand-held 

homogenizer and extruded for 200 nm with mini extrusion system (Avanti Polar Lipids). 

The prepared lipids are lyophilized overnight and stored at –20 °C until use. The lipid 

stocks were used within 1 year after preparation. 
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HEK293T Cell Culture 

General guidelines for eukaryotic cell cultures were followed as in Chapter 6. Briefly, for 

eGFP expression tests, 5x104 cells were seeded on 96-well plate (Corning 3603) 2 days 

before the treatment and cultured until 70–90% confluency. Then, the cells were serum 

starved for at 7 h to reduce cAMP backgrounds. The cell-free synthesized or commercial 

serotonin were provided with the following concentrations 1/200 dilution of cell-free 

reaction, or 100 µM final serotonin-HCl respectively. The eukaryotic cells were either 

imaged or the overall fluorescence intensity was determined in Tecan M200 plate reader 

(company) after 16 h of incubation at 37 °C. 

Immunoblotting 

Immunoblotting of cell-free reactions are as described in Chapter 7. 

High Performance Liquid Chromatography (HPLC) 

For detection of cell-free neurotransmitters on HPLC, artificial cells were prepared as 

following. After 2-6 h of incubation at 30 °C, artificial cells were lysed and extracted with 

1 eq. of chloroform by vigorous vortexing followed by benchtop centrifugation/spinner to 

remove the debris and interface. Then the upper aqueous layer was taken carefully into 

fresh tube and checked for protein contamination using BCA assay. The HPLC separation 

of extracted artificial cellular components was performed with Zorbax Extend C18 column 

(Reverse Phase). The mobile phase was water. The elution was performed with a gradient 

of acetonitrile over 15 minutes starting from 12% to 20% in water. The detection was 

performed for the whole UV-visible spectrum and checked for unique 296 nm 

serotonin/dopamine absorption peaks. For all experiments, injection volume was 10 µL.   
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Chapter 8. Conclusions on PART II 

In the Chapter 6 of this thesis, we demonstrated a man-made synthetic system that can 

integrate with higher-order living systems. And in Chapter 7, we outlined a set of 

guidelines towards further assembly of similar integrative systems. It is important to note 

that, our previous technological advances were allowing us to interact with and influence 

only at bacterial complexity level. Now, with this advancement, biotechnological 

capabilities are extended to greater complexity. The implications of this technology are 

quite clear from both philosophical and practical point-of-views. As a philosophical aspect, 

artificial cellular technologies may very-well be considered as an orthogonal lineage on the 

tree-of-life, a new lineage in between living and non-living with active metabolism-like 

characteristics. Clearly, practicalities of artificial cellular technologies are imaginable with 

experimental support for further elaboration with a little bit of philosophical insight. 

 

Proposed by many, particularly with increasing frequency in the last decade, cell-free 

technologies are likely to play a central role in our implementation of modern 

biotechnology. Perhaps a very short-term application of these still fragile systems is quite 

unexpected and unrealistic, but nevertheless, nobody can argue against, we will not be able 

to hear more of ‘artificial cells’ in the television and news headlines in the upcoming years 

and decades. It is still a great deal of the wildest dreams of many scientists around the 

globe just to have any kind of truly man-made system truly incorporating with natural 

world. Given the current rate of technological advancements, it would not be an unrealistic 

speculation that we will not be able to see any more advanced cellular mimics. Considering 

all the exponential growth and explosion of fundamental scientific knowledge and 

immediate applications, for example with the advancements in CRISPR-Cas9-based 

genome editing – that did not even exist just less than a decade ago –, we may consider 

ourselves still at the beginning of a log-phase of the biotechnology revolution. With that 

said, Moore’s law of transistors as a technology reference; we have still a lot to discover, a 

lot to engineer, a lot to tinker, a lot to optimize, fine-tune, perfectionate, perhaps at the very 

fine molecular level, analogous to quantum computing of biotechnology. With this 

analogy, the reader should consider the technological advancements presented in the 

second part of this thesis as mere attempts to breakthrough primitive technology. 
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Appendix A. Supplementary Figures and Tables 

Part I. Protocellular Mimics 

Chapter 2 

 

Fig. A2.1. 1H NMR spectrum of CPC10 10 in D2O. 1H NMR (600 MHz, D2O) δ 4.31 (ddd, J = 12.0, 

9.4, 6.3 Hz, 1H), 4.25 (dd, J = 12.1, 4.3 Hz, 1H), 4.22 – 4.15 (m, 1H), 4.01 (td, J = 9.6, 6.8 Hz, 1H), 

2.37 (t, J = 7.5 Hz, 2H), 1.56 (t, J = 7.4 Hz, 2H), 1.32 – 1.16 (m, 12H), 0.81 (t, J = 6.7 Hz, 3H). 
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Fig. A2.2. 13C NMR spectrum of CPC10 10 in D2O. 13C NMR (150 MHz, D2O) δ 73.42, 65.45, 63.76, 

33.23, 31.14, 28.69, 28.52, 28.28, 24.02, 21.92, 13.20. 

 

 

Fig. A2.3. {H-decoupled} 31P NMR spectrum of CPC10 10 in D2O (162 MHz). 
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Fig. A2.4. ESI negative mode mass spectrum of CPC10 10. Expected [M]- = 307.1347, found [M]- = 

307.1347.  

 

 

Fig. A2.5. Critical Aggregate Concentration (CAC) measurements. Chemical used were CPC9 4 

and nonanoic acid 6, in the absence or presence of 9.1 mol% decanol. The absorption of 100 µM 

merocyanine 540 was monitored to indicate the aggregation state43. Absorbance ratios above 0.65 

indicate aggregates. 
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Fig. A2.6. Long-term stability of model protocells with respect to increasing fatty alcohol length. 

Every composition tested was with the same 2:1 ratio of ionic lipid to fatty alcohol. Fluorescently 

labeled dextran (~10 kDa) leakage at 24 h in 0.2 M HEPES, pH: 8.0. Circles, decanoyl 

cyclophospholipid 10 (CPC10); squares, decanoic acid 5. Error bars indicate ±SD of two replicates. 

 

 

Fig. A2.7. Epifluorescence microscopy of nonanoic acid 3- and CPC9 4-based vesicles at different 

pH. The total lipid concentration was 40 mM. Scale bars indicate 10 µm. The membrane dye was 

rhodamine 6G. Solution conditions are listed in Supplementary Table 1. NOH, nonanol 6; NA, 

nonanoic acid 3; GMN, nonanoyl monoglyceride 8. 
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Fig. A2.8. Model protocell stability to pH. Retention of fluorescently labelled dextran after 24 h at 

each indicated pH. Filled circles, 2:1 CPC9 4:dodecanol 11; open circles, 2:1 nonanoic acid 3:dodecanol 

11; open triangles, 4:1:1 nonanoic acid 3:dodecanol 11:decanoyl monoglyceride 9. 

 

Fig. A2.9. Chromatogram of anionic AlexaFluor488 conjugated dextran (10kDa) at pH 5.0. The 

dextran polymer was incubated at room temperature for 24 h in Na+-acetate buffer at pH 5 

(Supplementary Table 1) and subsequently purified on FPLC, with 4 times column volume (~96 mL in 

total). First peaks indicate stable AlexaFluor488-dextran conjugate (and dextran impurities), whereas 

free AlexaFluor488 dye was expected to elute after 48 mL (2x column volume).  
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Fig. A2.10. ESI negative mode mass spectrum of CPC10 10 at alkaline pH. The lipid concentration 

was 50 mM at pH 10.49 (CAPSO buffer), measurement taken after 96 h of incubation at room 

temperature. 

 

 

Fig. A2.11. pKa determination of cyclophospholipid 4 (CPC9) in solution. The amount of NaOH at 

the 100% equivalence point was 5.5 mmol and 50% was 2.25 mmol. The pH range (between 2.15 – 

2.38) near the 50% equivalence point was fit to a straight line (y = 0,0838x + 1,8479, r2 = 0.996) to 

calculate the pKa = ~2.27. 
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Fig. A2.12. Epifluorescence microscopy of nonanoic acid 3- and CPC9 4-based vesicles with 

increasing [Na+]. Vesicles were in 0.2 M HEPES, pH: 8.0. The total lipid concentration was 40 mM. 

Scale bars indicate 10 µm. The membrane dye was 10 µM rhodamine 6G. CPC9 4, nonanoyl 

cyclophospholipid; NA, nonanoic acid 3; NOH: nonanol 6; GMN: nonanoyl monoglyceride 8.  

 

 

 

Fig. A2.13. Epifluorescence microscopy of 2:1 decanoic acid 5:dodecanol 11 (DA:LOH) with 

Mg2+. Solutions were in 0.2 M HEPES, pH: 8.0. The total lipid concentration was 40 mM. Scale bars 

indicate 10 µm. The membrane dye was 10 µM rhodamine 6G. 
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Fig. A2.14. Linear fit details of dextran retention data. The data was from 2:1 CPC10 10:dodecanol 

11 vesicles in the presence of (a) Na+ or (b) Mg2+ ions with 200 mM Na+. Identical results as in Fig. 2.8 

and Fig. 2.12b. 

 

Table A2.1. Buffers used in this study. 

pH Short 

name 

Full name Final 

Concentration 

Total [Na+] after pH 

adjustment[a] 

4 Acetate Sodium acetate (0.18) / Acetic acid 

(0.82) 

0.2 M / 0.2 M 60 mM 

5 

6 

7 

 

8 

 

9 

 

10 

Acetate 

MES 

HEPES 

 

HEPES 

 

CAPSO 

 

CAPSO 

Sodium acetate (0.7) / Acetic acid (0.3) 

4-Morpholineethanesulfonic acid 

4-(2-Hydroxyethyl)piperazine-1-

ethanesulfonic acid 

4-(2-Hydroxyethyl)piperazine-1-

ethanesulfonic acid 

3-(Cyclohexylamino)-2-hydroxy-1-

propanesulfonic acid 

3-(Cyclohexylamino)-2-hydroxy-1-

propanesulfonic acid 

0.2 M / 0.2 M 

0.2 M 

0.2 M 

 

0.2 M 

 

0.2 M 

 

0.2 M 

 

140 mM 

90 mM 

50 mM 

 

160 mM 

 

50 mM 

 

160 mM 

 [a] Changes from batch to batch due to small variations in each preparation; therefore, approximate 

values are given. 
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Chapter 3 

 

 
Fig. A3.1. FRET dye mol% with respect to FRET efficiency, standard curve. One phase association 

curve fitting was applied, R2=0.99 was found.  

 

 

Fig. A3.2. FRET dye mol% validation with respect to fluorescence of triton (Ft) added vesicles 1 

mol% (v/v). Exponential equation curve fitting was applied, R2=0.99 was found. 
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Fig. A3.3. LogP water-octanol partition coefficient expectations from chemical structure. 
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Part II. Mimics of Extant Life 

Chapter 6 

 

Fig. A6.1. Acute cytotoxicity of high concentration S12 reactions on Xenopus axons. 2x, 5x and 10x 

concentrations indicate the fold increase of the original S12 reaction tested for determination of the 

most suitable cell-free expression system. Here, despite the increased number of collapsed axons, 

whenever not collapsed, the axons showed increased velocity. The collapse was consistent when 

increased concentrations of S12-BDNF was applied, indicating different influence of high 

concentrations of BDNF on axons such as growth stalling and axon branching. (n = 1 biological 

replicate, at least 50 axons per condition were counted. 

 
Fig. A6.2. sfGFP standard curve for determination of BDNF-sfGFP concentration inside artificial 

cells. The purified sfGFP with known concentrations were encapsulated inside artificial cells with 

optimized membrane compositions (Fig. 6.11), using water-in-oil emulsion technique. The mean FITC 

intensities were calculated after singlet and background gating strategies were applied. The 

corresponding mean FITC intensities of known sfGFP concentrations were assumed to indicate the 

sfGFP production inside artificial cells, with assumption of the influence of transcription/translation was 
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negligible. The determination of ‘averaged’ sfGFP concentrations were then extrapolated from the 

linear fit of the above standard curve. 

 

 

Fig. A6.3. Test of short tag on pore forming efficiency. The PFO protein contained C-terminus pdt#3 

tag. The DNA sequence was given in Appendix B. The reporter vesicle composition was 1:0.6 

POPC:cholesterol. The gene expression was carried in vitro, and calcein encapsulating 100 nm purified 

vesicles were used to assess functional pore formation (see methods in chapter 7). Within 1 h, the 

calcein release was triggered with gene expression, consistent with control experiments reported in Fig. 

6.11.  

Chapter 7 

 

Fig. A7.1. Standard curve for GABA in S12, enzymatic fluorescence assay. 
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Fig. A7.2. 5-HTP and L-DOPA aptamer synthesis. 2% agarose gel electrophoresis example of 

aptamers. Figure taken from MS thesis of S. Galvan. The aptamers were used without purification. 

 

Fig. A7.3. Purified-enzyme-based cell-free synthesis of serotonin. Figure taken from MS thesis of A. 

Groaz. As only incompatibility with S12 reaction conditions, the reactions were carried out at pH 7.0 

instead of 8.2. 
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Fig. A7.4. Purified-enzyme-based cell-free synthesis of dopamine. Figure taken from MS thesis of F. 

Benedetti. The retention times indicate dopamine at 5.1 min), L-DOPA 6.0 min and L-Tyrosine at 7.6 

min. Significantly, DTH was used instead of hTPH2 and the reactions were carried out at 16 °C, pH 6.8. 

 

 

Fig. A7.5. Flow cytometry analysis of artificial cell gene expression with different cholesterol 

mol%. 

  



 259 

Appendix B. Protocells and Nucleic Acid 

Chemistry 

Compatibility with Information Polymers 

Current model systems of prebiotic protocells and nonenzymatic nucleic acid 

polymerization chemistry are fundamentally incompatible with one another. While 

protocells usually require low amounts of salts and divalent cations to sustain their 

dynamic characteristics, the RNA chemistry –for either nonenzymatic or enzymatic 

reactions– requires significantly high concentrations of divalent cations such as Mg2+, Fe2+ 

or Mn2+ 110,164,246. In modern organisms, this seemingly inherent problem is circumvented 

by using loosely–bound yet very precise nucleic acid polymerases, helicases and other cis-

acting elements to enhance the catalysis rate, achieve strand separation, prevent non-

specific degradation and so on. Nevertheless, mainly due to the polyanionic nature of 

nucleic acid polymers, significant concentrations of salts are still required for optimal 

folding state, net-charge neutralization, correct base-pairing, and high–fidelity 

polymerization, either in the presence or absence of RNA–protein interactions74. 

 

Clearly, modern-day protein-based solutions are inapplicable for protocell life cycle, what 

we can gain is nothing more than inspiration for a grand jigsaw puzzle by observing the 

pieces one-by-one. To address this fundamental issue, there have been multiple attempts 

such as recapitulation of carboxylate groups in agents such as citrate, glutamate and 

aspartate228,381,382. It is indeed tempting to accept the weak-chelating-agent scenario since 

these molecules are, not only somewhat prebiotically reasonable, but also hold central role 

in cellular metabolism and active sites of extant polymerases383. For example, in the case 

of citrate, a weak chelating agent with three uniquely positioned carboxylate groups. 

Partial coordination of the metal ion (e.g. Mg2+) is accompanied by three hydroxide ions, 

The resulting Mg2+:citrate complex prevents fatty acid aggregation20 and in the meantime, 

the remaining units of coordination sphere, e.g. with only three available binding sites, 

conveniently allows nonenzymatic polymerization to take place. Further, chelation of 

metal ion protects RNA oligomers from nonspecific degradation over time. However the 

problem is, such chelating agents usually required in prebiotically unrealistic 

concentrations i.e. ³200 mM for maintaining the nonenzymatic RNA polymerization at a 

reasonable rate so that the monomer incorporation overcomes RNA degradation by several 
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order-of-magnitudes41. Unfortunately, no prebiotic milieu proposed to present such high 

concentrations of neither amino acids nor metabolites, i.e. citrate. 

 

Even the prebiotic availability of citrate was taken for granted, a greater problem appears: 

the presence of citrate brings overwhelmingly high concentrations of monovalent ions as 

well. Although free acid of citrate would have expected to do chelation job, yet, in slightly 

alkaline to neutral conditions, all carboxylate groups of citrate were expected to be 

deprotonated, therefore ready to accept accompanying monovalent ions to form salts for 

chemical stability. For example, with 1:4 molar ratio of Mg2+:citrate complex at usual 

operating concentrations, 50 mM : 200 mM, a total of 600 mM Na+ ions would accompany 

the overall complex. This is perhaps, the main reason why scientists so far were not able to 

demonstrate protocell growth and division cycles along with nonenzymatic RNA 

polymerization under controlled laboratory conditions. In one aspect, the central question 

has been resolved; however, in other angle, another problem arose; it is practically 

unrealistic to form fatty acid micelles to drive protocell growth and division. The 

conclusion is, despite two systems seem to be compatible at the first glance, hands-on 

experience immediately reveals the fact that the issue stays there almost untouched: The 

current laboratory models are not compatible with a complete protocell life cycle. That is 

why, we would like to approach this problem bit-by-bit, providing cyclophospholipid 

species as an ‘auxiliary helper’ system. We note that again, the main driving force for our 

research is the functionality of the system, as if we are taking a final exam in chemical 

engineering process design course, not statistical mechanics. 

DNA Oligonucleotide Strand Separation 

Reasonably, fluctuating temperatures were assumed to be present in the prebiotic milieu 

allowing for strand separation and thus rendering RNA primers available to bind to their 

template for next cycle of polymerization. This scenario oftentimes requires DT = 50 °C 

(with final temperatures up to 90 °C) at every cycle and ends up with dead-end 

protocellular units if nothing is subjected to such temperature ramps. Albeit shallow pond 

near geothermal site scenario allows such high temperature gradients, this is simply a strict 

limitation to where life can start. Therefore, for a recurring RNA polymerization akin to 

genome replication of a cell, it is commonly thought to have a rudimentary form of 

auxiliary elements to assist RNA binding, catalysis and eventually strand separation. 

However, even prior to emergence of such elements, continuity of nonenzymatic RNA 
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polymerization must have been realized by other scenarios. Recently, it is reported that the 

backbone heterogeneity of RNA duplexes with 2’–5’ and 3’–5’ linkages simply reduces 

the strict limitations of melting temperature problem on RNA duplexes where 2’–5’ 

linkages are tolerated up to 25% in naturally occurring 3’–5’ polymers. Although it is a 

plausible scenario to explain the initial emergence of ‘useful’ sequences and may 

overcome some of the initial hurdles, still over time, 3’–5’ linkages would have been 

selected and the fundamental problem of strand separation remains. Clearly, other 

alternative scenarios must have been available to diversify the means of duplex separation 

to increase the odds in favor of functioning protocell. 

1. Proof-of-principle Results in Solution  

Here, building upon recent work of Sutherland group89, we report plausibility of pH-

induced strand separation for catalytic motifs and unique folds. To begin with, we 

employed commonly encountered hammerhead ribozyme sequence, that was split into two 

separate oligonucleotides384 (Fig. B.1). When these two short oligonucleotides (20 and 25 

nucleotides) joined together, the catalytic activity of the overall fold was still present, 

therefore making the fold attractive by means of both modularity197 and prebiotic 

plausibility3.  

 

Fig. B.1. Structure of double stranded oligonucleotide motif chosen for model studies. The motif is 

DNA version of infamous minimal hammerhead ribozyme, that is assembled from two separate 

oligonucleotides with lengths 20 and 25 nucleotides. The sequence was taken from the literature384. Dye 

names: AF488: AlexaFluor488, AF555: AlexaFluor555, ROX: 6-carboxy-X-rhodamine, BHQ: Black 

Hole Quencher. The cleavage site of ribooligonucleotide version of the unique duplex was indicated 

with black arrow. 

In order to test the pH induced strand separation, free 5’ end of 25-mer building block was 

labeled with either AlexaFluor488 or 6-carboxy-X-rhodamine dyes (Fig. B.1). Both dyes 

are well-known for their pH endurance, albeit with lesser stability in ROX system. For a 
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pair dye, surprisingly, we found the adjacent presence of AlexaFluor555 at the 3’ terminus 

of 20-mer has showed quenching effect, rather than an efficient FRET event. Therefore, 

we used this repurposed version of the experimental setup for proof-of-concept studies. 

Later, for a better quencher system, we adopted Black Hole Quencher (BHQ) as a couple 

with 6-carboxy-X-rhodamine (ROX) and obtained parallel results in full-base-pairing 15-

mer duplex (data not shown). 

 

To being with, the buffer compositions were chosen to be compatible with current model 

nonenzymatic polymerization studies. Following the pioneering work of Szostak and 

colleagues20,41, due to its unique three-site coordination with Mg2+, citrate and citrate-like 

molecules (with prominent carboxylate groups) are in great favor for ‘prebiotic’ buffering 

agents381. For the sake of simplicity and clarity, we chose Na+-citrate:citric acid buffering 

system. The advantage is, citrate has three hydroxyl groups with pKa values between 3.13 

and 6.4, rendering its main buffering abilities (total buffer ranged from 2.2 to pH 7.2) right 

at the range we would like to operate (between pH 4.5 – 8.0). For proof-of-principle tests 

of strand separation, we have started screening serial dilutions of different concentrations 

and pH values, keeping total Mg2+ and Na+ ion content constant throughout the experiment 

at 10 mM and 300 mM respectively. Starting from pH 3.5 to 6.5 with 0.5 unit changes, we 

were able to achieve a very clear shift in Tm value of the duplex at each increment, 

indicating initial studies were on the right track (Table B.1, Fig. B.2 and B.3). 
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Fig. B.2. FRET-labeled DNA oligonucleotide strand separation by acidic pH. Left: Typical melting 

curve for dsDNA at acidic, 4.5 (left) and basic 8.0 (right) pH. Right: First derivative analysis of 

fluorescence change as a function of temperature. At pH 4.5, the Tm is calculated to be 24.5±0.5 °C and 

at pH 8.0, the Tm is calculated to be 44.0±1.0 °C. The melting curves were generated as in methods.  

 

pH 8.0 6.0 5.5 5.0 4.5 4.0 

Tm (°C) 44.00±1.00 41.00±0.25 37.50±0.50 34.50±0.75 24.50±1.00 14.00±0.50 
 

Table B.1. Tm differences of double stranded DNA duplex with different pH. n = 3, error bars 

indicate ±SD. 
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Fig. B.3. Melting curves and Tm calculations. For all pH values from 3.5 to 6.0, with 0.5 °C 

increments. 

2. Proof-of-principle Results in Vesicles (ongoing) 

Having demonstrated pH-triggered DNA strand separation in solution, now we would like 

to encapsulate same oligonucleotide in both POPC 9 and CPC18 8 vesicles. With defined 

experimental cycling conditions, such as citrate buffer from pH 8.0 to 5.0 and the other 

way around, timescale of events for protocell growth and replication have a chance to be 

synchronized. Moreover, sugar permeability (Chapter 3) and trimer permeability (Fig. B.4) 

coefficients for cyclophospholipid membranes both in the presence and absence of Mg2+ 

lays foundation towards nonenzymatic polymerization studies. 
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Fig. B.4. Permeability of short oligonucleotides (trimer) and small molecule (HPTS). The vesicle 

composition was 1:1 CPC18 8:oleate 5, extruded for 100 nm. The data collected in the presence of 7.5 

mM MgCl2, in 0.2 M HEPES at pH 8.0. The trimer sequence was AAA and labeled with 6-FAM at 5’ 

end.  

3. Potential of Temperature Cycling for Strand Separation 

Just as other environmental factors, temperature on the Earth is not uniform everywhere. 

Therefore, as discussed previously, it is a natural research interest to investigate chemical 

and protocellular stability of cyclophospholipid species. To this end, we started subjecting 

CPC10 4 to mildly high (ca. 60 °C) under vesicle forming conditions at pH 8.0. 

Remarkably, after 60 min of continuous exposure, we were unable to observe any 

hydrolytic cleavage, indicating the intrinsic stability of cyclophosphate head group (Fig. 

3.16). Even at 3 days of constant exposure, cyclophospholipids stayed stable (Fig. 3.17 

upper). However, what we have observed was the appearance of ~19 ppm peak, possibly 

indicating the gradual dissolution of vesicles/aggregates, instead of direct cleavage of the 

head group (Fig. 3.17 lower). Here, the significance is, cyclophospholipid groups bear a 

potential to be utilized in a similar fashion to once fatty acid vesicles were used. Elevated 

short bursts of high temperatures may again enhance the permeability of the bilayers, while 

keeping the vesicles intact. Clearly, at this stage this is not any more than a mere 

speculation, that is why further experiments are necessary to support this hypothesis. 
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Fig. B.5. {H-decoupled} 31P NMR spectra (162 MHz) of CPC10 4 at 60 °C. From top to bottom, 60 

min, 40 min, 20 min and 0 min incubation. Spectra indicate clear short-term temperature stability of 

CPC10 4. The buffer solution was 0.2 M HEPES at pH 8.0.  

 

 

Fig. B.6. {H-decoupled} 31P NMR spectra (162 MHz) of CPC10 4 at 60 °C after 3 days. Top, 0 min 

incubation and bottom, after 3 days. Spectra indicate appearance of an additional peak close to 19 ppm, 

as observed in Chapter 2, possibly due to presence of monomers in solution (pH stability data, Fig. 2.5–

2.6). However, no hydrolytic cleavage of cyclic phosphate head group was observed in 3 days, 

indicating long-term temperature stability of CPC10 4. The additional duplet ~ 4.5 ppm may indicate 

ester cleavage. The buffer solution was 0.2 M HEPES at pH 8.0.  
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The fundamental investigations on vesicle dynamics at elevated temperatures and bilayer 

integrity would have been desirable for laboratory models of protocells. To this end, in 

accordance with DNA strand separation and trimer-permeability assays for nonenzymatic 

RNA polymerization efforts, even mere increase in permeability and membrane kinetics 

would have been acceptable upon short bursts of very high temperatures. Therefore, we 

decided to have multiple cycles of moderate temperatures (up to 70 °C) with short 

durations (up to 5 min). As can be seen from section 4 of this chapter, a relatively long 

RNA duplex with ‘imperfect’ base-pairing exerting a unique catalytic motif would have 

been readily melted at 70 °C. Here, it is also notable that nonenzymatic RNA 

polymerization products have now been widely considered as scrambled, incomplete 

oligomers that are in constant competition with the full-length dimers, pointing out perhaps 

once assumed high-Tm problem of RNA duplexes may not be that much of a disastrous 

issue. The experiments for oligonucleotide encapsulating protocells are ongoing, in parallel 

with experiments proposed in Chapter 3. 

Discussion and Conclusion 

Melting temperature of an RNA duplex of 16 nucleotides with 50% GC content in alkaline 

conditions with prebiotically reasonable Mg2+ and Na+ concentrations (10 mM and 300 

mM respectively) is around 61°C. This means even the simplest RNA duplex needs either 

moderate’ temperatures to melt, or other means of solution. Here we hypothesized 

cyclophospholipids can play significant role in enabling pH and temperature dependent 

strand separation in prebiotically reasonable conditions. No such scenarios were previously 

proposed for fatty acid systems, therefore the proposals in Appendix B has already 

intrinsic value. The essence of the hypothesis is to combine the findings of Chapter 3, 

where prebiotically plausible protocell growth and division cycles led to completion of 

protocellular life cycle. We note that nonenzymatic nucleic acid polymerization and RNA-

based catalysis are two fundamental factors to demonstrate the plausibility of the life cycle, 

therefore we aimed to show an additional role of cyclophospholipids. Having said that we 

conclude, it is still of great interest to identify stable and dynamic systems to protect 

freshly emerged RNA sequences and select for coding function, preferably for peptide 

integrated systems, favoring the odds towards the emergence of life-like systems. 
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Appendix C. List of Primers and Genetic 

Constructs 

Table C.1. List of Primers 

Name Sequence (5’ to 3’ continuous) Purpose Template Notes 

DT017 ACCAATGGGCTCAGT  mRNA 

detection 

Modified 

pSB1A3 

Cy3 @ 5' 

end 

DT018 GAGTCCTTCCACGAT  mRNA 

detection 

Modified 

pSB1A3 

Cy5 @ 3' 

4th A 

DT029 atcggtgatgtcggcgatataggcg Sequencing pET21b Forward 

DT030 ggcaagtgtagcggtcacgctgc Sequencing pET21b Reverse 

DT041 tactagGAATACAAGCTACTTGTTCTTTTTGCA 

aaggaggccACCATGGGCAGCAGCCATCATCATCATC 

PFO 

cloning, 

insert 

pRT30 Forward1 

DT042 Tacaggtttacgcaagaaaatggtttgttatagtcgaat 

aaaaaatactagGAATACAAGCTACTTGTTC 

PFO 

cloning, 

insert 

pRT30 Forward2 

DT043 TTTTCCAGTACACAGGCGTAGCAGCCTGA 

GTCGTCAATTATAGGTAATGCTTGAACCCGG 

PFO 

cloning, 

backbone 

pRT30 Reverse1 

DT044 Actataacaaaccattttcttgcgtaaacctgtac 

gatcctacaggtAGTACTCTAGCCTTAagatctcg 

PFO 

cloning, 

backbone 

pSB1A3 Reverse 

DT073 agATTATTctccttcttctagtatctccctatagt 

gagtcgtattatctagaagcggccgcgaattc 

Prefix-pT7-

spacer 

pSB1A3 Reverse 

DT074 gggtctTGAGGGGTTTTTTGgtactagtagcggccgctgcag Suffix-

T7term 

pSB1A3 Forward 

DT075 CGACTCAGGCTGCTACGCCT spacer pSB1A3 Forward 

DT076 gatactagaagaaggagAATAATCTATGgactacaaa 

gacgatgatgacaagATGCACTCCGACCCTGCCC 

BDNF-

FLAG 

 Forward 

DT077 CtgcagcggccgctactagtacCAAAAAACCCCTCAAGACCCGT T7term-

suffix 

 Reverse 

DT078 TACACAGGCGTAGCAGCCTGAGTCGC 

TActaTCTTCCCCTCTTAATGGTCAGTG 

BDNF-stop-

spacer 

 Reverse 

DT079 gatactagaagaaggagAATAATCTATGgactacaaag 

acgatgatgacaagatgcgtaaaggcgaagagctg 

sfGFP-

FLAG 

 Forward 
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DT080 TACACAGGCGTAGCAGCCTGAGTCGTTA 

ttatttgtacagttcatccataccatg 

sfGFP-stop-

spacer 

 Reverse 

DT083 tgccacctgacgtctaagaa VF 

sequencing 

pSB1A3 Forward 

DT084 attaccgcctttgagtgagc VR 

sequencing 

pSB1A3 Reverse 

DT093 cttgtcatcatcgtctttgtagtcCATAGATTATTctccttcttctagta FLAG pSB1A3 Reverse 

DT094 CGACTCAGGCTGCTACGCCTGTGTACTGGAAAAC Spacer pSB1A3 Forward 

DT095 ATGgactacaaagacgatgatgacaag 

ATGAAAGATATCACGGATAAAAACCA 

FLAG-PFO  Forward 

DT096 TACACAGGCGTAGCAGCCTGAGTCG 

tcaTCAATTATAGGTAATGCTTGAACCCG 

spacer-PFO  Reverse 

DT097 ATGgactacaaagacgatgatgacaagATGaaaaacataaatgccgacgacac FLAG-LuxR  Forward 

DT098 GTACACAGGCGTAGCAGCCTGAGTCGttattaatttttaaagtatgggcaatca spacer-

LuxR  

pSB1A3 Reverse 

DT099 tactagaagaaggagAATAATCTATG 

 

5' UTR 

Universal  

pSB1A3 Forward 

DT100 Tctggaattcgcggccgcttctagaacctgtag 

gatcgtacaggtttacgcaagaaaatggtttgttata 

pLux1 

 

stitching Forward 

DT101 CATAGATTATTctccttcttctagtattttttattcgactataacaaaccattttctt 

gcgtaaacctgt 

pLux2 stitching Reverse 

DT102 tactagaagaaggagAATAATCTatgcgtaaaggcgaagagct 

  

spacer-

RBS-

spacer-GFP 

 Forward 

DT103 AGGCGTAGCAGCCTGAGTCGTTAttacttgtc 

atcatcgtctttgtagtctttgtacagttcatccataccatgc 

GFP-FLAG-

spacer 

 Reverse 

DT104 catAGATTATTctccttcttctagta 5' Universal pSB1A3 Reverse 

DT110 ATGgactacaaagacgatgatgacaag FLAG pSB1A3 Forward 

DT111 TACACAGGCGTAGCAGCCTG Spacer pSB1A3 Reverse 

DT116 GTCTTGAGGGGTTTTTTGtactagag 

acctgtaggatcgtacaggtttac 

pLux-term  Forward 

DT117 CGACTCAGGCTGCTACGCCTGTGTA Spacer pSB1A3 Forward 

DT154 CGGGTTCAAGCATTACCTATAATGC 

GGCGAACAAAAACGAAGAAAAC 

pdt3-PFO pECG Forward 

DT155 ACAGGCGTAGCAGCCTGAGTCGtca 

TCAAACTCGTCTTCTGTTCGCCTG 

pdt3-PFO pECG Reverse 

DT156 GTTTTCTTCGTTTTTGTTCGCCGC PFO binds  Reverse 
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ATTATAGGTAATGCTTGAACCCG pdt 

DT157 gaattcgcggccgcttctagatcccttgcatttacattttgaaac pOmp Genomic Forward 

DT158 AGATTATTctccttcttctagtatcaagtccattctccccaaaaatg pOmp Genomic Reverse 

DT159 agcgtttcacatatggcggctggtgttaagcaac EnvZ Genomic Forward 

DT161 ATGgactacaaagacgatgatgacaagatgattaaccgtatccgcgtagtc Tar Genomic Forward 

DT162 agccgccatatgtgaaacgctctgcgccaggtcg Tar Genomic Reverse 

DT163 atactagaagaaggagAATAATCTATGgacta 

caaagacgatgatgacaagATGaaaaacataaatgccgacgac 

LuxR  Forward 

DT165 GGCGTAGCAGCCTGAGTCGttattacccttcttttgtcgtgccctg New EnvZ Genomic Reverse 

DT180 AAGTGCCGACCTTTATGCTGAACGCGGGCCAGGCG 

AACAGAAGACGAGTT 

pdt3 pECG Forward 

DT181 TCAGCATAAAGGTCGGCACTTCGTTGGTGTTTTCTT 

CGTTTTTGTTCGCC 

pdt3 pECG Reverse 

DT184 CACTATAGGGAGACCCAAGCTTG TrkB () gBlock Forward 

DT185 GTGACACTATAGAATAGGGCCC TrkB () gBlock Reverse 

DT190 CTCTATGAAGACTGGACCACGC fragment 2 gBlock Forward 

DT191 GCGTGGTCCAGTCTTCATAGAG fragment 1 gBlock Reverse 

DT192 ctacaaagacgatgatgacaagatggaagacgccaaaaacataaag FFL  Forward 

DT193 AGGCGTAGCAGCCTGAGTCGctattacaatttggactttccgcc FFL  Reverse 

DT200 AAGTGCCGACCTTTATGCTGAACGCGGGCCAGG 

CGAACAGAAGACGAGTT 

pdt stitch  Forward 

DT201 TCAGCATAAAGGTCGGCACTTCGTTGGTG 

TTTTCTTCGTTTTTGTTCGCC 

pdt stitch  Reverse 

DT202 ctacaaagacgatgatgacaagATGGATTCTGATATCAATATCAAAACC aHL  Forward 

DT203 AGGCGTAGCAGCCTGAGTCGTTAtta 

GTTGGTCATTTCTTCTTTTTCCC 

aHL  Reverse 

DT204 tactagaagaaggagAATAATCTATGgactacaaagacgatgatgacaag pLux-FLAG  Forward 

DT221 Agaagacaccgactctagaggatccaccggtcgccacc 

ATGTCGCCCTGGCTGAAGTGGC 

TrkB pLenti 

cloning 

gBlock Forward 

DT222 Tgtaatccagaggttgattgtcgacgcggccgcttta 

CTActaGCCTAGGATATCCAGGT 

TrkB pLenti 

cloning 

gBlock Reverse 

DT223 cgtcgacaatcaacctctggattaca pLenti 3' pLenti Forward 

DT224 ggatcctctagagtcggtgtcttct pLenti 5'  pLenti Reverse 

DT240 ggcGGtggcTCgggcGGtggcTCgATGCACTCCGACCCTGCCCG Linker(x2)- BDNF- Forward 
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BDNF sfGFP  

DT241 ggcGGtggcTCgCATCATCACCACCATCATtag 

TAACGACTCAGGCTGCTACGCCTG 

Linker-

6xHis-

spacer 

BDNF-

sfGFP 

Forward 

DT242 ATGATGGTGGTGATGATGcGAgccaCCgcc 

TCTTCCCCTCTTAATGGTCAG 

BDNF-

Linker-

6xHis  

BDNF-

sfGFP 

Reverse 

 

Table C.2. List of Genetic Constructs 

Chapter 6 

In all genetic constructs, identical ribosome binding sites, spacers and tag sequences were 

used. 

 

pTac-sfGFP 

gaattcgcggccgcttctagagttgacaattaatcatcggctcgtataatgtgtgggatactagaagaaggagAATAATCTATGgactacaaagacg

atgatgacaagATGcgtaaaggcgaagagctgttcactggtgtcgtccctattctggtggaactggatggtgatgtcaacggtcataagttttccgtgcgtg
gcgagggtgaaggtgacgcaactaatggtaaactgacgctgaagttcatctgtactactggtaaactgccggtaccttggccgactctggtaacgacgctg

acttatggtgttcagtgctttgctcgttatccggaccatatgaagcagcatgacttcttcaagtccgccatgccggaaggctatgtgcaggaacgcacgatttc

ctttaaggatgacggcacgtacaaaacgcgtgcggaagtgaaatttgaaggcgataccctggtaaaccgcattgagctgaaaggcattgactttaaagaa
gacggcaatatcctgggccataagctggaatacaattttaacagccacaatgtttacatcaccgccgataaacaaaaaaatggcattaaagcgaattttaa

aattcgccacaacgtggaggatggcagcgtgcagctggctgatcactaccagcaaaacactccaatcggtgatggtcctgttctgctgccagacaatcact

atctgagcacgcaaagcgttctgtctaaagatccgaacgagaaacgcgatcatatggttctgctggagttcgtaaccgcagcgggcatcacgcatggtatg
gatgaactgtacaaaTAATAACGACTCAGGCTGCTACGCCTGTGTACTGGAAAACAAAACCAAAACCCAAAAAA

CAAAAAACTGAGCCCATTGGTATCGTGGAAGGACTCGATCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAC

TAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGgtactagtagcggccgctgcag 

The first and the last codons for sfGFP was indicated with red, and promoter and tag 

sequences were underlined. 

 

pTac-BDNF(mature) 

gaattcgcggccgcttctagagttgacaattaatcatcggctcgtataatgtgtgggatactagaagaaggagAATAATCTATGgactacaaagacg

atgatgacaagATGCACTCCGACCCTGCCCGCCGTGGGGAGCTGAGCGTGTGTGACAGTATTAGCGAGTGG

GTCACAGCGGCAGATAAAAAGACTGCAGTGGACATGTCTGGCGGGACGGTCACAGTCCTAGAGAAAGTC
CCGGTATCCAAAGGCCAACTGAAGCAGTATTTCTACGAGACCAAGTGTAATCCCATGGGTTACACCAAGG

AAGGCTGCAGGGGCATAGACAAAAGGCACTGGAACTCGCAATGCCGAACTACCCAATCGTATGTTCGGG

CCCTTACTATGGATAGCAAAAAGAGAATTGGCTGGCGATTCATAAGGATAGACACTTCCTGTGTATGTACA



 273 

CTGACCATTAAGAGGGGAAGAtagTAGCGACTCAGGCTGCTACGCCTGTGTACTGGAAAACAAAACCAAA

ACCCAAAAAACAAAAAACTGAGCCCATTGGTATCGTGGAAGGACTCGATCAAAAAAAAAAAAAAAAAAAAA

AAAAAAAAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGgtactagtagcggccgctg
cag 

The first and the last codons for BDNF was indicated with red, and promoter and tag 

sequences were underlined. 

 

pMW-LuxR-pLuxR-PFO-pdt3 

tgccacctgacgtctaagaaaccattattatcatgacattaacctataaaaataggcgtatcacgaggcagaatttcagataaaaaaaatccttagctttcgc

taaggatgatttctggaattcgcggccgcttctagatttacggctagctcagtcctaggtatagtgctagcgatactagaagaaggagAATAATCTATG
gactacaaagacgatgatgacaagATGaaaaacataaatgccgacgacacatacagaataattaataaaattaaagcttgtagaagcaataatgata

ttaatcaatgcttatctgatatgactaaaatggtacattgtgaatattatttactcgcgatcatttatcctcattctatggttaaatctgatatttcaatcctagataatta

ccctaaaaaatggaggcaatattatgatgacgctaatttaataaaatatgatcctatagtagattattctaactccaatcattcaccaattaattggaatatatttg
aaaacaatgctgtaaataaaaaatctccaaatgtaattaaagaagcgaaaacatcaggtcttatcactgggtttagtttccctattcatacggctaacaatgg

cttcggaatgcttagttttgcacattcagaaaaagacaactatatagatagtttatttttacatgcgtgtatgaacataccattaattgttccttctctagttgataatt

atcgaaaaataaatatagcaaataataaatcaaacaacgatttaaccaaaagagaaaaagaatgtttagcgtgggcatgcgaaggaaaaagctcttgg
gatatttcaaaaatattaggttgcagtgagcgtactgtcactttccatttaaccaatgcgcaaatgaaactcaatacaacaaaccgctgccaaagtatttctaa

agcaattttaacaggagcaattgattgcccatactttaaaaatTAATAACGACTCAGGCTGCTACGCCTGTGTACTGGAAAACA

AAACCAAAACCCAAAAAACAAAAAACTGAGCCCATTGGTATCGTGGAAGGACTCGATCAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGgtactag

aacctgtaggatcgtacaggtttacgcaagaaaatggtttgttatagtcgaataaaaaatactagaagaaggagAATAATCTATGgactacaaaga

cgatgatgacaagATGAAAGATATCACGGATAAAAACCAATCGATTGATAGTGGCATCAGTTCGCTGAGCTATA

ACCGCAATGAAGTCCTGGCCAGCAATGGTGATAAAATTGAATCGTTTGTtcctAAagaGGgtAAAAAAGCGGG
CAATAAATTCATTGTAGTCGAACGCCAGAAACGTAGCCTGACTACTTCACCGGTTGATATTTCCATTATTG

ACAGTGTTAATGATCGCACGTATCCTGGTGCGCTGCAACTGGCTGATAAAGCATTTGTCGAAAATCGCCC

TACTATTCTGATGGTAAAACGTAAACCGATCAATATCAACATTGATCTGCCGGGTCTGAAAGGTGAAAACT
CTATCAAGGTGGATGATCCAACTTATGGTAAAGTCAGCGGCGCCATTGATGAACTGGTTAGCAAATGGAA

TGAAAAATATAGCAGCACCCACACCCTGCCGGCGCGCACCCAGTACTCCGAATCCATGGTGTATAGTAAA

TCCCAAATCTCATCGGCCCTGAATGTGAACGCTAAAGTGCTGGAAAATTCGCTGGGTGTTGACTTCAACG
CCGTAGCAAATAACGAGAAAAAAGTAATGATCCTGGCATATAAGCAGATCTTTTATACAGTCAGTGCCGAT

CTGCCGAAAAATCCGTCTGATCTGTTCGATGATAGCGTTACTTTTAATGATCTGAAGCAAAAAGGTGTTAG

CAACGAAGCTCCGCCGCTGATGGTTTCTAATGTTGCCTATGGTCGCACCATTTATGTTAAACTGGAAACC
ACTAGCTCCTCGAAAGATGTCCAAGCTGCTTTTAAAGCTCTGATCAAAAAtaCagatattAAAaaTAGTcAaCAG

TATAAagaTATTTATGAAAATAGCAGTTTCACAGCAgttgtGCTGGGAGGGGATGCACAGGAACATAATAAAG

TGGTGACGAAAGATTTTGACGAAATCCGCAAAGTCATCAAAGATAATGCCACTTTTagtACGAAGAATCCG
GCTTATCCAATCAGCTATACCTCTGTCTTCCTGAAAGACAACAGCGTTGCCGCCGTCCATAACAAGACCG

ATTACATTGAAACCACCAGTACCGAATATTCTAAAGGTAAAATCAACCTGGATCATTCCGGtGCGTATGTC

GCTCAGTTTGAAGTGGCGTGGGACGAGGTCTCATACGATAAAGAAGGTAACGAAGTTCTGACGCATAAAA
CTTGGGACGGCAATTACCAGGACAAAACTGCCCACTATAGCACCGTTATCCCGCTGGAAGCCAATGCGC

GCAACATCCGCATTAAAGCACGTGAAGCAACGGGGCTGGCCTGGGAATGGTGGCGTGATGTAATTAGCG

AATATGATGTGCCGCTGACGAATAATATCAACGTTTCGATTTGGGGGACCACCCTGTATCCGGGTTCAAG
CATTACCTATAATGCGGCGAACAAAAACGAAGAAAACACCAACGAAGTGCCGACCTTTATGCTGAACGCG
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GGCCAGGCGAACAGAAGACGAGTTTGAtgaCGACTCAGGCTGCTACGCCTGTGTACTGGAAAACAAAACC

AAAACCCAAAAAACAAAAAACTGAGCCCATTGGTATCGTGGAAGGACTCGATCAAAAAAAAAAAAAAAAAA

AAAAAAAAAAAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGgtactagtagcggcc
gctgcaggcttcctcgctcactgactcgctgcgctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaat 

The first and the last codons were indicated with colors, LuxR is green and PFO is red. 

Promoter and tag sequences were underlined. 

 

pdt#3 tag 

GCGGCGAACAAAAACGAAGAAAACACCAACGAAGTGCCGACCTTTATGCTGAACGCGGGCCAGGCGAA

CAGAAGACGAGTT 

 

FLAG tag 

gactacaaagacgatgatgacaag 

 

T7 terminator 

CTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG 

 

CMV–TrkB 

ACGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATAT

ATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCA

TTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGG
ACTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGAC

GTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGC

AGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGG

ATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCAC
CAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGT

GTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCG

AAATTAATACGACTCACTATAGGGAGACCCAAGCTTGGTACCATGTCGCCCTGGCTGAAGTGGCATGGA
CCCGCCATGGCGCGGCTCTGGGGCTTATGCCTGCTGGTCTTGGGCTTCTGGAGGGCCTCTCTCGCCTG

CCCGACGTCCTGCAAATGCAGTTCCGCTAGGATTTGGTGTACTGAGCCTTCTCCAGGCATCGTGGCATTC

CCGAGGTTGGAACCTAACAGCGTTGACCCGGAGAACATCACGGAAATTCTCATTGCAAACCAGAAAAGG
CTAGAAATCATCAATGAAGATGACGTTGAAGCTTACGTGGGGCTGAGAAACCTTACAATTGTGGATTCCG

GCTTAAAGTTTGTGGCTTACAAAGCGTTTCTGAAAAACAGCAACCTGCGGCACATAAATTTCACACGAAAC

AAGCTGACGAGTTTGTCCAGGAGACATTTCCGCCACCTTGACTTGTCTGACCTGATCCTGACGGGTAATC
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CGTTCACGTGCTCCTGCGACATCATGTGGCTCAAGACTCTCCAGGAGACTAAATCCAGCCCCGACACTC

AGGATTTGTACTGCCTCAATGAGAGCAGCAAGAACATGCCCCTGGCGAACCTGCAGATACCCAATTGTG

GTCTGCCATCTGCACGTCTGGCTGCTCCTAACCTCACCGTGGAGGAAGGAAAGTCTGTGACCCTTTCCT
GCAGTGTGGGGGGTGACCCACTCCCCACCTTGTACTGGGACGTTGGGAATTTGGTTTCCAAGCACATGA

ATGAAACAAGCCACACACAGGGCTCCTTAAGGATAACGAACATTTCATCTGATGACAGTGGAAAGCAAAT

CTCTTGTGTGGCAGAAAACCTTGTAGGAGAAGATCAAGATTCTGTGAACCTCACTGTGCATTTTGCGCCA
ACTATCACGTTTCTCGAGTCTCCAACCTCAGATCACCACTGGTGCATTCCATTCACTGTGAGAGGCAACC

CCAAGCCTGCGCTTCAGTGGTTCTACAATGGGGCCATACTGAATGAGTCCAAGTACATCTGTACTAAGAT

CCACGTCACCAATCACACGGAGTACCATGGCTGCCTCCAGCTGGATAACCCCACTCATATGAATAACGGA
GACTACACCCTGATGGCCAAGAACGAGTATGGGAAGGATGAGAGACAGATCTCCGCTCACTTCATGGGC

CGGCCTGGAGTCGACTACGAGACAAACCCAAATTACCCTGAAGTCCTCTATGAAGACTGGACCACGCCA

ACTGACATTGGGGATACTACGAACAAAAGTAATGAAATCCCCTCCACGGATGTTGCTGACCAAAGCAATC
GGGAGCATCTCTCGGTCTATGCCGTGGTGGTGATTGCATCTGTGGTGGGATTCTGCCTGCTGGTGATGT

TGCTCCTGCTCAAGTTGGCGAGACATTCCAAGTTTGGCATGAAAGGCCCAGCTTCGGTCATCAGCAACG

ACGATGACTCTGCCAGCCCCCTCCACCACATCTCCAATGGGAGTAACACTCCATCTTCTTCGGAGGGCG
GTCCCGACGCTGTCATTATTGGAATGACCAAGATTCCTGTTATTGAAAACCCCCAGTACTTTGGCATCACC

AACAGTCAGCTCAAGCCAGACACATTTGTTCAGCATATCAAGAGACACAACATCGTTCTGAAGAGGGAAC

TTGGGGAAGGAGCCTTCGGGAAAGTTTTCCTTGCCGAGTGCTACAACCTCTGCCCAGAGCAGGATAAGA
TCCTGGTGGCTGTGAAGACGCTGAAGGACGCCAGCGACAATGCACGCAAGGACTTTCATCGGGAAGCT

GAGCTGCTGACCAACCTCCAGCACGAGCACATTGTCAAGTTCTACGGTGTCTGTGTGGAGGGCGACCCA

CTCATCATGGTCTTTGAGTACATGAAGCACGGGGACCTCAACAAGTTCCTTAGGGCACACGGGCCCGAC

GCAGTGCTGATGGCAGAGGGTAACCCGCCCACAGAGCTGACGCAGTCGCAGATGCTGCACATCGCTCA
GCAAATCGCAGCAGGTATGGTCTACCTGGCGTCCCAACACTTTGTGCACCGTGACCTGGCCACCCGGAA

CTGCCTGGTGGGAGAGAACCTGCTGGTGAAAATTGGGGACTTTGGGATGTCCCGAGATGTGTACAGCAC

CGACTACTATCGGGTCGGTGGCCACACAATGTTGCCCATCCGATGGATGCCTCCAGAGAGCATCATGTA
CAGGAAATTCACCACCGAGAGCGACGTCTGGAGCCTGGGCGTTGTGTTGTGGGAGATCTTCACCTACGG

CAAGCAGCCCTGGTATCAGCTATCGAACAATGAGGTGATAGAGTGCATCACCCAGGGAAGAGTCCTTCA

GCGGCCTCGAACGTGTCCCCAGGAGGTGTATGAGCTCATGCTTGGATGCTGGCAGCGGGAACCACACA
CCCGGAAGAACATCAAGAGCATCCACACCCTCCTTCAGAACTTGGCCAAGGCATCTCCCGTCTACCTGG

ATATCCTAGGCtagTAGTCTAGAGGGCCCTATTCTATAGTGTCACCTAAATGCTAGAGCTCGCTGATCAGC

CTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAA
GGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTC

TATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCT

GGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCTAGGGGGTATCCCCA
CGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTG

CC 

The CMV enhancer was indicated as green, CMV promoter was indicated as blue, the first 

and the last codons of TrkB were indicated in red. 

 

splitGFP (1-10) 

atgCATCATCACCACCATCATggcGGtggcTCgATGTCTAAGGGGGAGGAGCTGTTTACCGGAGTCGTCCCCA
TTCTGGTCGAACTGGATGGTGACGTGAACGGCCATAAGTTTTCTGTTCGTGGGGAAGGAGAGGGTGACG
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CCACTATCGGAAAGTTGACGCTGAAATTTATCTGCACCACAGGGAAGTTACCTGTGCCATGGCCAACTCT

TGTCACGACATTAACTTACGGCGTACAATGCTTTTCTCGCTACCCAGACCACATGAAACGCCACGACTTC

TTCAAGTCGGCAATGCCAGAGGGTTACGTGCAGGAGCGCACAATTAGTTTTAAAGATGACGGAAAGTATA
AAACGCGTGCGGTGGTGAAGTTTGAGGGGGACACGTTAGTTAATCGTATTGAGCTTAAAGGAACGGACT

TTAAAGAGGACGGAAATATCCTTGGGCACAAGCTTGAATACAATTTCAACTCGCACAACGTATATATTACT

GCGGATAAACAAAAAAATGGTATCAAAGCCAACTTTACGGTTCGTCACAACGTGGAAGACGGAAGTGTCC
AGTTGGCTGACCATTACCAGCAGAACACACCCATCGGCGACGGGCCAGTGTTGCTGCCAGACAATCATT

ATCTTTCAACCCAAACAGTTCTTTCCAAGGACCCGAACGAAAAAtaa 

 

splitGFP (11) 

ATGCGTGACCACATGGTGTTGCACGAATATGTGAACGCCGCCGGGATCACCTAA 

 

mf-Lon 

ATGAGTAAAAAAATAAAACTaCCTATTTTCCAAATACGCGGTTCATTTATTGTTCCTGGAATTAAAGAGAAT
TTAGAAGTTGGAAGAAAAAACACATTAGCGAGCGTTAATTATGCGATTAAAAATTCAAATAATCAAATGATC

GCAATACCGCAGATTGATGCATCTGTTGAAAAACCTGAATTTTCAGATTTACATGAATTTGGAATTTTAATT

GATTTTGAAGTAATCAAAGAATGGAAAGATAATTCATTAACTATTAGCACAAACCCTATTCAACGATGTAAA
GTAATTAGCTTTTTTGAAAATGAAGATCAAGTGCCGTATGCGGAAGTTGAATTAATTGAATCAATTAATGAT

TTTAGTGATGAAGAGTTAAAAGAATTAATTGAAAAAATCTCTGATGCTATCAAAACTAAAGCTAGTTTAGTA

ACAAAACAAATTAAACAGTTAATATCAGGTGAATCTGATGAaTTaAGTTTAGCTTTTGATTCAATTATGTTTA
AACTGGCTCCGTCAAAAATATTGACAAATCCGGAATACATAACATCTCCGTCATTAAAAACACGATGGTCA

ATTATTGAAAAAATAATTTTTGCTGAAGATGGAATCATAACAAGAAATGCAGAATCAATTGATGCAGCACG

ACAAAAGAATGAAATTGAACAAGAACTGAACCATAAATTAAAAGAAAAAATGGATAAACAACAAAAAGAAT
ATTATCTGCGAGAAAAAATGCGAATTATCAAAGATGAATTAGAAGATGAAGATGATTCTGATGACAGTTCA

TTAGAAAAATATAAAGAACGTTTAGCTAAAGAACCTTTCCCTGAAGAAGTCAAACGAAAAATTATGGCTTCT

ATCAAACGAGTTGAAGCACTTCAATCAGGAACTCCTGAATGGAATACTGAGAAAAATTACATTGATTGGAT
GATGAGTATTCCCTGGTGGGAAGAAACTGAAGACTTAACTGATTTAAAATATGCTAAAAAAATTTTAGACA

AACATCATTATGGTATGAAAAAAGTTAAAGAAAGAATTATTGAGTACTTAGCTGTTAAAACTAAAACAAAAT

CACTAAAAGCACCAATTATTACATTAGTTGGTCCCCCAGGTGTAGGTAAAACAAGTTTAGCAAAATCAATT
GCAGAAGCAGTTGGAAAAAACTTTGTTAAAGTAAGTTTAGGTGGAGTTAAAGATGAATCAGAAATTCGTGG

ACATAGAAAAACTTATGTTGGTTCAATGCCAGGAAGAATTATTCAAACAATGAAAAGAGCAAAAGTAAAAA

ACCCATTATTCTTGCTTGATGAAATTGATAAAATGGCATCTGATCACAGAGGTGATCCAGCAAGTGCAATG
TTAGAGGTTCTTGACCCAGAACAAAACAAAGAGTTTTCAGATCATTATATTGAAGAACCATATGATCTAAG

CCAAGTTATGTTTATAGCAACTGCTAACTATCCTGAAGATATTCCTGAAGCCTTATATGACCGTATGGAAA

TCATAAATTTATCTAGCTATACTGAAATTGAAAAAGTTAAGATAGCACAAGATTATTTAGTTCCAAAAGCAA

TAGAACAACATGAATTAACTTCAGAAGAAATATCATTTACTGAAGGTGCAATTAATGAAATTATTAAATATTA
CACTAGAGAAGCTGGTGTGCGTCAATTAGAAAGACATATTAATTCTATTATTAGAAAGTATATTGTTAAAAA

TCTAAATGGTGAAATGGATAAAATTGTTATTGATGAAAAACAAGTAAATGATTTATTAGGTAAAAGAATTTTT

GATCACACTGAAAAACAAGAAGAATCTCAAATTGGTGTGGTTACAGGTTTAGCATATACACAATTTGGTGG
AGATATTTTACCAATTGAAGTAAGTTTATACCCTGGTAAAGGAAATTTAATTCTTACAGGTAAACTTGGTGA

AGTTATGAAAGAATCTGCAACAATTGCGTTAACTTATGTTAAATCAAACTTTGAAAAATTTGGAGTAGATAA
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AAAAGTATTTGAAGAAAATGATATTCATGTTCACGTTCCTGAAGGAGCTGTTCCAAAAGATGGACCAAGTG

CTGGTATCACAATTACAACTGCTTTAATTTCTGCACTTTCAGATAAACCAGTTTCAAAAGAAATTGGAATGA

CTGGTGAAATCACACTAAGAGGAAATGTATTGCCAATTGGTGGATTAAGAGAAAAATCAATTTCTGCTTCA
AGAAGTGGATTGAAAACAATCATTATTCCAAAGAAAAATGAAAGAGACTTAGACGAAATTCCAGATGAAGT

AAAAGCAAAACTAAAAATTATACCTGCTGAAAAATATGAAGAGGTATTTGCAATAGTTTTTAAAACAAAATA

A 

 

Promoter sequences 

Tac promoter (minimal) 

gttgacaattaatcatcggctcgtataatgtgtgg 

 

Tet promoter 

tccctatcagtgatagagattgacatccctatcagtgatagagatactgagcac 

 

Strong (pES) J23101 

tttacagctagctcagtcctaggtattatgctagc 

 

Medium (pEM) J23106 
tttacggctagctcagtcctaggtatagtgctagc 

 

MedWeak (pMW) 
tttacggctagctcagtcctagggattgtgctaagc 

 

Weak (pEW) J23117 
ttgacagctagctcagtcctagggattgtgctagc 
 

Chapter 7 

GadB 

ATGGATAAGAAGCAAGTAACGGATTTAAGGTCGGAACTACTCGATTCACGTTTTGGTGCGAAGTCTATTTC

CACTATCGCAGAATCAAAACGTTTTCCGCTGCACGAAATGCGCGACGATGTCGCATTCCAGATTATCAAT

GACGAATTATATCTTGATGGCAACGCTCGTCAGAACCTGGCCACTTTCTGCCAGACCTGGGACGACGAAA
ATGTCCACAAATTGATGGATTTATCCATTAACAAAAACTGGATCGACAAAGAAGAATATCCGCAATCCGCA
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GCCATCGACCTGCGTTGCGTAAATATGGTTGCCGATCTGTGGCATGCGCCTGCGCCGAAAAATGGTCAG

GCCGTTGGCACCAACACCATTGGTTCTTCCGAGGCCTGTATGCTCGGCGGGATGGCGATGAAATGGCGT

TGGCGCAAGCGTATGGAAGCTGCAGGCAAACCAACGGATAAACCAAACCTGGTGTGCGGTCCGGTACAA
ATCTGCTGGCATAAATTCGCCCGCTACTGGGATGTGGAGCTGCGTGAGATCCCTATGCGCCCCGGTCAG

TTGTTTATGGACCCGAAACGCATGATTGAAGCCTGTGACGAAAACACCATCGGCGTGGTGCCGACTTTCG

GCGTGACCTACACTGGTAACTATGAGTTCCCACAACCGCTGCACGATGCGCTGGATAAATTCCAGGCCG
ATACCGGTATCGACATCGACATGCACATCGACGCTGCCAGCGGTGGCTTCCTGGCACCGTTCGTCGCCC

CGGATATCGTCTGGGACTTCCGCCTGCCGCGTGTGAAATCGATCAGTGCTTCAGGCCATAAATTCGGTCT

GGCTCCGCTGGGCTGCGGCTGGGTTATCTGGCGTGACGAAGAAGCGCTGCCGCAGGAACTGGTGTTCA
ACGTTGACTACCTGGGTGGTCAAATTGGTACTTTTGCCATCAACTTCTCCCGCCCGGCGGGTCAGGTAAT

TGCACAGTACTATGAATTCCTGCGCCTCGGTCGTGAAGGCTATACCAAAGTACAGAACGCCTCTTACCAG

GTTGCCGCTTATCTGGCGGATGAAATCGCCAAACTGGGGCCGTATGAGTTCATCTGTACGGGTCGCCCG
GACGAAGGCATCCCGGCGGTTTGCTTCAAACTGAAAGATGGTGAAGATCCGGGATACACCCTGTATGAC

CTCTCTGAACGTCTGCGTCTGCGCGGCTGGCAGGTTCCGGCCTTCACTCTCGGCGGTGAAGCCACCGA

CATCGTGGTGATGCGCATTATGTGTCGTCGCGGCTTCGAAATGGACTTTGCTGAACTGTTGCTGGAAGAC
TACAAAGCCTCCCTGAAATATCTCAGCGATCACCCGAAACTGCAGGGTATTGCCCAACAGAACAGCTTTA

AACATACCTGATAA 

 

TH 

ATGCGCTCAGCCCGTGAAGACAAAGTGCCGTGGTTTCCGCGTAAAGTCAGCGAACTGGATAAATGCCAT

CATCTGGTGACGAAATTCGATCCGGACCTGGATCTGGACCATCCGGGCTTTTCCGATCAGGTGTATCGTC

AACGTCGCAAACTGATTGCAGAAATCGCTTTCCAGTATAAACATGGTGAACCGATTCCGCACGTTGAATA
CACCGCAGAAGAAATCGCTACGTGGAAAGAAGTGTATGTTACCCTGAAAGGCCTGTACGCGACGCATGC

CTGCCGCGAACACCTGGAAGGCTTTCAGCTGCTGGAACGTTATTGTGGTTACCGCGAAGATAGTATTCC

GCAACTGGAAGACGTTTCCCGTTTTCTGAAAGAACGTACCGGTTTCCAGCTGCGTCCGGTCGCAGGTCT
GCTGTCAGCTCGCGATTTCCTGGCATCGCTGGCTTTTCGTGTGTTCCAGTGCACCCAATATATCCGCCAT

GCGAGCTCTCCGATGCACAGCCCGGAACCGGACTGCTGTCATGAACTGCTGGGCCACGTTCCGATGCT

GGCGGATCGTACCTTTGCCCAGTTCTCACAAGACATTGGCCTGGCGAGTCTGGGTGCCTCCGATGAAGA

AATCGAAAAACTGTCGACCGTTTATTGGTTTACGGTCGAATTTGGCCTGTGTAAACAGAACGGTGAACTG
AAAGCGTATGGCGCCGGTCTGCTGAGTTCCTACGGTGAACTGCTGCATTCACTGTCGGAAGAACCGGAA

GTGCGCGCATTTGATCCGGACACCGCGGCCGTTCAGCCGTACCAGGATCAAACGTATCAACCGGTCTAC

TTTGTGAGCGAATCTTTCAACGATGCAAAAGACAAACTGCGTAATTATGCGAGCCGTATTCAGCGCCCGT
TTTCTGTCAAATTCGATCCGTACACCCTGGCCATTGATGTGCTGGACAGCCCGCACACGATCCAGCGCTC

ACTGGAAGGTGTCCAAGACGAACTGCATACGCTGGCGCACGCACTGTCCGCAATCTCGTGATAA 

 

hTPH2 

ATGGAAGAACTGGAAGACGTGCCGTGGTTTCCGCGCAAAATCTCTGAACTGGACAAATGTAGCCATCGT

GTGCTGATGTACGGTAGCGAACTGGATGCGGACCATCCGGGCTTCAAAGATAACGTCTATCGCCAGCGT

CGCAAATACTTTGTCGACGTGGCGATGGGCTATAAATACGGTCAACCGATTCCGCGTGTGGAATATACCG
AAGAAGAAACCAAAACGTGGGGCGTGGTTTTCCGCGAACTGAGTAAACTGTATCCGACCCACGCCTGCC

GTGAATACCTGAAAAACTTTCCGCTGCTGACGAAATATTGTGGTTACCGCGAAGATAATGTGCCGCAGCT
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GGAAGACGTTAGCATGTTCCTGAAAGAACGTTCTGGCTTTACCGTTCGCCCGGTCGCGGGTTATCTGAGT

CCGCGTGATTTCCTGGCGGGCCTGGCCTATCGCGTGTTTCATTGCACCCAGTACATTCGTCACGGTTCC

GATCCGCTGTACACCCCGGAACCGGACACGTGTCATGAACTGCTGGGTCACGTGCCGCTGCTGGCCGA
TCCGAAATTTGCCCAGTTCTCTCAAGAAATCGGCCTGGCGTCACTGGGTGCCTCGGATGAAGACGTTCA

GAAACTGGCGACCTGCTATTTCTTTACGATTGAATTTGGCCTGTGTAAACAGGAAGGTCAACTGCGCGCA

TACGGCGCTGGTCTGCTGAGCTCTATCGGTGAACTGAAACATGCACTGTCAGATAAAGCATGCGTTAAAG
CGTTTGACCCGAAAACCACGTGCCTGCAAGAATGTCTGATTACCACGTTTCAGGAAGCGTATTTCGTCAG

TGAATCCTTTGAAGAAGCAAAAGAAAAAATGCGTGATTTCGCTAAATCGATCACGCGTCCGTTCTCTGTCT

ATTTTAATCCGTACACGCAATCCATCGAAATTCTGAAAGATTGATAA 

 

 

 

Cpn1046 

AtgCACTACTGTGAACGCACGCTGGACCCGAAATACATTCTGAAAATCGCCCTGAAACTGCGCCAAAGCC

TGAGCCTGTTCTTCCAAAACTCACAGTCGCTGCAACGCGCATATTCAACCCCGTACTCGTACTACCGTAT

CATCCTGCAAAAAGAAAACAAAGAAAAACAGGCGCTGGCCCGCCATAAATGCATTAGCATCCTGGAATTT
TTCAAAAACCTGCTGTTTGTGCACCTGCTGAGCCTGTCTAAAAATCAGCGTGAAGGCTGTTCAACCGATA

TGGCGGTGGTTTCGACGCCGTTTTTCAACCGTAATCTGTGGTATCGCCTGCTGAGCTCTCGTTTTAGCCT

GTGGAAATCTTATTGCCCGCGCTTTTTCCTGGATTACCTGGAAGCGTTTGGCCTGCTGAGCGATTTCCTG
GACCATCAGGCCGTTATTAAATTTTTCGAACTGGAAACCCACTTTAGTTATTACCCGGTTTCCGGTTTCGT

CGCACCGCATCAATATCTGTCACTGCTGCAAGATCGCTACTTTCCGATTGCTTCGGTTATGCGTACCCTG

GATAAAGACAACTTCTCACTGACGCCGGATCTGATCCATGACCTGCTGGGTCACGTCCCGTGGCTGCTG

CACCCGAGTTTTTCCGAATTTTTCATCAACATGGGTCGCCTGTTCACCAAAGTGATCGAAAAAGTTCAAGC
GCTGCCGAGTAAAAAACAGCGCATTCAAACCCTGCAATCCAACCTGATTGCCATCGTCCGTTGTTTTTGG

TTCACGGTGGAATCTGGCCTGATCGAAAATCATGAAGGCCGTAAAGCGTATGGCGCTGTGCTGATTAGTT

CCCCGCAGGAACTGGGTCACGCGTTTATCGATAACGTCCGCGTGCTGCCGCTGGAACTGGACCAAATTA
TCCGTCTGCCGTTTAATACCAGCACGCCGCAGGAAACCCTGTTTTCTATTCGTCATTTCGATGAACTGGTT

GAACTGACGAGTAAACTGGAATGGATGCTGGACCAGGGTCTGCTGGAATCCATCCCGCTGTATAACCAG

GAAAAATATCTGAGTGGTTTTGAAGTGCTGTGCCAGTGATAA 

 

AADCd (Drosophila melanogaster) Aromatic amino acid decarboxylase 

AtgGAAGCGCCGGAATTTAAAGACTTTGCGAAAACGATGGTGGACTTCATTGCTGAATACCTGGAAAACAT

CCGCGAACGCCGTGTCCTGCCGGAAGTGAAACCGGGTTATCTGAAACCGCTGATTCCGGATGCGGCCC
CGGAAAAACCGGAAAAATGGCAGGATGTTATGCAAGACATTGAACGTGTGATCATGCCGGGCGTTACCC

ATTGGCACAGCCCGAAATTTCATGCGTATTTCCCGACGGCCAACAGCTACCCGGCGATTGTGGCCGACA

TGCTGTCTGGTGCGATTGCCTGCATCGGCTTTACCTGGATCGCATCACCGGCTTGTACGGAACTGGAAG
TGGTTATGATGGATTGGCTGGGTAAAATGCTGGAACTGCCGGCAGAATTTCTGGCTTGCTCGGGCGGTA

AAGGCGGTGGCGTTATTCAGGGTACCGCGAGTGAATCCACGCTGGTCGCCCTGCTGGGCGCAAAAGCT

AAAAAACTGAAAGAAGTGAAAGAACTGCATCCGGAATGGGACGAACACACCATCCTGGGTAAACTGGTG
GGCTATTGTAGCGATCAGGCACATAGCTCTGTTGAACGTGCTGGTCTGCTGGGTGGCGTCAAACTGCGC
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TCAGTGCAGTCGGAAAACCACCGTATGCGCGGCGCAGCTCTGGAAAAAGCAATTGAACAAGATGTTGCT

GAAGGTCTGATCCCGTTTTATGCTGTCGTGACGCTGGGCACCACGAATAGCTGCGCATTCGATTACCTG

GACGAATGTGGTCCGGTCGGCAACAAACATAATCTGTGGATTCACGTGGACGCGGCCTATGCGGGTTCT
GCCTTTATTTGCCCGGAATACCGCCATCTGATGAAAGGCATCGAAAGCGCCGATTCTTTTAACTTCAATCC

GCACAAATGGATGCTGGTTAATTTTGACTGTTCAGCAATGTGGCTGAAAGATCCGTCGTGGGTTGTCAAC

GCGTTCAATGTCGATCCGCTGTATCTGAAACATGACATGCAGGGTAGTGCCCCGGATTACCGTCACTGG
CAAATCCCGCTGGGCCGTCGCTTTCGTGCGCTGAAACTGTGGTTCGTTCTGCGCCTGTATGGTGTCGAA

AACCTGCAAGCGCATATTCGTCGCCACTGCAATTTTGCCAAACAATTCGGCGATCTGTGTGTCGCAGACA

GTCGCTTTGAACTGGCAGCTGAAATCAACATGGGTCTGGTGTGCTTCCGTCTGAAAGGCTCCAACGAAC
GCAATGAAGCGCTGCTGAAACGTATTAATGGTCGTGGTCATATCCACCTGGTGCCGGCAAAAATCAAAGA

TGTTTACTTTCTGCGTATGGCCATCTGTAGTCGCTTCACCCAGTCCGAAGATATGGAATACAGTTGGAAA

GAAGTGTCCGCCGCTGCCGATGAAATGGAACAGGAACAGTGATAA 

 

AADCm (Mus musculus) Aromatic amino acid decarboxylase 

AtgGACTCGCGTGAATTTCGCCGCCGTGGCAAAGAAATGGTGGATTACATCGCTGACTATCTGGATGGTA

TTGAAGGCCGCCCGGTCTATCCGGATGTGGAACCGGGTTACCTGCGCCCGCTGATCCCGGCAACCGCA
CCGCAGGAACCGGAAACGTATGAAGATATCATCAAAGACATCGAAAAAATCATCATGCCGGGTGTTACCC

ATTGGCACAGCCCGTATTTCTTTGCTTACTTTCCGACGGCGAGCTCTTACCCGGCAATGCTGGCCGATAT

GCTGTGCGGTGCTATTGGCTGTATCGGTTTCAGTTGGGCAGCCTCCCCGGCATGCACCGAACTGGAAAC
GGTCATGATGGACTGGCTGGGCAAAATGCTGGAACTGCCGGAAGCATTTCTGGCTGGTCGTGCAGGTGA

AGGCGGTGGCGTTATCCAAGGTTCAGCCTCGGAAGCAACCCTGGTTGCCCTGCTGGCAGCTCGTACGAA

AGTCATCCGCCAGCTGCAAGCGGCCAGTCCGGAATTTACCCAGGCAGCTATTATGGAAAAACTGGTGGC
CTATACGTCCGATCAAGCACATAGTTCCGTTGAACGTGCTGGCCTGATTGGTGGCATCAAACTGAAAGCG

GTGCCGAGTGATGGTAATTTTTCAATGCGTGCATCGGCTCTGCGCGAAGCCCTGGAACGTGACAAAGCG

GCGGGTCTGATTCCGTTTTTCGTGGTTGCAACCCTGGGTACCACGAGCTGCTGTTCTTTCGATAACCTGC
TGGAAGTGGGCCCGATTTGCAATCAGGAAGGTGTTTGGCTGCATATCGACGCAGCTTATGCTGGCAGCG

CGTTTATTTGTCCGGAATTTCGTTACCTGCTGAACGGTGTGGAATTTGCAGATAGCTTTAACTTCAATCCG

CACAAATGGCTGCTGGTCAATTTCGACTGTTCTGCCATGTGGGTGAAACGTCGCACCGATCTGACGGGC

GCATTTAACATGGACCCGGTTTATCTGAAACATAGCCACCAGGATTCTGGCTTTATTACCGACTACCGCC
ACTGGCAAATCCCGCTGGGTCGTCGCTTCCGCAGCCTGAAAATGTGGTTTGTCTTCCGTATGTATGGCGT

GAAAGGTCTGCAAGCGTATATTCGTAAACATGTTGAACTGAGTCACGAATTTGAATCCCTGGTCCGTCAA

GATCCGCGCTTCGAAATTTGCACCGAAGTCATCCTGGGCCTGGTGTGTTTTCGCCTGAAAGGTTCAAACG
AACTGAATGAAACGCTGCTGCAACGTATTAACTCGGCGAAGAAAATTCATCTGGTGCCGTGCCGTCTGCG

CGATAAATTTGTTCTGCGCTTCGCCGTCTGTGCACGTACCGTGGAATCTGCCCACGTTCAACTGGCGTGG

GAACACATCTCCGACCTGGCATCGAGCGTGCTGCGTGCTGAAAAAGAATGATAA 

 

Tar-EnvZ (TaZ) Chimeric amino acid receptor (histidine kinase dependent) 

atgattaaccgtatccgcgtagtcacgctgttggtaatggtgctgggggtattcgcactgttacagcttatttccggcagtctgtttttttcttcccttcaccatagcc

agaagagctttgtggtttccaatcaattacgggaacagcagggcgagctgacgtcaacctgggatttaatgctgcaaacgcgcattaacctgagtcgttca
gcggtacggatgatgatggattcctccaatcaacaaagtaacgccaaagttgaattgctcgatagcgccaggaaaacattggcgcaggcagcgacgcat

tataaaaaattcaaaagcatggcaccgttacctgaaatggtcgctaccagtcgtaatattgatgaaaaatataaaaactattacacagcgttaactgaactg
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attgattatctcgattatggcaatactggagcttatttcgctcagccaacccagggaatgcaaaatgcaatgggcgaagcgtttgctcagtacgccctcagca

gtgaaaaactgtatcgcgatatcgtcactgacaacgcagatgattaccgatttgcccagtggcaactggcggttatcgcgctggtggtggtattgattctgctg

gtggcgtggtacggcattcgccgtatgttgcttactccgctggcaaaaattattgctcacattcgcgaaatcgccggtggtaacctggcgaataccctgaccat
tgacgggcgcagtgaaatgggcgacctggcgcagagcgtttcacatatggcggctggtgttaagcaactggcggatgaccgcacgctgctgatggcggg

ggtaagtcacgacttgcgcacgccgctgacgcgtattcgcctggcgactgagatgatgagcgagcaggatggctatctggcagaatcgatcaataaagat

atcgaagagtgcaacgccatcattgagcagtttatcgactacctgcgcaccgggcaggagatgccgatggaaatggcggatcttaatgcagtactcggtg
aggtgattgctgccgaaagtggctatgagcgggaaattgaaaccgcgctttaccccggcagcattgaagtgaaaatgcacccgctgtcgatcaaacgcg

cggtggcgaatatggtggtcaacgccgcccgttatggcaatggctggatcaaagtcagcagcggaacggagccgaatcgcgcctggttccaggtggaa

gatgacggtccgggaattgcgccggaacaacgtaagcacctgttccagccgtttgtccgcggcgacagtgcgcgcaccattagcggcacgggattaggg
ctggcaattgtgcagcgtatcgtggataaccataacgggatgctggagcttggcaccagcgagcggggcgggctttccattcgcgcctggctgccagtgcc

ggtaacgcgggcgcagggcacgacaaaagaagggtaataa 

 

Fluc (Firefly Luciferase) 

atggaagacgccaaaaacataaagaaaggcccggcgccattctatcctctagaggatggaaccgctggagagcaactgcataaggctatgaagagat

acgccctggttcctggaacaattgcttttacagatgcacatatcgaggtgaacatcacgtacgcggaatacttcgaaatgtccgttcggttggcagaagctat

gaaacgatatgggctgaatacaaatcacagaatcgtcgtatgcagtgaaaactctcttcaattctttatgccggtgttgggcgcgttatttatcggagttgcagtt
gcgcccgcgaacgacatttataatgaacgtgaattgctcaacagtatgaacatttcgcagcctaccgtagtgtttgtttccaaaaaggggttgcaaaaaatttt

gaacgtgcaaaaaaaattaccaataatccagaaaattattatcatggattctaaaacggattaccagggatttcagtcgatgtacacgttcgtcacatctcat

ctacctcccggttttaatgaatacgattttgtaccagagtcctttgatcgtgacaaaacaattgcactgataatgaattcctctggatctactgggttacctaaggg
tgtggcccttccgcatagaactgcctgcgtcagattctcgcatgccagagatcctatttttggcaatcaaatcattccggatactgcgattttaagtgttgttccatt

ccatcacggttttggaatgtttactacactcggatatttgatatgtggatttcgagtcgtcttaatgtatagatttgaagaagagctgtttttacgatcccttcaggatt

acaaaattcaaagtgcgttgctagtaccaaccctattttcattcttcgccaaaagcactctgattgacaaatacgatttatctaatttacacgaaattgcttctggg
ggcgcacctctttcgaaagaagtcggggaagcggttgcaaaacgcttccatcttccagggatacgacaaggatatgggctcactgagactacatcagcta

ttctgattacacccgagggggatgataaaccgggcgcggtcggtaaagttgttccattttttgaagcgaaggttgtggatctggataccgggaaaacgctgg

gcgttaatcagagaggcgaattatgtgtcagaggacctatgattatgtccggttatgtaaacaatccggaagcgaccaacgccttgattgacaaggatggat
ggctacattctggagacatagcttactgggacgaagacgaacacttcttcatagttgaccgcttgaagtctttaattaaatacaaaggatatcaggtggcccc

cgctgaattggaatcgatattgttacaacaccccaacatcttcgacgcgggcgtggcaggtcttcccgacgatgacgccggtgaacttcccgccgccgttgt

tgttttggagcacggaaagacgatgacggaaaaagagatcgtggattacgtcgccagtcaagtaacaaccgcgaaaaagttgcgcggaggagttgtgtt

tgtggacgaagtaccgaaaggtcttaccggaaaactcgacgcaagaaaaatcagagagatcctcataaaggccaagaagggcggaaagtccaaatt
gtaatag 

 

OmpR (transcriptional regulator of pOmpC promoter) 

ATGCAAGAGAACTACAAGATTCTGGTGGTCGATGACGACATGCGCCTGCGTGCGCTGCTGGAACGTTAT

CTCACCGAACAAGGCTTCCAGGTTCGAAGCGTCGCTAATGCAGAACAGATGGATCGCCTGCTGACTCGT

GAATCTTTCCATCTTATGGTACTGGATTTAATGTTACCTGGTGAAGATGGCTTGTCGATTTGCCGACGTCT
TCGTAGTCAGAGCAACCCGATGCCGATCATTATGGTGACGGCGAAAGGGGAAGAAGTGGACCGTATCGT

AGGCCTGGAGATTGGCGCTGACGACTACATTCCAAAACCGTTTAACCCGCGTGAACTGCTGGCCCGTAT

CCGTGCGGTGCTGCGTCGTCAGGCGAACGAACTGCCAGGCGCACCGTCACAGGAAGAGGCGGTAATTG

CTTTCGGTAAGTTCAAACTTAACCTCGGTACGCGCGAAATGTTCCGCGAAGACGAGCCGATGCCGCTCA
CCAGCGGTGAGTTTGCGGTACTGAAGGCACTGGTCAGCCATCCGCGTGAGCCGCTCTCCCGCGATAAG

CTGATGAACCTTGCCCGTGGTCGTGAATATTCCGCAATGGAACGCTCCATCGACGTGCAGATTTCGCGTC
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TGCGCCGCATGGTGGAAGAAGATCCAGCGCATCCGCGTTACATTCAGACCGTCTGGGGTCTGGGCTAC

GTCTTTGTACCGGACGGCTCTAAAGCATGATAA 

 

aHL 

ATGGATTCTGATATCAATATCAAAACCGGCACCACCGATATCGGCTCCAATAccaccgttaaaaccggtgatctggtga
cctatgattctaccaacggtatgcatAAAAAAGTGTTTTACTCGTTTATTGACGATAAAAACCATAACAAAAAACTGCTG

GTCATCCGCACCAAAGGCACCATTGCGGGTCAATACCGTGTGTACTCCGAAGAAGGTGCGAACAAAAGC

GGTCTGGCTTGGCCGTCTGCCTTTAAAGTGCAGCTGCAACTGCCGGATAATGAAGTGGCGCAGATTTCA

GATTATTATCCGCGTAATAGCATCGATACCAAAGAATATATGAGTACCCTGACCTATGGTTTTAATGGCAA
TGTTACCGGTGATGATACGGGTAAAATTGGCGGTCTGATTGGCGCCAATGTGTCCATTGGTCATACGCTG

AAATACGTGCAACCGGATTTCAAAACCATTCTGGAAAGTCCGACCGATAAAAAAGTGGGTTGGAAAGTTA

TCTTCAACAACATGGTGAATCAGAACTGGGGTCCGTACGATCGCGATTCCTGGAATCCGGTTTATGGCAA
TCAGCTGTTTATGAAAACCCGCAACGGTAGTATGAAAGCGGCGGATAATTTTCTGGACCCGAACAAAGCC

TCAAGCCTGCTGTCCAGCGGTTTTAGCCCGGATTTTGCCACGGTTATTACCATGGATCGCAAAGCCAGCA

AACAGCAGACCAACATTGATGTGATCTACGAACGTGTGCGTGATGATTATCAACTGCATTGGACCTCAAC
CAATTGGAAAGGCACCAATACCAAAGATAAATGGACGGATCGCAGTTCAGAACGCTACAAAATTGATTGG

GAAAAAGAAGAAATGACCAACtaataa 

 

pOmpC (promoter) 

tcccttgcatttacattttgaaacatctatagcgataaatgaaacatcttaaaagttttagtatcatattcgtgttggattattctgcatttttggggagaatggactt 
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