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"Rather than trying to define life precisely,
biologists concentrate on deepening their understanding of life by studying living things."
——"Life," the World Book Encyclopedia

"What I cannot create, I do not understand.”

Richard P. Feynman



Chapter 1

Introduction
1.1 Living System

Although life sciences have not reached a consensus of the definition of “living” state,
living systems are often characterized by three major components; gene, metabolism, and
reproduction [Alberts et al. 2015]. Living systems have information polymers such as
DNA to encode amino acid sequences, i.e., proteins, to catalyse metabolic reactions in
the cell. The metabolism system is the very complex chemical reaction network inside a
cell, which synthesize the components of the system based on the genetic information and
sustain the system in a steady state by incorporating energy and ingredients from the
environment and by excreting the waste from the system. By using gene and metabolism,
living systems show reproduction that is recursive growth and division cycles of the
system. Regardless of the extraordinary diversity of living things, any living systems we
know work with the above principles.

Recent molecular biology is revealing the essential molecular pathways to realize
such behaviors of living systems. For example, to reveal the minimal biological set, there
have been investigations to extract essential genes maintaining the living system [Koonin
2000; Xu et al. 2011; Hutchison et al. 2016; Breuer et al. 2019]. Focusing on the
investigations by Xu et al., they defined an essential gene as whether loss of the gene is
lethal or not, and they identified approximately 250 essential genes for one of the simplest
known bacteria, Streptococcus sanguinis [Xu et al. 2011]. The identified essential genes
are associated with only three basic categories of biological functions (Figs.1-1-1(a) and
(b)). First one is “energy currency production domain”, which involves the synthesis of
energy currency molecules such as ATP by using glucose taken in from the environment
(grey Fig.1-1-1(a) or orange region Fig.1-1-1(b)). Second one is “processing of genetic
information domain”, which replicates DNA (the polymer encoding genetic information)
and synthesizes proteins (the functional molecules in biological systems) via RNA (green
region). Third one is “maintenance of the cell membrane domain”, in which proteins
catalyze the synthesis of membrane molecules from byproducts of the energy currency
production domain by using energy currency molecules (blue region). Finally, membrane
molecules are incorporated into the cell membrane, resulting in the membrane growth
and cell division. This is how the whole cellular systems realize reproduction.

Living systems are unique molecular systems which differ from ordinary condensed



matter physics systems in many aspects. From the viewpoint of physical science, living
systems are composed of the molecular assembly called “soft matter”, such as
biopolymers (DNA, RNA, and protein) and biomembranes. Concerning to each
component of living system, their underlying physics is becoming clearer such as seen in
DNA conformation [Manghi & Destainville 2016; Wang et al. 2017], protein folding
[Praprotnik et al. 2008; Zuckerman 2010], and membrane deformation [Israelachvili
2011; Lipowski 2020]. However, there is still a huge gap of complexity between today’s
soft matter physics studies and living systems. Therefore, one can say that one of the
ultimate goals of (soft matter) physics is to overcome the gap and to understand the

physical basis bridging non-living and living forms of matter.

Figure 1-1-1. Essential pathways inside a cell.

(a) Deduced essential pathways based on the analysis of the essential genes of the
bacterium S. sanguinis. The pathways are associated with three domains indicated
by different colors as follows; energy currency production domain (grey),
processing of genetic information domain (green), and maintenance of the cell
membrane domain (blue). Reprinted with permission from Xu, P. et al. Sci. Rep.
1, 125 (2011) © 2011 Springer Nature.

(b) Further simplified scheme representing essential pathways in (a), which focus only
on the selected biological components. The colored regions represent energy
currency production domain (red), processing of genetic information domain

(green), and maintenance of the cell membrane domain (blue).
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1.2 Protocell / Minimal Cell

1.2.1 Introduction to Protocell and Minimal Cell

Based on the understanding of living systems from recent molecular biology studies,
one of the promising approaches to understand origins of living systems is actually
constructing the simplest forms of cell-like system [Szostak et al. 2001], called “protocell”
or “minimal cell”. They are the concepts of the intermediate system bridging non-living
soft matter assembly and complex living system as the model living system (Fig.1-2-1).
Although there are various terminologies in this field, I use the term “protocell” for the
prebiotic ancestor of living things which can evolve to the today’s biological systems on
the earth. On the other hand, I use the term “minimal cell” for the literally the simplest
form of living systems regardless of whether such systems may actually exist in the
prebiotic era or not. According to the overview of living system (Fig.1-1-1), with the
extreme simplification, one can say that living system is the sustainable and autonomous
system that synthesizes information polymer and membrane (compartment) for the
reproduction of the system. Then, the key for the construction of protocell and minimal
cell system should lie in (i) origins or designs of information polymer of the system, (ii)
construction of metabolic network to replicate information polymer and synthesize
membrane molecules, and (iii) recursive growth and division of membrane compartments.
When we could develop such non-equilibrium chemical compartment systems that show
reproduction coupled with above three properties, one might call them “living” systems.
However, despite various theoretical and experimental trials, such simplest living systems
have not been achieved (yet). In this section, I will review the previous works on the

origins of living systems in the context of protocell / minimal cell.
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Figure 1-2-1. Schematic explanation of the concept of protocell and minimal cell. To
understand what bridges non-living molecular assemblies and complex living systems,

one of the promising approaches is to work on the simplest cellular systems.




1.2.2 Ganti’'s Chemoton

"Chemoton" (short for "chemical automaton") proposed by Ganti (Fig.1-2-2) is one
of the pioneering models in the approaches to extract the essence of living systems [Ganti
1975 & 2003]. This model considers the simplest form of a cell, in which three
autocatalytic cycles are integrated inside a membrane closure: a metabolic cycle, a genetic
cycle, and a membrane cycle [Griesemer 2015; Bich & Green 2018; Tanaka 2002]. Here,
ingredients (X4) taken in from the environment are converted into membrane precursor
molecules (T') through intermediates (4;) in the metabolic cycle (“metabolism™), and
waste molecules (Y) are excreted. In the genetic cycle (“information™), the genetic
polymer (pV, ) is template-replicated, and simultaneously, the membrane precursor
molecule (R) is synthesized from the product (V') of the metabolic cycle. In the membrane
cycle (“structural closure”), the membrane molecule T is synthesized from T’ and R,
which is then supplied to the membrane to realize the reproduction of the system. Please
note that the catalytic relationship inside the system is not shown in the scheme. The
overview of the essential pathways of the living system in Fig.1-1-1(b) is conceptually
reproduced in this model, which tried extracting the essence of living systems by
eliminating the specificities of biological molecules.

We should note some requirements for the formation of reaction networks such as
shown in Fig.1-2-2. First, reaction products must have mutual catalytic relationships
(requirements for “autocatalytic sets”) and the reaction paths must have been connected
to close the reaction network (i.e., “percolation transition”) [Kauffman 1986 & 1993]. In
particular, the evolution of such reaction networks is called as “reflexively autocatalytic
food-generated networks (RAFs)” in which each reaction is catalyzed by a molecule
within the network, and each molecule is produced from a set of food sources [Hordijk
& Steel 2004; Xavier et al. 2020]. Second, from the viewpoint of experimental
construction, chemoton is difficult to be constructed as it is since there is no consideration
on trans-membrane molecular traffic (i.e., transport protein, endocytosis and exocytosis).
The continuous inflow and outflow of molecules which keeps the system non-equilibrium
inside closure is one of the biggest difficulties for the construction of protocell / minimal

cell system.
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Figure 1-2-2. Chemoton proposed by Ganti [Ganti 1975 & 2003]. All arrows represent
chemical reactions (material causation), reversible in the case of double-headed
arrows, otherwise irreversible. The catalytic activities of the system are not shown in
this scheme. Reprinted with permission from Letelier, J. et al. J. Theor: Biol. 286, 100-
113 (2011) © 2011 Elsevier Ltd.




1.2.3 RNA World Hypothesis

In the biological approaches, RNA world hypothesis has been investigated as the
mainstream of the origins of life research [Crick 1968; Gilbert 1986; Higgs & Lehman
2015]. This hypothesis suggests that a set of self-replicating RNAs have appeared as the
starting point of biological system in the Hadean eon. In contemporary biological systems,
genetic information (genotype), functions and structures (phenotype) are assigned to
different biopolymers, DNA and proteins, respectively. When we consider the origins of
such a system (central dogma), the information polymer DNA is difficult to be replicated
without the help of catalytic activities of proteins. At the same time, functional molecules
proteins cannot succeed their structural information to the next generations without DNA,
i.e., there is a chicken-or-egg problem. However, concerning to the potentials as the first
prebiotic systems, nucleic acids can form the complementary base pairing between the
strands having equivalent sequence information, which has the potential of heredity and
evolution. In contrast, even though proteins with 20 amino acids sequence can perform
various functions, proteins lack a replication mechanism equivalent to the complementary
paring of nucleic acids, which is the limitation of proteins [Neveu et al. 2013; Higgs &
Lehman 2015; Tanaka 2002]. RNA is nucleic acid which can work as information
polymer to keep sequence information of DNA and can bridges the translation process
from DNA to proteins. Coupled with the experimental finding that a specific RNA also
functions as an enzyme (ribozyme) [Kruger et al. 1982], that a specific RNA can catalyze
RNA polymerization [Johnston et al. 2001], and that a specific set of RNAs can catalyze
each other’s replication [Lincoln & Joyce 2009], self-replicating RNA sets have been
considered as the origins of today’s biological systems on the primitive earth (RNA world
hypothesis).

Various reaction schemes have been proposed for the prebiotic synthesis of
nucleobases, nucleotides, and RNA from ingredients existed in the Hadean eon [Pressman
et al. 2015; Patel et al. 2015; Joyce & Szostak 2018; Becker et al. 2019; Kim et al. 2020
& 2021]. In addition, the requirements to enable such reaction conditions and the possible
mechanisms for primitive RNAs to evolve have been discussed from many aspects as
follows: the “concentration problem” for precursors to react [Zubey 2000; Braun &
Libchaber 2002], the possible places on the primitive Earth (such as mineral and ice
surfaces [Waichtershduser 1988; Ferris 2002; Attwater et al. 2013] and hydrothermal
vents [Martin et al. 2008; Baaske et al. 2007; Kreysing et al. 2015]), the “error catastrophe
problem” that prevents replication error [Eigen & Schuster 1977, 1978(a)(b) & 2012;
Toyabe & Braun 2019], the evolution of RNA based on the fittest landscape concept [De



Visser & Krug 2014] from theoretical [Kauffman & Levin 1987; Kauffman & Weinberger
1989] and experimental point of view [Athavale et al. 2014; Pressman et al. 2019]. The
future challenge of RNA world hypothesis is to link the chemical requirements to
synthesize RNA in the prebiotic conditions and physical requirements for RNA to act as
information polymers that can evolve [Kim et al. 2020 & 2021].

1.2.3 Previous Works on Protocell / Minimal Cell

While RNA world hypothesis may shed light on how the first “biological molecules”
appeared and evolved, the scenario for how the first “living system” could emerge on the
earth is a mystery. At least, for the emergence of cellular structures, such hypothetical
RNA replication systems should be coupled with membrane compartments. Focusing on
primitive membrane compartments, one simple scenario for the possible coupling
between prebiotic molecules and membrane compartments is as follows. Amino acids,
peptides [van der Gulik et al. 2009; Parker et al. 2011; Rodriguez-Garcia et al. 2015;
Pascal & Chen 2019], and primitive membrane molecules (fatty acids) [Allen &
Ponnamperuma 1967; Mccollom et al. 1999; Rushdi & Simoneit 2001; Patel et al. 2015;
MifBbach et al. 2018; Joshi et al. 2021] were synthesized in high temperature geochemical
niches. Such primitive biomolecules coexisted in the primordial soup, and the primitive
membrane molecules self-assembled to form aggregates, including vesicles [ Walde 2006;
Hanczyc & Monnard 2016]. With the help of amino acids and peptides in the primordial
soup, the vesicles underwent growth and division by incorporating membrane molecules
[Monnard & Deamer 2002; Chen & Walde 2010; Black et al. 2013; Black & Blosser
2016; Cornell et al. 2019]. This is the scenario currently supposed to explain the
reproduction of membrane compartments in the primordial soup. However, when we
consider the role of RNA molecules in this scenario, it is still difficult to understand how
RNA and catalytic proteins were linked in metabolic reaction systems to promote the
membrane molecule synthesis. Although the evolution of RNA from ribozymes that
catalyzes RNA replications [Johnston et al. 2001; Lincoln & Joyce 2009] to ribozymes
that also work as enzymes for membrane molecules seems a plausible answer, the
synthesis of membrane molecules is realized by sophisticated reaction pathways, which
seems peptides and proteins made of 20 chemically different amino acids are more
suitable than RNA molecules made of four chemically different bases. Therefore,

following the RNA world hypothesis, ribozymes that catalyze tRNA aminoacylation [Lee



et al. 2000] and peptide synthesis [Sun et al. 2002] must have emerged at some stages to
link RNA and proteins. Finally, such RNA-mediated protein synthesis system might have
eventually developed to a metabolic network as shown in the chemoton model (Fig.1-2-
2), whereby some proteins molecules would act as catalysts for the membrane molecule
synthesis in the scheme [Hayden et al. 2008; Noller 2012; Bissette & Fletcher 2013;
Lancet et al. 2018].

In the context of emergence of the first cell, Szostak, Bartel, and Luisi published the
seminal paper “Synthesizing Life” at the very beginning of this century [Szostak et al.
2001]. They pointed out the importance of bottom-up construction of the simplest form
of a cell to deepen our understanding on the essence and origins of living systems. They
proposed a design of protocell consisting of RNA replicase (a ribozyme) as information
polymer and vesicle (membrane closure) as compartment, and the replication of genetic
polymer is encapsulated and linked to the vesicle reproduction system (Fig.1-2-3).
Stimulated by this paper, various approaches attempting to synthesize a cell have been
taken with the aim of making progress in understanding the origins of living systems, as
summarized in the following reviews [Chen & Walde 2010; Stano & Luisi 2010; Stano
et al. 2011; Noireaux et al. 2011; Walde et al. 2014; Blain & Szostak 2014; Pressman et
al. 2015; Rasmussen et al. 2016; Deamer 2017; Schwille et al. 2018; Imai & Walde 2019;
Ghosh et al. 2021; Gaut & Adamala 2021; Podolsky & Devaraj 2021].

Self-replicating
vesicle

Replicase

Figure 1-2-3. Outline of proposed
pathway for the synthesis of protocell.
Reprinted with permission from Szostak,
J. W. et al. Nature 409, 387-390 (2001)
Linking function © 2001 Macmillan Magazines Ltd.

(e.g. ribozyme)

Protocell
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Growth of Vesicle Membrane.

In the following, I will briefly summarize the experimental studies aiming at the
construction of protocell and minimal cell, especially the studies working on the
realization of reproduction systems. In the approaches to reproduction system, the
traditional approaches have been trying to equip the vesicles with various chemical
mechanisms and nucleic acids which are required for vesicle reproductions. The one of
the most popular approaches is the construction of vesicle membrane growth system, by
the incorporation of existing membrane molecules or by the synthesis of new membrane
molecules. The common strategy for the incorporation is to generate the flux of
membrane molecules from the environment to vesicle membrane by using the chemical
potential difference (see also section 2.4.2). In the case of fatty acids that are supposed
first amphiphiles on the primitive earth [Deamer 1985; Monnard & Deamer 2002], the
vesicle growth is triggered by the changes of the surrounding environment (such as pH)
which modifies the degree of dissociation of their carboxyl group [Morigaki et al. 2003;
Morigaki & Walde 2007]. For example, while pKa (acid dissociation constant) values of
a free carboxylic acid monomer is typically 4 to 5 [Smith & Tanford 1973], the values of
fatty acids located in vesicle membrane are apparently 7 to 9 due to the local proton
condensation on anionic vesicle surfaces [Haines 1983]. In addition, fatty acids molecules
change their preferable aggregation states according to the ratio of protonated and
deprotonated molecules such as micelle with deprotonated molecules and vesicles with
half deprotonated and half protonated molecules. Therefore, by adding fatty acid micelles
in high pH solution toward the fatty acid vesicle suspension with a pH around pKa (~7-
9), pH drop of the supplied micelles solution induces a flux of fatty acid molecules to the
vesicle membrane, which results in the vesicle membrane growth [Morigaki et al. 2003;
Chen & Szostak 2004(a); Zhu & Szostak 2009]. The chemical potential of membrane
molecules can be modified in a different way, for example, some additives which have
the affinity with membrane molecules induce vesicle membrane growth. Hanczyc et al.
reported that the clay mineral montmorillonite accelerated the uptake of fatty acid
micelles into vesicle membrane when the clay particles were encapsulated or associated
to fatty acid vesicles, which implies the importance of mineral particles in the emergence
of protocell on the primitive Earth [Hanczyc et al. 2003]. Adamala & Szostak showed
another example with fatty acid vesicles and dipeptides, in which the specific
hydrophobic dipeptide promoted the incorporation of fatty acid micelles into fatty acid
vesicles and succeeding vesicle growth when the dipeptide was embedded in vesicle
membranes [Adamala & Szostak 2013].

In parallel with the attempts to vesicle growth by incorporation, researchers have also
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worked on another major approach which synthesizes membrane molecules for vesicle
growth. The first experimental demonstration used the hydrolysis of oleic anhydride for
the growth of oleic acid vesicles [Walde et al. 1994; Wick et al. 1995]. Here the externally
supplied oleic anhydride molecules was hydrolyzed to produce new oleic acid molecules,
resulting in the membrane growth and division of oleic acid vesicles. We should also note
a well-designed chemical system for the synthesis of membrane molecules within the
vesicle constructed by Sugawara’s group [Takakura et al. 2003 & 2004; Toyota 2008;
Matsuo et al. 2019]. They formed the vesicles with artificially designed membrane
molecules (V) (Fig.1-2-4(a)). The bola-amphiphile (V*) is a precursor molecule which
contains two polar headgroups connected by a hydrophobic linker with an imine bond.
Hydrolysis of this bond is catalyzed by the catalyst (C), which results in the formation of
V and an electrolyte E. Therefore, when the precursors V* is supplied to the suspension
of vesicles composed of V and C, V* is hydrolyzed within the vesicle membrane
embedding C, and then newly formed V is incorporated into membrane and E is released
to bulk solution. They observed the vesicle growth and division as shown in Fig.1-2-4(b).
This system uses catabolism type reaction (i.e., decomposition of ingredients), however,
the Devaraj’s group recently developed various anabolism type systems (i.e., synthesis
from ingredients) that mimic the phospholipid synthesis process of contemporary cellular
life, where phospholipids with two hydrophobic tails are synthesized by combining an
acyl donor and lysophosphatidic acids (LPA) [Podolsky & Devaraj 2021; Vance &
Devaraj 2021]. They first worked on the addition of the second hydrophobic tail to the
single-tail phospholipids (Fig.1-2-5(a)) [Hardy et al. 2015]. In this system, the synthesis
of copper catalyst within the vesicle membrane (A) and the synthesis of a phospholipid
within the vesicle membrane (B) take place at the same time (C). As a result, the lipid
synthesis caused the membrane growth of the pre-existing vesicles (D). They realized the
vesicle growth without pre-existing vesicles (i.e.,, de novo vesicle formation) in the
different system [Brea et al. 2014 & 2017; Liu et al. 2020], and furthermore, they showed
a synthetic mimic of the actual phospholipid synthesis process inside biological systems
(Fig.1-2-5(b)) [Bhattacharya et al. 2019]. The highly reactive intermediate doecanoyl-
AMP (1) was synthesized by reacting dodecanoic acid (DDA) with ATP in the presence
of the enzyme FadD10. Dodecanoyl-AMP (1) reacted with an amine-functionalized
lysolipids (2) to form phospholipids (3), resulting in the vesicle membrane growth.
Devaraj’s group also succeeded in synthesizing phospholipids by using enzymes, fatty
acyl CoA ligase (FACL) [Bhattacharya et al. 2021]. Such anabolism type membrane
growth system was also reported by Toyota’s group [Castro et al. 2019].

We do not look into the detail here, but researchers also have worked on the third
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choice for membrane growth: the fusion of vesicles [[vanov et al. 2019] from theoretical
[(surface charge) Tatulian 1983; Morini et al. 2015; Chibowski & Szcze$ 2016; (fusion
process) Lipowsky et al. 2020; Jahn & Grubmiiller 2002; Tamm et al. 2003; Shillcock &
Lipowsky 2005; Grafmiiller et al. 2009; (lipid reorder) Kuzmin et al. 2001] and
experimental approaches [(cationic & anionic vesicles) Caschera et al. 2010; Sunami et
al. 2010; Suzuki et al. 2012; Lira et al. 2019; (anchored DNA) Heuvingh et al. 2004;
Dreher et al. 2021; (ligand mediated) Haluska et al. 2006; (tension induced) Tanaka et al.
2004; Ikari et al. 2015; Deshpande et al. 2019; Cordomi et al. 2008]. All in all, the designs
of vesicle membrane growth mechanisms are highly challenging but the indispensable
aspect of protocell / minimal cell since the fate of all reactions and components will
depend on the future of their reaction field, i.e., death or proliferation. For the other
aspects of vesicle reproduction; deformation, division, and volume inflation of vesicles,

see the introduction of chapter 5.
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Figure 1-2-4. Vesicle growth system designed by Sugawara’s group.

(a) Reaction scheme of the vesicle reproduction. The membrane molecule (V) and
electrolyte (E) are formed by the hydrolysis of the membrane precursor (V*) by the
catalyst (C) anchored within the vesicle membrane.

(b) Microscopy images of the morphological changes of the vesicles composed of V
and C induced by the reaction in (a). (a — g) are obtained at different times after mixing
the vesicle dispersion (V and C) and precursor solution (V*). Scale bar: 10 pum.
Reprinted with permission from Takakura, K. et al. Langmuir 20, 3832 - 3834 (2004)
© 2004 American Chemical Society.
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Figure 1-2-5. Two vesicle growth systems designed by Devaraj’s group.

(a) Phospholipids synthesis by the addition of a hydrophobic chain to a single-tail
phospholipid coupled with self-reproducing catalyst. (A) The ligand tris-(lauryl
triazole) amine (TLTA) was synthesized by combining a tripropargylamine scaffold
(alkyne scaffold) with 1-azidododecane (azide). TLTA can bind Cu'" ions to form a
catalytic complex (catalyst). This copper complex catalyzes the synthesis of a new
ligand from azide and alkyne scaffold, which, upon metalation, produces additional
catalytic molecules. (B) The copper complex also catalyzes the formation of a triazole
phospholipid from azide and an alkyne modified lysolipid. (C) Membrane-embedded
catalysts act on azide and alkyne reactive precursors, synthesizing additional
phospholipid and oligotriazole ligands. (D) Lipid synthesis-mediated growth results
in an increase in membrane surface area and volume of multilamellar vesicles. Time
scale: minutes, scale bar: 3 pm. Reprinted with permission from Hardy, M.D. et al.
PNAS 112, 8187-8192 (2014) © 2014 National Academy of Sciences.

(b) De novo formation of phospholipid membranes based on adenylate chemistry.
(Upper) Scheme for a phospholipid synthesis pathway. First, reactive lipid precursors,
dodecanoic acid (DDA), are converted to dodecanoyl-AMP (1) through enzyme
FadD10, and then chemoselective reaction of (1) and amine-functionalized lysolipids
(2) produces phospholipids (3). (Lower) Time series of confocal microscopy images
of de novo phospholipid (3) vesicle formation which result from the incubation of an
aqueous solution of DDA, (2), ATP, FadD10 at 37°C. Scale bar: 10 mm. Reprinted
from open access journal, Bhattacharya, A. et al. Nature Commun. 10, 1-8 (2019).
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Information Polymer of Vesicles.

The vesicle reproduction systems have been developed by various research groups,
however, in order to actually construct protocell or minimal cell system as the simplest
form of “living” system, the vesicle reproduction system must be loaded the information
polymer. In this context, encapsulation of DNA or RNA replication system is not
sufficient. Information polymers should encode the information for reproduction of the
system and for replication of themselves, and then the information should be decoded to
reproduce the system [Szostak et al. 2001; Noireaux et al. 2011; Neumann 1951]. In the
case of any contemporary living systems we know, the synthesis of membrane molecules
is catalyzed by functional molecules proteins (enzymes), and the information of all
proteins (sequence information of amino acids) are encoded in the base sequence of DNA
via RNA (i.e., central dogma). Then, for the understanding of the key processes which
enable the reproduction of protocell or minimal cell system, one plausible approach is to
reconstruct a minimal reaction pathway from glucose to lipids (Fig.1-1-1(b)) by using
proteins expressed by DNA in a vesicle. This approach was first attempted by
synthesizing PC (phosphatidylcholine) lipids in PC vesicles with four enzymes of the
salvage pathway for PC synthesis, G3P-AT (sn-glycerol-3-phosphate acyltransferase),
LPA-AT  (l-acyl-sn-glycerol-3-phosphate  acyltransferase), PA-P  (phosphatidate
phosphatase), and CDPC-PT (cytidinediphosphocholine phosphocholinetransferase)
[Schmidli et al. 1991]. After that, Kuruma et al. succeeded in synthesizing two of those
enzymes, G3P-AT and LPA-AT, inside lipid vesicles [Kuruma et al. 2009] by using a
totally reconstructed cell-free protein expression system (Protein synthesis Using
Recombinant Elements, PURE) [Shimizu et al. 2001]. In the other several approaches,
the vesicle growth was achieved by synthesizing various phospholipid within a vesicle
from glycerol-3-phosohate (G3P) and acyl-CoA [Scott et al. 2016; Exterkate et al. 2018;
Blanken et al. 2020] (Fig.1-2-6(a)). By using PURE system, the model plasmid,
pGEMM7Apsd, was expressed within giant vesicles to produce glycerol 3-phosphate
acyltransferase (G3P-AT (=PlsB)), lysophosphatidic acid acyltransferase (LPA-AT
(=P1sC)), cytidine diphosohatediacylglycerol synthase (CDsA), and phosphatidylserine
synthase (PssA). Then, PssA catalyzed the formation of PS (phosphatidylserine) lipids
from G3P and acyl-CoA. The PS lipids synthesized in the vesicle membrane bind to the
green fluorescent dye in the external solution, then the accumulation of green
fluorescence indicates the synthesis of DOPS lipids from oleoyl-CoA (Fig.1-2-6(b))
[Blanken et al. 2020]. Concerning to fatty acids system, although the formation of vesicles
from the synthesized fatty acids are difficult, the reconstruction of a pathway which

converts glucose to fatty acids in vivo was achieved for decanoic acid, lauric acid, myristic
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acid, and palmitic acid by using 30 purified proteins expressed from E. coli DNA [Yu et
al. 2011; Liu et al. 2017].

In other approaches, artificially designed non-natural vesicle reproduction systems
were developed. The aim of this type of works does not lie in the simplification of present
biological cells, but lies in the extraction of universal key features of any possible living
systems by designing the simplest form of a cell which is only conceptually related to the
biological ones. The main focus in this approach is to prepare vesicle reproduction
systems of any type, where vesicle reproduction is coupled to an information polymer in
a simple way. Sugawara’s group performed the pioneering works in this field [Kurihara
et al. 2011]. The experimental setup such as vesicle compositions and precursors was the
generally same as the one shown in Fig.1-2-4. The only difference was that the giant
vesicles encapsulated DNA amplification system. Then, the vesicles again showed
growth and division after the supply of precursor molecules of vesicle membrane, and the
encapsulated DNA was amplified by the PCR technique (Fig.1-2-7). The amplified DNA
was succeeded to be encapsulated in daughter vesicles, and in particular, the amplification
of DNA was observed to accelerate the division of the giant vesicles. This means that
replication of the encapsulated information polymer (DNA) was linked to the
reproduction of the vesicles through an interplay between anionic DNA and the cationic
vesicle membrane, which demonstrated the dependence of the vesicle division mode and
the DNA length [Matsuo et al. 2019]. Although the DNA in this system did not encode
the information for producing membrane molecules, this system was further developed
to a recursive proliferation system, where the vesicles were fed with the ingredients by
pH-induced vesicle fusion process, and then shifted to the reproduction and replication

process [Kurihara et al. 2015].

I have briefly reviewed the history of previous protocell / minimal cell researches and
picked up some milestone achievements. Please note that there was more or less the
author’s personal opinion, and I have just focused on the studies related to the
construction of reproduction system. Except the aim of reproduction, researchers have
worked on the containment of various biological molecules in vesicles and induced

characteristic behaviors by using vesicles.
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Figure 1-2-6. Membrane growth by genetically controlled phospholipid synthesis.
(a) Scheme of phosphatidylserine (PS) lipids synthesis from acyl-CoA and G3P
coupled with gene expression. PS-producing enzymes (PlsB, PlsC, CdsA, and PssA)
encoded in a synthetic minigenome (pGEMM?7Apsd) are cell-free expressed within
giant unilamellar vesicles. The vesicles were prepared with DOPC, DOPE, DOPG,
cardiolipid, DPPE-Texas Red, and DSPE-PEG-biotin. The PS in the membrane binds
to the fluorescent reporter LactC2-eGFP, resulting in accumulated GFP signal in PS-
enriched liposomes.

(b) Time-lapse confocal microscopy images of a giant vesicles exhibiting increasing
LactC2-eGFP signal. Scale bar: 5 mm.

Reprinted from open access article, Blanken, D. et al., Nature Commun., 11: 4317
(2020).
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Figure 1-2-7. Vesicle reproduction coupled with DNA amplification.

(a) Scheme for the link between DNA amplification and self-reproduction of giant
vesicles composed of the amphiphile V and its precursor V* (see also Fig.1-2-4). DNA
is amplified within a vesicle containing PCR reagents (template DNA, primers,
fluorescent tag SYBR Green I, deoxynucleoside triphosphates, DNA polymerase, and
Mg?"). Vesicle self-reproduction is induced by adding membrane precursor V*.
Addition of V* produces membrane molecules (V) and electrolytes (E) through
hydrolysis catalyzed by membrane-embedded catalyst (C). Adhesion of the amplified
DNA to the inner leaflet accelerates vesicle growth and division.

(b) (top panels) Microscopy images of morphological changes of DNA-amplified
vesicles after the addition of V*. (bottom panels) Partition of DNA was detected using
fluorescence microscopy. Scale bars: 10 um.

Reprinted with permission from Kurihara, K. et al., Nature Chem.,3, 775 - 781 (2011)
© 2011 Springer Nature.
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1.3 Design of Minimal Cell in This Thesis

My biggest interest lies in the universal laws of physics and chemistry which allow the
emergence of “living” system from non-living molecular assemblies. The biological
systems driven by the central dogma as shown in Fig.1-1-1 is the one particular solution
to realize a living state, but it will be difficult to extract the universal laws on the any
possible living states from them. Some of the biological principles might be universal to
any possible living systems, on the other hand, some other biological principles might be
just the requirements to use particular molecules in particular environments. Above all,
the gap of complexity between simple soft matter assembly and complex living system
hinders the approaches from physical sciences. One of the promising approaches for this
is to explore possible simplest living systems based on the constructive approaches.
However, to the best of my knowledge on the coupling between information polymer and
vesicles, they have used biological information polymer, DNA, as we reviewed above.
DNA is highly sophisticated information polymer that encodes varieties of functional
polymer structures (proteins), at the same time, DNA requires us to load the complex
expression mechanisms to the system. In the context of artificial cells and molecular
robotics, such complex but well-organized molecular system will be welcomed. In
contrast, when we consider the emergence of living systems and the simplest form of any
possible living systems, the introduction of DNA as an information polymer might
confuse us by unwanted particular biological requirements. Therefore, in this thesis, I do
not use DNA as information polymer, and I will show my originally designed
reproduction system consisting of artificial information polymer and vesicles. Based on
the knowledge of soft matter physics and chemistry, the reproduction system is designed
to conceptually mimic the key features of biological systems. I call the reproduction
system as ‘“synthetic minimal cell” in this thesis in order to distinguish it from
conventional protocell and minimal cell design based on the biological mechanism.
Here I introduce the design of my synthetic minimal cell system (Fig.1-3-1). The
synthetic minimal cell system artificially reproduces the three major characteristics of
biological systems as I reviewed in section 1.1; (i) artificial information polymer which
codes the information of the vesicle membrane, (ii) simple and artificial metabolism
system which links the three essential reaction domains, and (iii) vesicle reproduction
cycles that is the recursive membrane growth, deformation, division, and volume inflation.
The center scheme in Fig.1-3-1 represents the artificial metabolism system of the
synthetic minimal cell, where each symbol represents a reaction component, and bold

arrows indicating inward represent the supply of ingredients close to the vesicle
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composed of AOT molecules. The artificial metabolism system mimics the three essential
reaction domains of biological systems (Fig.1-1-1(b)) [Xu et al. 2011]: (i) energy
currency production domain where the reaction trigger (H20z, “Z”) is produced by using
the ingredients (D-glucose, “Ra”, and dissolved Oz, “Rb”) with the help of enzymes
(GOD, “X”), (ii) information polymer synthesis domain where the monomers (aniline,
“S”) are enzymatically activated (aniline radical cation, “S*”, and HRPC, “Y”’) and then
polymerized by using reaction trigger (Z) to form the artificial information polymer
(PANI-ES, “Pn”) on the surface of template vesicle, and (iii)) membrane growth domain
where the supplied membrane molecules (AOT, “Am”) are selectively incorporated into
vesicle membrane through the specific interaction with the vesicle surface-bound
information polymer (Pn). This artificial metabolism system is similar to the Ganti’s
chemoton (Fig.1-3-1), however, the reaction network is not contained within the vesicle
but confined on the outer surface of vesicle membrane in order to circumvent the
transmembrane traffic of ingredients and wastes. Then, the artificial metabolism system
is conceptually autocatalytic (or mutually catalytic) since the vesicle surface provide the
reaction field for the synthesis of information polymer, at the same time, the surface-
bound information polymer selectively promotes the incorporation of membrane
molecules, resulting in vesicle membrane growth.

The biggest originality of my synthetic minimal cell lies in the design of the artificial
information polymer, which is synthesized by the template polymerization mechanism
[Potowinski 2002] using vesicle membranes as templates. In polymerization reaction of
aniline, outcome of the reaction products depends on vesicles. In the absence of any
vesicles or in the presence of vesicles that do not work as templates, the activated
monomers (aniline radical cations, “S*”) are polymerized to form extensively branched
random sequence polymer with various side products since the interactions between
monomers and vesicles are not enough strong to restrict the polymerization process. In
contrast, in the presence of template vesicles composed of the negatively charged and
sulfonated/sulfated polar head group such as AOT vesicles, there are electrostatic
interaction and hydrogen bonds between vesicles and monomers which are strong enough
to restrict the polymerization process. Then, the presence of specific template vesicles
results in the relevant formation of regioselective regular sequence product, polyaniline
in its emeraldine salt form (PANI-ES). The PANI-ES is known as electroconductive
polymer [Ciri¢-Marjanovié et al. 2017], then the formation of regular sequence
polyaniline is confirmed by the presence of unpaired electrons (i.e., polaron structures).
Furthermore, when membrane molecules are supplied to the vesicles coupled with the
PANI-ES synthesis, the PANI-ES on vesicle surface selectively promote the incorporation
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of membrane molecules that can form template vesicles, resulting in the vesicle
membrane growth. This relationship between polymers and vesicles is one of the simplest
forms of Genotype-to-Phenotype relationship, even if not so sophisticated as biological
one (central dogma). In my synthetic minimal cell system, the artificial information
polymer does not encode the sequence for intermediate molecules such as RNA and
proteins, but directly associates with the composition of the vesicle membrane. The
polymer reflects the property of specific vesicles as its regular sequence (“encode’), and
the regular sequence-rich polymer encourages the incorporation of complementary types
of membrane molecules, resulting in vesicle membrane growth (“decode”). Therefore,
the vesicle membrane growth is not just an enlargement of reaction field. There is actually
the catalytic relationship between vesicles and polymer.

One of the most challenging aspects for the construction of protocell and minimal cell
is the realization of “reproduction pathway” of vesicles (Fig.1-3-1) (i.e., growth of vesicle
membrane = deformation = division = volume inflation). Through the pathway, an
initial mother minimal cell must be reproduced to the two daughter minimal cells with
the identical surface area and volume to their mother. Concerning to the deformation
mechanisms in the contemporary biological systems, especially for bacteria, a protein
called FtsZ forms a ring-shaped assembly (Z-ring) at the division site, and then the
contraction of the ring causes the bacterial cell division [Weiss 2004; Rowlett and
Margolin 2015]. To mimic this molecular mechanism with vesicle membrane is possible
approach, however, such protein-based division involving complex macromolecules are
unfavorable for my “minimal” cell design. To simply attain the reproduction of the
synthetic minimal cell, I applied the knowledge of biomembrane physics. The membrane
elasticity theory predicts that the spontaneous deformation to the neck formation (called
“limiting shape”) is possible by introducing the second membrane component with
inverse cone shape lipid (with small polar head and bulky tails) [Seifert 1997]. In addition,
spontaneous division of the neck is possible by the coupling between lipid shape and
Gaussian curvature of the vesicle membrane [Chen et al. 1997; Sakuma & Imai 2011;
Jimbo et al. 2016]. When the minimal cell system (Fig.1-3-1) is constructed with the
100% AOT vesicles, the minimal cell does not show reproduction cycles but shows
membrane growth to the tubular shape. However, when the inverse cone shape lipid
cholesterol is introduced to the vesicle membrane based on the above prediction, the
minimal cell spontaneously shows recursive deformation and division coupled with the
membrane growth, where the deformation is well reproduced by the simulation. In
addition, I designed the vesicle inflation system which gives continuous osmotic pressure

to the vesicles. Finally, integrating all the mechanisms into the single system, I
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constructed synthetic minimal cell system which conceptually reproduces the three
characteristics of biological systems in an artificial design.

The advantage of the above synthetic minimal cell design is that whole system for the
reproduction process is clear. In addition to the experimental realization of my design, I
also developed the mathematical model to describe the kinetics of artificial metabolism
system, which reproduces well the kinetics on the artificial information polymer synthesis
and membrane growth. Although my synthetic minimal cell system remains some issues
to be discussed in order to be called “living”, the challenges to such simple model living
systems which is accessible from physical sciences will have the great potential to the

universal understanding of “What is Life?”.
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Figure 1-3-1. Design of my synthetic minimal cell system that conceptually
reproduces three characteristics of biological systems (Information Polymer,
Metabolism, and Reproduction) in an artificial way. Each symbol in the center scheme
represents reaction component of the artificial metabolism system as follows: (energy
currency production domain, Red) H20: (Z), D-glucose (Ra), dissolved Oz (Rb), and
enzyme GOD (X and X*); (information polymer synthesis domain, Green) aniline (S),
aniline radical cation (S*), PANI-ES (Pn), PANI-ES with an activated site (Pn*), and
enzyme HRPC (Y, Y*, and Y**); (membrane growth domain, Blue) free AOT
molecule (Am), AOT molecule adsorbed to surface-localized PANI-ES (A(a)), and
AOT molecule located in outer layer of AOT membrane (Av°"). The bold arrows
indicating inward the rectangle represent supply of ingredients close to the vesicle.
Please note that the reactions illustrated close to vesicle membrane are surface-

confined reaction processes.
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1.5 Outline of This Thesis

As an information polymer for protocell/minimal cell systems, most of the previous
works have used biological information polymer, DNA. In chapter 2, I will first consider
what is genetic information for living systems, and then explain my idea of simple and
artificial information polymer. The artificial information polymer synthesized on vesicle
surface roughly encodes the property of vesicles in its regular sequence, then selectively
promote the incorporation of amphiphiles, resulting in vesicle membrane growth. In
chapter 3, I will show my design of the artificial metabolism system which artificially
mimics essential three reaction domains of biological systems, i.e., energy production
domain, information polymer synthesis domain, and membrane growth domain. The
reaction network is constructed not inside but on the outer surface of vesicles to
circumvent the difficulty in transmembrane molecular traffic. Chapter 4 focuses on the
kinetic model of my artificial metabolism system, inspired by Ganti’s chemoton. My
synthetic minimal cell design has a concise and clear reaction network, therefore, whole
the system is well-described. Through the kinetic model, I will confirm that the system is
working well according to my design. In chapter 5, I will install the reproduction ability
in the vesicle growth system based on the knowledge of membrane elasticity theory. The
vesicle deformation pathway is controlled to show spontaneous neck formation and the
neck destabilization, then I will demonstrate the recursive vesicle division. I also design
the vesicle volume recovery system. Integrating all the processes into the single system,
finally I will show my synthetic minimal cell, where the information polymer synthesis
and membrane growth are linked via artificial metabolism system, and then the vesicle
shows complete “reproduction cycle” (Fig.1-3-1). Chapter 6 concludes this thesis and
discusses the insufficient points to be called “living” in my synthetic minimal cell system,
and then I will emphasize the importance of constructive approach to the understanding

of living systems.
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Chapter 2

Artificial Information Polymer

2.1 Introduction

2.1.1 Central Dogma and Information Polymer

To extract the physical essence of information polymer, first we look into the biological
information polymer, DNA. The genetic information of the living system is encoded as
the regular sequence of the four bases, adenine (A), thymine (T), guanine (G) and cytosine
(C) (Fig.2-1-1(a)). There are specific hydrogen bonds between each base pair, then only
Aand T or C and G can form base pairs. Therefore, when a new DNA chain is synthesized,
the sequence of A, T, G, and C is determined according to the sequence of the template
DNA chain. For example, in the case of Fig.2-1-1(b), only T can be placed to the
elongating chain out of four bases. To realize such a regular sequence precisely in a
polymerization reaction, there should be a loss of thermodynamical entropy compared to
random polymerization reaction. Here we consider Shannon entropy, the uncertainty of

the sequence, at certain position (I) in the DNA sequence as follows:
HD == fodlogafy  (bits) 1)
b

where f},; is the probability of four bases b € {A, T, G, C}. Here the Shannon entropy
becomes zero when the DNA sequence is completely selective, e.g., fu; =1 and fr; =
fe1 = fci = 0. In the case of random sequence polymer chain, the Shannon entropy is

given by:
11
H.(1) = — z Jlog,5 =2 (bits) (2.2)
b

where the possibility of four bases is f;, ; = 1/4 . The information at the certain position
(1) is the difference of the uncertainty between random and regular sequences as follows:

R()=H,()—H) =2—-H() (bits) (2.3)
When we sum up the entire position in the sequence length of Z, the total information is

given as follow:

R=) RQ) (bits) (2.4)
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Here we assume that binding of individual bases with four possible states corresponds to
the microstate of the system [Schneider 2010], then equate Shannon entropy (2.1) and
thermodynamical entropy with:
Spna = kgIn(2)H (2.5)
Then, the changes in thermodynamical entropy of the regular sequence of DNA chain is
given by:
ASpna = —kg In(2)R (2.6)
From the second law of thermodynamics expressed as the Clausius inequality, we obtain:
AQ < TAS (2.7)
where 7is temperature, and Qis heat. When the temperature and the pressure are constant,
the heat transfer equals to the Gibbs free energy change in the binding process:
14Q| = |4G| = [TASpyal (2.8)
Here we have two important notices. First, synthesizing the regular sequence of
information polymer results in the entropy loss. Second, when the temperature and the
pressure is constant, such entropy loss should be covered by the further free energy gain.
The required free energy is the cost of information, and in biological systems, such
entropy loss for the information is covered by the enthalpy change from the binding
energy of specific hydrogen bonds between the base pairs. For example, we can find such
a relationship in the interaction between site-specific DNA binding protein (Fis protein)
and its binding sites [Hengen et al. 1997]. We can estimate the thermodynamical entropy
change as ASpy4 ~ — 5.7k from the uncertainty of the binding sites in the DNA
sequence [Hengen et al. 1997]. In addition, the enthalpy change from binding energy is
estimated as AH ~ — 21kgT from the dissociation experiment [Tsai et al. 2016] or
estimated as AH ~ — 30kzT from the averaged binding energy [Stella et al. 2010] per
one binding site involving 21 bases. The translational entropy change of the DNA binding
protein is roughly estimated as AS;,.q,s ~ — Sk from the binding site density compared
to the genome size. Therefore, the thermodynamical entropy loss for the information
(ITASpnal = 5.7kp) is confirmed to be covered by the further free energy gain in the
binding process (|AG| = |AH — TAS;yqns| = 16kgT or 25kgT). Please note that we did
not look into the rearrangement of water molecules here. This is the example of how
biological systems treat information polymer obeying the second law of thermodynamics.
In biological systems, using specific hydrogen bonds, the genetic information is
translated from the regular DNA sequence to another DNA sequence (using A, T, G, and
(), from the DNA sequence to the RNA sequence (using A, C, G, and U (uracil) instead
of T), and finally from the RNA sequence to the amino acid sequence of proteins (using

twenty amino acids) (Fig.2-1-2(a)). This genetic information flow between the regular

28



sequence biopolymers is known as the central dogma of molecular biology. Afterwards
proteins are folded into specific steric structures that can catalyze various chemical
reactions in biological systems, and the reproduction of the compartment (cell membrane)
is also catalyzed by proteins. Thus, genotype (genetic information) is translated into
phenotype (function and structure), and the whole biological systems realize reproduction.
Here, the biological information polymer (DNA) codes the structural information of

proteins in the regular DNA sequence.
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Figure 2-1-1. Chemical structure of DNA and its elongation mechanism [Alberts

2015].

(a) Chemical structure of DNA. Each base structure is colored as follows; blue:
adenine (A), green: thymine (T), purple: guanine (G), and red: cytosine (C). The
colored dotted lines represent specific hydrogen bonds between A and T (red) and
G and C (blue). The structures colored in gray represent phosphate-deoxyribose
backbones.

(b) Illustration on the elongation mechanism of a DNA chain. According to the regular
sequence of the template DNA chain, the addition of bases to the elongating chain

become selective.
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Figure 2-1-2. Genetic information flow from regular sequence of information polymer
(Genotype) to the function and structures of the components in living systems
(Phenotype).

(a) Central dogma of molecular biology. Biological information polymer, DNA,
encodes the structures of proteins in its regular base sequence. Functional
molecules in biological systems, proteins, catalyzes the reproduction of
membranes.

(b) Design of artificial information polymer for synthetic minimal cell system. The
information polymer encodes the properties of vesicle membrane and directly
catalyzes membrane growth. For the simplification of the systems, the information

polymer also plays the role of proteins (like ribozymes).
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2.1.2 Concept of Artificial Information Polymer and Outline of

This Chapter

When we consider to reconstruct a reproduction system in a minimal way, one of the
promising approaches is to adopt the other artificial information polymer that directly
realizes the reproduction of compartment (membrane growth). For the simplification of
biological reproduction process, here the information polymer also plays the role of
proteins like ribozymes. Thus, the artificial information polymer is not designed to code
the sequences of functional molecules (proteins) but redesigned to directly code the
structural information of its compartment (membrane) (Fig.2-1-2(b)). This is the concept
of the artificial information polymer for my synthetic minimal cell system.

In this chapter, first, we will discuss which polymer can be the candidate for such an
artificial information polymer for the vesicle membranes. Here we focus on the template
polymerization reaction on vesicle surfaces. Second, we will experimentally confirm that
the specific polymer can “encode” the property of vesicles as its regular sequence. Finally,
we will construct the genotype to phenotype relationship between the polymer and
vesicles. In other words, the specific polymer that encodes the property of vesicles
(genotype) can selectively promote the membrane growth of corresponding vesicles
(phenotype). Here, for the sake of simplification of the system, we do not synthesize
membrane molecules, but selectively incorporate them from the environment. In the end,
we will construct vesicle growth system coupled with the synthesis of information

polymer of vesicles.
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2.2 Artificial Information Polymer

2.2.1 Introduction to Template Polymerization

In my synthetic minimal system, the design of simple and artificial information polymer
is one of the most original parts. Template polymerization is usually defined as a reaction
process to synthesize a daughter polymer molecule in the presence of a mother "template"
polymer (or macromolecule) which has a specific affinity to monomers [Potowinski
2002; Luginbiihl et al. 2018; Akashi 2014]. Two ideal reaction mechanisms are generally
accepted. The first one is called “zip” mechanism (Fig.2-2-1(a)), where the monomers
are bound to the template by strong interactions, then polymerization reactions proceed.
The second one is called “pick-up” mechanism (Fig.2-2-1(b)), where the polymerization
reaction start in bulk solution at the beginning, and then the polymer chain is bound to
the template structure after reaching the critical length. The reaction proceeds further
along the template by adding monomers from bulk solution to the elongating chain. Two
different reaction mechanism seems not very distinct and both reaches to the similar
polymer duplex in the end, but the reaction kinetics is described differently [Potowinski
2002]. As observed in surface-confined reaction which we look into the kinetics in section
4.2.2, many template polymerizations are classified into “zip” mechanism due to the
adsorption constant measurements of monomers. Here, the typical interactions between
templates and monomers are electrostatic interaction, hydrogen bonding, covalent
bonding, and difference of polarity from bulk solution. Therefore, the polymerization
reaction is localized close to the templates, typically resulting in the increased reaction
rate due to the concentrated monomers and guide of the obtained polymer length similar
to the template polymer.

In biological systems, replications of DNA and synthesis of RNA and protein (i.e.,
central dogma) are examples of highly sophisticated template polymerization. The
discovery of the DNA double helix structure by Watson and Crick in 1953 and the
elucidation of DNA replication mechanism led to an awareness of the importance of
controlling the molecular structures in polymerization reactions [Ciri¢-Marjanovi¢ et al.
2017; Luginbiihl et al. 2018; Akashi 2005]. The four bases of DNA have complementary
base pairs through specific hydrogen bonding, formed only in combinations of A and T
or C and G. Therefore, when a DNA strand is replicated in vivo, the original single-strand
works as a "template" that strongly restricts the chemical structure of the newly
synthesized DNA strand by hydrogen bonding, as discussed in the former section. Thus,

a newly synthesized DNA strand has the complementary base sequence to the original
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DNA strand [Alberts et al. 2015]. Inspired by the DNA replication mechanism, although
template polymerization system as sophisticated as such biological systems may not be
achieved, various systems have been developed by using multiple structures as templates,
e.g., single-stranded polymers, vesicles membranes, nanoparticles, microtubes,
micropores, and chemically modified interfaces [Polowinski 2002; Fergson & Shah1968;
Liu et al. 1992; Samuelson et al. 1998; Liu et al. 1999; Wu et al. 2000; Nagarajan et al.
2001; Nabid & Entezami 2003 & 2004; Serizawa et al. 2004; Kim et al. 2006 & 2007;
Guo et al. 2009 & 2011; Ikkala 2010; Junker et al. 2012; Matsuzaki et al. 2012; Wang et
al. 2013].
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Figure 2-2-1. Two idealized reaction mechanisms in template polymerization

[Potowinski 2002; Luginbiihl et al. 2018]. The active site of polymer is represented as

(*). In both cases, the reactions finally reach the similar polymer duplex.

(a) "zip" mechanism where monomers are pre-arranged to the template by strong
interactions (hydrogen bonding or electrostatic interaction) before starting
polymerization.

(b) "pick-up" mechanism where monomers are free before starting the reaction and

one-by-one added to the active site of polymer.
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2.2.2 Template Polymerization of Aniline on Vesicle Surface

As a promising system for the artificial information polymer which is directly related to
vesicle membrane in the genotype to phenotype relationship, I focused on the template
polymerization of aniline by using vesicles as templates. Template polymerization
reaction of aniline itself was originally invented by using polymeric acid as template
[Ciri¢-Marjanovi¢ et al. 2017]. In the beginning works, polyaniline was synthesized in an
acidic solution containing dispersed SPS (sulfonated polystyrene) as template polymer,
which attempted to mimic DNA replication system [Liu et al. 1992; Sun et al. 1997,
Samuelson et al. 1998]. Afterwards many chemical systems to obtain polyaniline by using
templates were invented [Ciri¢-Marjanovi¢ et al. 2017]. To the best of my knowledge,
only two examples adopted vesicles as templates. The first one is the polymerization of
aniline [Guo et al. 2009 & 2011; Junker et al. 2012], and the second one is the
polymerization of pyrrole [Junker et al. 2015]. Since the details of the reaction mechanism
have been intensely investigated, we focused on the former, the polymerization of aniline
in the presence of template AOT vesicles.

In the template polymerization of aniline system, the vesicles composed of sodium
bis-(2-ethylhexyl) sulfosuccinate (AOT) molecules are known to work as template to
obtain specific form of polyaniline [Guo et al. 2011; Junker et al. 2012]. In the acidic
aqueous solution containing NaH>PO4 (pH=4.3), aniline molecules are enzymatically
oxidized with oxidant hydrogen peroxide (H202) and enzyme horseradish peroxidase
isoenzyme C (HRPC) to produce aniline radical cations (Fig.2-2-2). Aniline radical
cations are in equilibrium between four states, in which an unpaired electron locates at
the nitrogen atom of amino group, at the para position, or at the two of the ortho positions.
In the absence of any vesicle structures, the four states of aniline radical cations are
randomly polymerized to form extensively branched structures with precipitations of the
reaction products [Guo et al. 2011; Junker et al. 2012]. The obtained polymeric products
are found to contain various side products based on the analytical studies by using aniline
dimer (p-aminodiphenylamine, PADPA) as starting molecules to suppress the
polymerization degree of the product, however, the precise product structures and
distribution are still difficult to evaluate in this random polymerization system [Junker et
al. 2014; Luginbiihl et al. 2016 & 2017(a)(b)]. In contrast, in the presence of specific
vesicles composed of AOT molecules, the polymerization reaction become sequence-
regular due to the specific interaction between monomers and vesicle membranes. Here
the cationic monomers are adsorbed and bound to the anionic AOT vesicle surface, then

the polymerization reaction are localized on the vesicle membrane, resulting in the stable
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vesicle-with-polymer suspension. In addition, the aniline radical cations join the reaction
in the two of the four states (with an unpaired electron at the nitrogen atom or at para
position), therefore, the linear N-C head-to-tail product is relevantly formed on the vesicle
membrane [Guo et al. 2011; Junker et al. 2012]. This linear product is called the
polyaniline emeraldine salt form (PANI-ES). Figure 2-2-3 shows the chemical structure
of the repeating unit of an ideal PANI-ES chain. It consists of four linearly connected
anilines that are linked by the nitrogen atoms and the carbon atoms in para-position to
the amino group. Furthermore, two aniline building blocks are oxidized and protonated,
and the other two are reduced and not protonated. Such half-oxidized state of the
repeating unit may result in the formation of the two polaron forms (polaron pair or
separated polaron) and the bipolaron form of PANI-ES. In the two polaron forms, the
repeating unit of PANI-ES has two unpaired electrons and all four benzene rings with
fully delocalized m electrons (benzenoid structure). In the bipolaron form, unpaired
electrons do not exist and the repeating unit contains benzenoid and quinoid structures.
Three structures coexist, and the anionic counter ions (or “dopant”) from the template

vesicle forming molecules are bound to the ideal PANI-ES chains.
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Figure 2-2-2. Scheme on polymerization of aniline with/without AOT vesicles.

In the acidic solution of NaH>PO4 (pH=4.3), aniline molecules are oxidized with H,O»
and HRPC to form four resonance states of aniline radical cations. The polymerization
reaction is regulated in the presence of template AOT vesicles, resulting in the
formation of regular sequence of polyaniline, called PANI-ES [Junker et al. 2012;

Ciri¢-Marjanovi¢ et al. 2017]. For the detailed polymerization process to form one

repeating unit of PANI-ES, see the artificial metabolism design in section 3.2.3.
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Figure 2-2-3. Chemical structures of the two polaron forms and the bipolaron form of
the PANI-ES repeating unit. “A” in red represents the counter ion. [Chiang and
MacDiarmid 1986; Wallace et al. 2009; Dmitrieva & Dunsch, 2011]

Concerning to the requirements of free energy cost for regular sequence polymer
(information), we can compare the vesicle-assisted PANI-ES synthesis and the biological
information polymer DNA. Compared to the random polymerization process in the
absence of any template structures, the formation of regular sequence of PANI-ES in the
presence of template vesicles is realized by the restriction of polymerization process
mainly by the electrostatic interaction [Iwasaki et al. 2017] and the formation of hydrogen
bonds [Iwasaki et al. 2017; Luginbiihl et al. 2017(a)] between template vesicles and
monomers. The molecular dynamics simulations also show that aniline molecules and the
oligomer of anilines in the PANI-ES form are strongly bound or embedded to AOT vesicle
membrane [Junker et al. 2014 & 2015; Luginbiihl et al. 2016] by forming hydrogen bonds
with vesicle forming molecules. Here we roughly estimate the quantitative relationship
between the free energy cost and the thermodynamical entropy loss to produce one
repeating unit of PANI-ES. Based on the ideal chemical structures of PANI-ES, we
assume that four hydrogen bonds and two ion pairs are formed between N-H group of
PANI-ES and sulfonated head group of AOT per one repeating unit of PANI-ES. Each
binding energy is estimated as 16kzT [Foreman & Monkman 2003] and 2kgzT
[Schneider et al. 1992; Ngola et al. 1999], respectively, resulting in the enthalpy changes
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from binding energy as AH ~ — 60kgT. The translocation entropy change compared
with the random polymerization system is roughly calculated as AS;4ns ~ — 34kgT per
one repeating unit of PANI-ES, where the free aniline molecules in bulk solution are
assumed to be completely localized on vesicle surface. Thus, the free energy change by
monomer binding is roughly estimated as |AG| = |AH — TASqns| = 26kgT. Please
note that we do not consider the rearrangement of water molecules before and after the
monomer binding. When we assume that the polymerization of aniline results in the
formation of PANI-ES only in the ideal structures (Fig.2-2-3), the thermodynamical
entropy loss per one repeating unit can be roughly estimated from Eq. (2.3), (2.4), and
(2.6) as ASpyn; < —8kgT. Here we assumed the ideal system in which the preciseness
of the polymer sequence was 100% (i.e., H(l) = 0), and the four resonance states of
aniline radical cations had equal possibility in the random polymerization (i.e., H,(l) =
2 (bits)), whereas the theoretical work predicts that the unpaired electron at para-
position is relevant in the resonance states [Karafiloglou & Launay 1998], resulting in
H,(l) < 2 (bits). All in all, based on above rough estimation, we can confirm that the
thermodynamical entropy loss to obtain the regular sequence of polyaniline (|TASp 4n;| <
8kgT) is confirmed to be covered by the further free energy gain by the interaction with
vesicle surface (|AG| = |[AH — TAS;yqns| = 26kgT).

PANI-ES has attracted interests from many researchers as a electroconductive
polymer and organic semiconductor, therefore, its characterization method has been
established. The formation of PANI-ES is characterized with UV/vis/NIR absorption
measurements by the characteristic absorption with maximal absorbance at Amax > 800
nm (assigned to the © = polaron transition), at Amax ~ 420 nm (polaron = ©* transition),
and at Amax ~ 300 nm (1 = 7* transition) [Huang & MacDiamid 1993; Nekrasov et al.
2001; do Nascimento and de Souza 2010; Bilal et al. 2015]. In addition, low absorbance
at Mow ~ 500 nm is indicative for a low content of chain branching [Liu et al. 1999(a)] or
low content of byproduct phenazine formation [Luginbiihl et al. 2017(a)]. The formation
of PANI-ES is confirmed also by the electron paramagnetic resonance (EPR)
measurements of the reaction mixtures. The presence of unpaired electrons in the polaron
forms of PANI-ES is supported by the fact that the reaction products produce an EPR
spectrum [Junker et al. 2012; Fujisaki et al. 2019]. Raman spectrum measurements also
have been used to confirmed the formation of PANI-ES [Pasti et al. 2017; Fujisaki et al.
2019] based on the studies from the oligo-PADPA system. Out of the various
characteristic bands for PANI-ES, the presence of delocalized polarons are again
confirmed by the very strong band attributed to v(C—N"") vibrations, observed at ~ 1340

cm!, Thus, the formation of regular sequence polyaniline, PANI-ES, is confirmed

37



complementary with UV/vis/NIR, EPR, and Raman spectroscopy measurements.
Concluding this section, it is important to note that AOT vesicles restrict the
polymerization process via specific interaction between vesicles and monomers, which
prevents random polymerization and guides the reaction to form the regular sequence of
polyaniline, PANI-ES. Although the system is not so sophisticated as the central dogma
in biological system, the PANI-ES is the promising as an artificial information polymer
of vesicles that can encodes the properties of vesicles as its specific regular sequence
structure. Therefore, we will further investigate the relationships between obtained
polyaniline sequences and the type of vesicles used as templates in the next experiment

section.
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2.3 (Experiment) Synthesis of Artificial Information
Polymer

2.3.1 Materials

Amphiphiles used for vesicle preparation.

AOT (sodium bis-(2- ethylhexyl) sulfosuccinate, purity > 99%, Catalogue No. 86139)
and SDBS (sodium dodecylbenzenesulfonate, hard type (mixture), >95%, No. D0990)
were purchased from Sigma- Aldrich Japan (Tokyo, Japan) and Tokyo Chemical Industry
(Tokyo, Japan), respectively. DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, >99%,
No. 850375), DOPA (1,2-dioleoyl-sn-glycero-3-phosphate sodium salt, >99%, No.
840875), DOPG (1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) sodium salt, >99%,
No. 840475), DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine, >99%, No. 840035),
sulfatides (as ammonium salt, from porcine brain, >99%, No. 131305) and cholesterol
(from ovine wool, >98%, No. 700000) were purchased from Avanti Polar Lipids, Inc.
(AL, USA), and DA (decanoic acid, >99%, No. 041-23256) was from Wako Pure
Chemical Industries (Osaka, Japan). The amphiphiles were used without further
purification and dissolved in chloroform at 100 mM (AOT and SDBS) or at 10 mM

(others) and stored at —20 °C as stock solutions.

Reagents for the polymerization of aniline.

Aniline (> 99%), hydrogen peroxide (H202) (30% in water, ~9.8 M), sodium dihydrogen
phosphate (NaH2PO4) dihydrate (> 99%), and d(+)-glucose (> 99%), chloroform (CHClI;,
> 99%), acetonitrile (CH3CN, > 98%) and perchloric acid (HCIO4, 60% in water),
phosphoric acid (H3POas, > 85%) were purchased from Wako Pure Chemical Industries
(Osaka, Japan). 2,2'-azino-bis(3-ethylbenzothiazoline- 6-sulfonic acid) diammonium salt
(ABTS?> (NH4")2, > 98%) was purchased from Sigma-Aldrich. Oxo[5,10,15,20-tetra (4-
pyridyl) porphyrinato] titanium (IV) (> 90.0%) was purchased from Tokyo Chemical
Industry (Tokyo, Japan). Horseradish peroxidase isoenzyme C (HRPC, Grade [, PEO-131,
286 U/mg, RZ =3.13, M ~ 40 kDa, Lot No. 74590) and glucose oxidase from Aspergillus
sp. (GOD, Grade II, GLO-201, 166 U/mg, SA =205, M ~ 153 kDa, Lot No. 74180) were
purchased from Toyobo Enzymes (Osaka, Japan). The concentration of HRPC and GOD
were determined spectrophotometrically using known molar absorptivity 43(HRPC) =
1.02 x 10° M-'em! [Dunfold and Stillman 1976] and €450(GOD) = 2.82 x 10* M-'cm’!

[Swoboda and Massey 1965] as molar absorbance. Ultrapure water purified with a Direct-
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Q 3 UV apparatus (Millipore, USA) was used to prepare all aqueous solutions and
suspensions. All other chemicals used were of research grade. 20 mM or 100 mM
dihydrogen phosphate solutions were prepared using NaH,POs, water, and small amounts
of H3POg4 to obtain pH = 4.3. These solutions are called “20 mM NaH>POs solution (pH
=4.3)” or “100 mM NaH,POj solution (pH = 4.3)”, respectively.

2.3.2 Preparation of Template Vesicles

Preparation of LUVs.
AOT large unilamellar vesicles (LUVs) with an average diameter ~80-100 nm were
prepared by using the freezing-thawing extrusion method [Junker, K. et al. 2012; Kurisu,
M. et al. 2019 & 2021] to characterize the products obtained in the polymerization of
aniline in the presence of vesicles from homogeneous reaction mixtures. Firstly, solid
AOT (89.0 mg) was added to a 250 mL round bottom flask and dissolved in 5 mL
chloroform. Then, a thin AOT film was prepared on the inner surface of the flask by using
a rotary evaporator. The AOT film was put under a high vacuum overnight to remove
chloroform completely. The AOT film was hydrated and dispersed by using 10 mL of a
20 mM NaH>POs solution (pH=4.3). The hydration temperature was 7' ~ 25°C, and the
hydration duration was # ~ 2 h. The obtained 20 mM AOT vesicle dispersions were rapidly
frozen by placing the round bottom flask in liquid nitrogen and then thawed in a water
bath heated to 60°C. This procedure was repeated ten times. The repetitive freeze-thaw
cycles are efficient to change the lamellarity of vesicles from multilamellar vesicles
(MLV5s) into unilamellar vesicles by removing interlamellar water and also efficient to
cause fusion of small unilamellar vesicles (SUVs) into larger unilamellar vesicles [Traikia
et al. 2000; Kaasgaard et al. 2003]. Consequently, unilamellar vesicles become relevant
and smaller vesicles (< 80 nm) are removed in the AOT vesicle dispersions. Then, the
suspensions were extruded ten times through 200 nm pore size nucleopore polycarbonate
membranes and another ten times through 100 nm pore size membranes by using
LIPEX™ Extruder (Northern Lipids Inc., Canada). The obtained AOT LUVs were
characterized by dynamic light scattering (DLS), which showed that AOT LUVs prepared
in 20 mM NaH>POg solution (pH=4.3) had an average hydrodynamic diameter of about
80 nm with a polydispersity of about 0.1 [Kurisu et al. 2019]. The AOT LUVs
suspensions were stored at 25 °C and used within seven days.

20 mM SDBS/DA (1:1) LUVs, 5 mM phospholipids (DOPC, DOPA, DOPG, and
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DOPS) LUVs, and 5 mM sulfatides LUVs were prepared by using 20 mM NaH;POq
solution (pH=4.3) with the similar procedure described above. Firstly, 2 mL of each
vesicle suspension (20 mM or 5 mM amphiphiles) were prepared in 5 mL glass vials
using the gentle hydration method. Then, the obtained suspensions were frozen and
thawed in liquid nitrogen and a water bath heated to 60°C, respectively. After ten freeze-
thaw cycles, the vesicle suspensions were extruded 21 times through a 100 nm pore-sized
Nucleopore polycarbonate membrane using a Mini Extruder set (Avanti Polar Lipids, Inc.,
USA). The LUVs suspensions were stored at 25 °C and used within 7 days.

2.3.3 Protocols for Template Polymerization of Aniline

Enzymatic polymerization of aniline with HRPC and H>O: in the presence of LUVs.
The reaction condition to obtain PANI-ES by using AOT vesicles as templates was
previously elaborated by others [Junker et al. 2012] and already used in various previous
investigations [Junker et al. 2013; Pasti et al. 2017; Fujisaki et al. 2019]. Two differences
from them is that the concentration of NaH>POj4 solution to adjust pH is not 100 mM
(original condition) but 20 mM (my condition) while keeping the same pH value. This is
for the easier preparation of nice giant vesicles, which will be used in the later section. In
addition, I tested various vesicles as templates for polymerization reactions. Other
reaction conditions were kept the same with the original ones.

The protocols to obtain PANI-ES is as follows. All components for the polymerization,
except the H2O; solution to trigger the polymerization reaction, were added to 349.9 uL
of 20 mM NaH,POj4 solution (pH=4.3) in a 5 mL Eppendorf polypropylene tube: 75 uL.
AOT LUVs suspension (20 mM AOT in 20 mM NaH;POs solution), 50 uL aniline
solution (40 mM in 20 mM NaH,POj4 solution, pH adjusted to 4.3 with H3POs), 25 uL
HRPC solution (18.4 uM in 20 mM NaH,POs solution, pH=4.3). After gentle mixing, the
reaction was triggered by quick addition of 1.13 pL of freshly prepared H>O: solution
(2.0 M in water). The initial concentrations in the reaction mixture was as follows (Table
2-3-1): 3.0 mM AOT (LUVs), 4.0 mM aniline, 0.92 uM HRPC, 4.5 mM H;0, 20 mM
NaH>PO4 (pH=4.3), reaction volume of 0.50 mL, 7 ~ 25°C (room temperature), reaction
time ¢ = 24 h. The reaction tubes were used with closed lid and kept standing during the
reaction (Fig.2-3-1).

The polymerization of aniline was also performed by using various vesicles in

addition to AOT LUVs. The reaction condition was the same as described above, except
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that 300 uL of 5 mM LUVs suspensions and 124.9 uL of 20 mM NaH;POs solution
(pH=4.3) were added to the microtube, instead of 75 pL of 20 mM AOT LUVs and 349.9
pL of NaH2POg solution described above.

Table 2-3-1. Reaction condition for the enzymatic polymerization of aniline with
HRPC and H>O, in the presence of AOT vesicles, which was previously elaborated
for the synthesis of PANI-ES [Junker et al. 2012] and then I arranged NaH>PO4
concentration. The reactions take place at 7~ 25 °C (room temperature) for a reaction
time of =24 h.

Component Concentration

Amphiphile (as LUVs) 3.0mM

Aniline 4.0 mM

HRPC 0.92 uM

H,0, 4.5 mM

NaH,PO, + H;PO, 20 mM

H,0" 10743M =50 uM
(pH=4.3)

NH, Q3299
() &5
e S

dddébbb
Aniline Vesicles

-4

H,0, Standing
HRPC
in NaH,PO, solution

(pH = 4.3)

Figure 2-3-1. Scheme summarizing the protocol of polymerization of aniline. See

also Table 2-3-1, for the concentrations of reaction components.
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2.3.4 Characterization Methods of Reaction Products

UV/Vis/NIR absorption measurement.

Absorption measurements in the UV/Vis/NIR region of the spectrum were carried out
with a V-730 spectrometer (JASCO, Japan) at 25 °C, using quartz cuvettes S15-UV-1 (GL
Sciences Inc., Japan) with L=0.1 cm optical path length [Junker et al. 2012; Kurisu et al.
2019 & 2021].

EPR absorption measurement.

Electron paramagnetic resonance (EPR) measurements of the reaction mixtures were with
a Bruker EMX X-band spectrometer equipped with a TM cavity. The spectra were
measured at X-band microwave frequency with a modulation frequency of 100 kHz and

modulation amplitudes of 1 G at room temperature [Junker et al. 2012; Kurisu et al. 2021].

Raman spectroscopy measurement.

Raman spectra were obtained by an inVia QONTOR Raman spectrometer (Renishaw,
UK), equipped with a diode-pumped solid-state laser (532 nm, 50 mW), an optical
microscope, and a CCD detector. The Raman spectra of the reaction mixtures obtained in
the presence of LUVs were collected in non-confocal mode with an objective (N Plan
L50x, NA=0.50 (Leica, Germany)). The reaction mixtures were placed in a holed silicone
rubber sheet on a borosilicate glass slide. The hole had a diameter of 12 mm and a depth
of 1 mm. The exposure time for one measurement run was 1.0 sec and accumulation of

30 runs with ~15 mW laser power on the sample stage.

Quantification of remaining aniline during the reaction.

The methods to determine the amounts of remaining aniline in the reaction mixture was
developed by Junker et al. [Junker et al. 2012]. To quantify the remaining amounts of
aniline, 30 pL of the reaction mixture was withdrawn and added to 1470 pL acetonitrile
in a 2 mL polypropylene Eppendorf tube. After centrifugation to remove the reaction
products, the UV/Vis/NIR absorption spectrum of the supernatant solution containing
extracted aniline was measured. From the characteristic absorption intensity of aniline at
A =238 nm (A23g), the concentration of aniline was calculated from the molar absorbance,
238 (aniline) = 1.01 x 10* M! cm™!, which was determined from a calibration curve
prepared with known amounts of aniline (Fig. 2-3-2). This molar absorbance agreed well
with the value determined previously, 0.955 x 10* M! cm™! [Rajendiran & Swaminathan
1996].
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Figure 2-3-2. Calibration curve for the quantification of remaining aniline.
Aniline present in samples withdrawn from the reaction mixtures is extracted into
acetonitrile and then determined from the linear fit of A»3g vs. known [aniline]. The

concentrations given are the ones in the quartz cuvette used for the absorption

measurements.
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2.3.5 Results: Polyaniline Obtained with Various Vesicles

In the previous investigations on template polymerization by Junker et al., the optimal
initial reaction condition for PANI-ES synthesis has turned out to be as follows [Junker
et al. 2012]: 3.0 mM AOT (as LUVs), 4.0 mM aniline, 0.92 uM HRPC, 4.5 mM H>O; in
100 mM NaH2POs solution (pH=4.3), 7= 25 °C, ¢ = 24 h. The initial addition of H>O>
solution triggered the polymerization reaction. In this work, I changed two points from
the previously established condition; (i) the concentration of NaH>POj4 solution (pH=4.3)
was changed from 100 mM (by Junker et al.) to 20 mM (this work), (ii) various vesicles
with three groups of head structures were used in addition to AOT (Fig.2-3-3), and

otherwise the same reaction condition.
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Figure 2-3-3. Vesicle membrane forming molecules used in the polymerization
reaction of aniline. AOT vesicles, SDBS/DA (1/1) binary vesicles, and sulfatide
vesicles have negatively charged and sulfonated or sulfate (R-SOs~, colored in
orange) structures in their head groups of membrane molecules. DOPC vesicles has
zwitterionic (totally neutral) head group (colored in green), and the polymerization
reaction in the absence of any vesicles was also performed. DOPA vesicles, DOPG
vesicles, and DOPS vesicles have again negatively charged head structures, but they

do not contain sulfonated or sulfated structures (colored in blue).
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Characterization of reaction product of polymerization of aniline obtained in the

presence of AOT LUVs as templates.

The polymerization reaction was triggered by adding oxidant H>O> to the AOT LUV
suspensions in 20 mM NaH,POs solution (pH=4.3) containing aniline and HRPC. HRPC
is the catalyst for initiating the reaction after being oxidized by H2O:. As a result, after
the quick addition of H>O> solution, the initially colorless reaction mixture soon became
blue and then dark green with absorption maxima at 4 = 1000, 420, and 300 nm and
relatively low absorption at 4 = 500 nm (Fig.2-3-4(a)), which is characteristic for the
formation of the conductive form of polyaniline, PANI-ES, observed in previous works
[Huang & MacDiamid 1993; Nekrasov et al. 2001; do Nascimento and de Souza 2010;
Bilal et al. 2015]. The initial stage of the reaction progress was monitored by the time-
dependent changes of the characteristic absorbance at A=1000 (Aioo0) for PANI-ES
(Fig.2-3-4(b)) and the consumption of aniline (Fig.2-3-4(c)) in the reaction mixtures.
These observations on reaction kinetics indicate that the polymerization reaction radically
takes place at the initial ~ 60 sec after adding the reaction trigger H>O», and then the
reaction rate becomes slower in the closed microtubes.

The formation of products with rich PANI-ES repeating unit is further supported by
the fact that reaction products produce an EPR spectrum which is indicative of the
presence of unpaired electrons (expected for the polaron form of PANI-ES) (Fig.2-3-5)
[Junker et al. 2012; Fujisaki et al. 2019]. The value of the G-factor was determined as
2.0064 for the product obtained with AOT LUVs (1), which is comparable with the values
in the literature [Junker et al. 2012; Dimitrieva & Dunsch 2011; Dennany et al. 2011].
Therefore, the PANI-ES was confirmed to contain paramagnetic centers. Furthermore,
the Raman spectrum measurement was performed for the obtained reaction mixture
(Fig.2-3-6), and the assignment of the observed Raman bands are summarized in Table
2-3-2. The higher absorption in the NIR region and the presence of EPR signal correlate
with a clear v(C~N""), peak at ~ 1345 cm™! due to the delocalized polarons of PANI-ES
[Kashima et al. 2019; Fujisaki et al. 2019].
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Figure 2-3-4. UV/Vis/NIR absorption spectrum and remaining aniline concentration
of the reaction mixture prepared in the presence of AOT LUVs as templates,
recorded at 7 ~ 25°C. The reaction conditions were as follows: [AOT]=3.0 mM or 0
mM, [aniline]o=4.0 mM, [HRPC]=0.92 uM, [H202]0=4.5 mM in 20 mM NaH>PO4
solution (pH=4.3).

a, Measured spectra, after =24 h from the start of the reaction. Red solid line:
product obtained in the presence of AOT LUVs, Black dotted line: without LUVs.
b, Time-dependent change of absorbance at A=1000 nm (A1o00) of the reaction
mixture in the presence of AOT LUVs. The absorbance was recorded after 30 sec
from the start of the reaction due to the sample placement into the instrument.

¢, Time-dependent change of remaining aniline in the reaction mixtures. Each plot
was obtained by three independent experiments, and error bars represent standard

deviation. The line between data points are drawn for guiding the eyes.
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Figure 2-3-5. EPR spectra of (1) the reaction product obtained in the presence of
AOT LUVs at T~ 25°C and recorded after = 24 h. [AOT]=3.0 mM, [aniline]o=4.0
mM, [HRPC]=0.92 uM, [H202]p=4.5 mM in 20 mM NaH>POj4 solution (pH=4.3).
(2) Control measurement for (1), recorded from the reaction mixture before the start
of the reaction (no addition of H,0O»).
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Figure 2-3-6. Raman spectrum measurements of the reaction mixtures obtained in
the presence of AOT LUVs, recorded at 7'~ 25°C after ¢ ~ 24 h from the start of the
reaction. [AOT]=3.0 mM, [aniline]o=4.0 mM, [HRPC]=0.92 uM, [H20:]o=4.5 mM
in 20 mM NaH>POj4 solution (pH=4.3).
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Table 2-3-2. Overview of the Raman bands observed in the spectra for the
polymerization of aniline in the presence of AOT LUVs, including their assignments
to structural units and vibration types [Cochet et al. 2000; Edwards et al. 2000;
Socrates 2001; Ciri¢-Marjanovi¢ et al. 2008; Pasti et al. 2017; Luginbiihl et al. 2017(a);
Kashima et al. 2018; Fujisaki et al. 2019].

Band / cm! Structural unit? Typical for PANI-ESP  Vibration type®
612 -616 B Y v(C-S8)/8(S0O,)
in-plane B ring def.
815-824 SQ,Q Y out-of-plane C-H wag.
(SQ)/ Q ring def.

~ 1176 SQ Y 8 (C-Hsq
1181 - 1186 B Y 3 (C-H)g
1263 - 1267 B Y v(C-N)g
1341 - 1346 delocalized polarons (SQ) Y v(C~N"),
1381 - 1383 N-phenylphenazine or localized polarons N v(C-Norv(C~N")
1412 - 1427 Phenazine/N-phenylphenazine N v (ring)
1438 - 1444 branching or intramolecular cyclization/ N v(C=C)

substituted phenazine oligomers
~1498 QD N v(C=N)gp
1512-1519 SQ,B Y 8 (N—H)sq, B
~ 1570 Phenazine, N-phenylphenazine, phenoxiazine N unclear
1594 - 1598 SQ Y v(C~C)sq

Q Y v(C=0),
1625 B Y v(C~C)p
1629 - 1632 Phenazine, N-phenylphenazine, phenoxiazine, N v(C~O)

convoluted with B

4 B = benzenoid, Q = quinonoid, SQ = semiquinonoid, QD = quinonediimine.
by =Yes, N = No.

¢ Vibration type: v = stretching vibration, = bending vibration.
The symbol “~” denotes a bond intermediate between single and double bond.
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Characterization of reaction product of polymerization of aniline obtained in the

presence of various LUVs as templates.

An important feature of the enzymatic polymerization of aniline in the presence of AOT
vesicles is the interaction between the vesicle-forming amphiphile and monomers (i.e.,
electrostatic interaction and hydrogen bonds) [Junker et al. 2014&2015; Iwasaki et al.
2017; Luginbiihl et al. 2017(a); Foreman & Monkman 2003]. In this system, there is no
doubt that regioselective regular sequence polyaniline structure, PANI-ES, is relevantly
formed. Here, such a regular sequence will result in the thermodynamical entropy loss,
but the further enthalpy gain from monomer binding energy will cover the “information
cost”. On the other hand, polymerization reactions in the absence of AOT vesicles result
in the formation of extensively branched products with various side products, and no
content or only very small content of PANI-ES structures were observed. Although the
strict analysis on the composition and the distribution of such polymeric mixtures have
been difficult, above description on random polymerization process has been supported
by the analytical researches on the oligomeric reaction products obtained by starting from
aniline dimer instead of monomers [Luginbiihl et al. 2016&2017(b)] and the simple fact
that the unpaired electron and polaron structures have not been detected from the product
obtained without template vesicles [Guo et al. 2009; Luginbiihl et al. 2017(b)].

To further develop the regular or random discussion on polyaniline, as the next step,
various polar head group of membrane forming molecules were tested as the template
vesicles for polymerization of aniline. The three types of LUVs were prepared in 20 mM
NaH>PO4 solution (pH=4.3), which is the same conditions with the above AOT LUVs
system (Fig.2-3-3). They were composed of either (i) negatively charged sulfated or
sulfonated head group (sulfatides, AOT, or SDBS/DA (1/1) binary vesicles), (ii) a
zwitterionic phospholipid (i.e., neutral) (DOPC), or (iii) again negatively charged but
without sulfated or sulfonated phospholipids (DOPA, DOPG, or DOPS). The
polymerization reaction was triggered by adding oxidant H>O> to the LUV suspensions
in 20 mM NaH;POs solution (pH=4.3) containing aniline and HRPC. For all vesicle
systems, the UV/Vis/NIR absorption spectra of the reaction mixtures were measured after
24 h from the start of the reaction.

The recorded spectra clearly depended on the type of LUVs used (Fig.2-3-7). With
zwitterionic (overall neutral) DOPC LUVs (Fig.2-3-7(b)), the spectrum shows strong
absorption in the range of 280-320 nm (m — ™ transition), a broad peak at 500 nm
(indicative for extensive branching [Liu et al. 1999(a)] and phenazine unit formation
[Luginbiihl et al. 2017]), and low absorption at ~1000 nm (absence of m — polaron

transition) as well as the absence of an absorption peak at ~ 400 nm (no polaron — "
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transition [do Nascimento & de Souza 2015]), i.e., absence of characteristic transitions
for PANI-ES in polaron state with its unpaired electrons [Junker et al. 2012; Guo et al.
2011; Huang & MacDiarmid 1993]. Therefore, the UV/Vis/NIR absorption
measurements indicate that highly branched PANI, phenazine units-rich polymers, or
both were obtained in the presence of DOPC vesicles. Thus, no significant "template"
effect was observed for the polymerization in the presence of DOPC LUVs. In a control
experiment, the enzymatic polymerization of aniline without vesicles was compared with
the case of DOPC LUVs. The obtained products showed a very similar absorption
spectrum to that of DOPC vesicles (Fig.2-3-7(b)) with product precipitation upon storage.
For the reaction in the presence of anionic phospholipid LUVs (DOPG, DOPA, or DOPS),
new weak bands appear at 440 nm and 1000 nm (Fig.2-3-7(¢)). Thus, only a tiny amount
of PANI-ES structural units in the polaron state is synthesized in the presence of anionic
phospholipid vesicles. Compared to neutrally charged DOPC LUVs which almost did not
show any template effect for PANI-ES, negatively charged LUVs supposed to mildly
influence the polymerization process through the anion-cation interaction between vesicle
surface and monomer, even though the interaction will be much weaker than the case of
AOT vesicles. For LUVs prepared from anionic amphiphiles having a sulfonate or sulfate
head group (AOT, SDBS/DA (1:1), or sulfatides), the spectra have high absorptions at
440 nm and 1000 nm and low absorption at 500 nm, indicating preferential synthesis of
PANI-ES (Fig.2-3-7(a)).
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Figure 2-3-7. UV/Vis/NIR absorption spectra of the polymerization products
obtained with various template vesicles, recorded at 7'~ 25°C after t =24 h from the
start of the reaction. The reaction conditions were as follows: [ Amphiphile]=3.0 mM
(as LUVs), [aniline]o =4.0 mM, [HRPC]=0.92 uM, [H202]o=4.5 mM in 20 mM
NaH;POy4 solution (pH=4.3). The template vesicles used were either a, sulfatides,
SDBS/DA (1/1), or AOT; b, DOPA, DOPG, or DOPS; ¢, DOPC or no vesicle

Discussions.

Depending on the chemical structure of the vesicle membrane-forming amphiphile's head
group, the polymerization of aniline with H>O: as an oxidant in the presence of vesicles
result in the different results: the formation of regular sequence or random sequence
polymer products. This agrees with the findings from similar experiments carried out with
micelles or polyelectrolytes as templates [Liu et al. 1999(b)]. Significantly, we can say
that the property of vesicle composition (the content of sulfonated/sulfated head group)
is roughly “encoded” as the regular sequenced linear polyaniline, PANI-ES, through
electrostatic, N-H---O-S hydrogen bonding, and steric interactions [Junker et al. 2012;
Foreman & Monkman 2003; Luginbiihl et al. 2017(b); Iwasaki et al. 2017].

Here, the vesicle membrane regulated the polymerization reaction on their surface
through the interaction between polar head group and monomers. One promising
approach to simply realize a Genotype-to-Phenotype relationship with vesicle and
polymer is that the obtained regular sequence polymer gives positive and selective
feedback to their template vesicles, such as selective membrane growth. Therefore, next,
I investigated whether or not we could use such specific interaction to incorporate

amphiphiles from the environment to the vesicle membrane.
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2.4 Vesicle Membrane Growth

2.4.1 Introduction of Vesicle Membrane Growth

In the context of protocell/minimal cell research, membrane growth process has attracted
significant interest from researchers. To make vesicles grow, two major types of vesicles
are usually used: phospholipid vesicles and fatty acid vesicles (Fig.2-4-1). For the
phospholipid vesicles, usually the ones with two long hydrocarbon chains are used. In
aqueous solution, they have typical critical aggregation concentration (cac) values (see
the next section) in nM regions due to their large hydrophobicity, and above such very
low concentrations, they form molecular assembly such as vesicle structures
[Israelachvili 2011]. On the other hand, fatty acid molecules with a single short
hydrocarbon chain, such as decanoic acids, have relatively larger cac values in mM
regions in vesicle phase, i.e., relatively higher concentrations of fatty acids molecules can
be present as monomers in equilibrium with vesicles in the solution [Morigaki et al. 2003].
Due to the presence of such a high concentration of monomers, short-chain fatty acid
molecules in the external solutions can be relatively easily incorporated into vesicle
membranes by generating chemical potential difference (see Eq. (2.24) below) such as by
pH gradients near the vesicles, by supply of the small amount of micellar phase solution
[Morigaki et al. 2003; Chen & Szostak 2004a; Zhu & Szostak 2009], and by the
modification of vesicle surface state [Hanczyc 2003; Adamala & Szostak 2013]. However,
in the case of phospholipid and long-tail fatty acid vesicles, we cannot generate enough
molecular flux to make vesicles grow by the above methods since the monomer
concentrations in the external solution (¢ in Eq. (2.24) below) is relatively low. Therefore,
the synthetic approaches are adopted, where the membrane precursor molecules with
relatively high solubility are chemically changed to the membrane molecules with very
low cac values (higher chemical potential difference) near the vesicles (Fig.1-2-4)
[Takakura & Sugawara 2004; Toyota et al. 2008; Walde et al. 1994].

In this section, since AOT has a relatively higher cvc value (~1.5 mM in 20 mM
NaH>POs4 solution (pH=4.3)), I investigated whether the affinity between AOT molecules
and PANI-ES is enough for the AOT vesicle growth by incorporation, the concept of

which is closer to the fatty acid system.
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in grey represents hydrophobic hydrocarbon chains, and the area colored in blue
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hydrophobic chains, the amphiphile molecules feels more stress for exposing their
chains to aqueous solution, and then forms aggregate structures like membrane in

lower critical concentration values.
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2.4.2 Incorporation of Membrane Molecules

Chemical potential of amphiphiles.

We consider a solution that contains amphiphiles present as both vesicles and monomers.
The chemical potential of amphiphiles located in vesicle membrane (p,) and of

monomers (i,,) are given by:

S iy 2.9
Uy = ”v,O nv Og CU,O ( ' )
~ I (2.10)
Cm
Um = Hmo T kgT log P (211)
Cm,O

where ¢, and c,, are the concentrations of vesicles and monomers, p,, and p, are
the reference chemical potentials of a single amphiphile located in the vesicle membrane
or in the bulk solution at the reference concentration ¢, and ¢, o, respectively. n,, is
the number of amphiphiles constituting single vesicles, kg is the Boltzmann constant,
and T is the temperature. Since n, > 1, the chemical potential of amphiphiles located
in vesicle membrane is assumed to be constant against concentration of vesicle structures,
given as Eq. (2.10), whereas in the case of monomer, the chemical potential is dependent
to monomer concentration. The chemical potential difference between a vesicle forming
amphiphile and a monomer is given by:
Cm
Ap = py 0 — o — kpT log <_> (2.12)
Cm,0
Here we assume that the amphiphile solution reaches equilibrium between vesicles and
monomers by increasing or decreasing the concentration of monomers from c,, to
Cm,crit to achieve Au = 0. Then, from Eq. (2.12), we obtain:
Ho,m — Mo,v]
kgT

By using ¢y, o+ as the new reference concentration, we redefine the expression of

Cmcrit = Cm,0€XP [_ (213)

chemical potentials Eq. (2.10) and (2.11) by using the monomer concentration in

equilibrium state (¢, cri¢) as a new reference concentration for chemical potential:
Hy ~ Hyo (2.14)

) (2.15)

Here, when we add further amphiphile monomers to increase the monomer concentration

Hm = Hyo + kBT10g<

Cm,crit

above ¢, crit, Which results in the increase of 1, and the generation of monomer flux,

followed by the incorporation of monomers into vesicle bilayer or the formation of new
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vesicles. Thus, while vesicles are formed in the amphiphile solution, the concentration of
amphiphile monomers are kept constant in the solution, except the temperature or other
solution conditions that influence pg,, and pg, (such as by addition of ions and other
ampbhiphiles) are changed. ¢, ;¢ 1s called as critical concentration for vesicle formation
(cvc). The AOT cve value in 100 mM NaH2POg solution (pH=4.3) is determined by the

turbidity measurements in Appendix 3-A.

Fick’s law for vesicle membrane growth.

The Fick’s first law relates the diffusive flux to the gradient of concentrations as follows:
dn
Jr = —D Tx (2.16)
where | is the diffusion flux (number of particles per unit area and unit time), D is the
diffusion coefficient (area per time), and n is the number density of particles. Eq. (2.16)
can be rewritten by using molar density, c, instead of number density as follow:
Jr = _DLE (2.17)
where L is the Avogadro constant.
On the other hand, the thermodynamic force to push the particles are described as follows:
ou
f= - (a)m (2.18)
where p is the chemical potential of the particles. Due to the expression of u, Eq. (2.18)

1s further described as follows:

dlogc
f= —kBT< - )Tp (2.19)
kgT s0c
=T (a) (2.20)

where kg is the Boltzmann constant and T is the temperature. When we assume that
the flux of particles is a response to the thermodynamic force deriving from the
concentration gradient, Eq. (2.17) is further described by using the relationship between
Eq. (2.18) and Eq. (2.20) as follows:

c (0
Jp = —DL (—”) (2.21)
kgT \Ox/
LeD py —
T 1 (2.22)
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where p; and p, are the chemical potential at the specific points with the distance of
[. I is the relevant length scale for the particle transport (or flux). In the case of vesicle
membrane growth by incorporating membrane molecules located in the external solution,
incorporation of each membrane molecule leads to the surface area increase by a (area
per single molecule in the membrane). When we consider whole membrane surface, A,

we obtain the following equations:

dA(t)
2 = Jean() (2.23)
_ LacD
- m (”ext - ”mem) A(t) (224)

Eq. (2.24) is the Fick’s law on membrane growth. The relevant length scale of fatty acids
is estimated to be ~2 um when incorporated into the osmotically tensed phospholipid

vesicles membrane [Dervaux et al. 2017].
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2.5 (Experiment) Function of Information Polymer

2.5.1 Materials

Same materials with the experiments on artificial information polymer synthesis, see

section 2.3.1.

2.5.2 Preparation of Vesicles

Preparation of GUVs.
Giant unilamellar vesicles (GUVs) composed of AOT were prepared by using the gentle

hydration method [Reeves, J.P. & Dowben, R.M. 1969] by using the solution containing
20 mM NaH,>PO4 (pH=4.3). Firstly, AOT (17.8 mg) was dissolved in 1 mL chloroform in
a 5 mL glass vial, followed by the formation of a thin AOT film upon removal of
chloroform with a rotary evaporator. Then, the AOT film was put under a high vacuum
overnight to remove chloroform completely. The dried AOT film was hydrated and
dispersed at 60 °C for 1-2 h with 2.0 mL of 20 mM NaH>POj solution (pH = 4.3) or 20
mM NaH;POs solution containing 100 mM sucrose (pH=4.3). This resulted in the
formation of AOT GUVs with radii of 5-30 um. The obtained 20 mM AOT GUV
suspensions were stored at 25 °C and used within two days after preparation. Please note
that this procedure is optimized to prepare 20 mM AOT GUVs suspension in the presence
of 20 mM NaH>PO4 and that we could not prepare AOT GUVs in a similar way in the
presence of 100 mM NaH>POu, the different cvc condition for AOT.

Binary GUVs of AOT/Chol (9/1, molar ratio, 5.0 mM in total) in 20 mM NaH,PO4
solution (pH = 4.3) or in 20 mM NaH>PO4 / 100 mM sucrose solution (pH = 4.3) were
prepared in the almost same way with AOT GUVs from the chloroform solutions
containing the two amphiphiles in appropriate molar ratio. The differences are that the
amphiphile concentration was not 20 mM but 5.0 mM and that AOT/Chol dried film was
hydrated at 60 °C for 15-20 min. Please note that stable AOT/Chol GUVs could not be
prepared when the concentration of Chol was above 10 mol%. Above 10 mol% Chol,

white aggregates of Chol appeared in the solution during hydration at 60 °C.
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Preparation of micellar solutions and SUV suspensions.
AOT, SDBS, and SDBS/Chol micellar solutions containing 2 M H>O; or 100 mM D-

glucose were prepared for the micro-injection experiments. 20 mM AOT micellar

solutions were prepared by simply dissolving solid AOT (17.8 mg) in 2.0 mL of deionized
water or in 2.0 mL of 100 mM D-glucose solution at room temperature (7 ~ 25 °C) with
a vortex mixer. 100 mM SDBS micelles were prepared in a similar way by simply
dissolving solid SDBS (69.6 mg) in 2.0 mL of deionized water or in 2.0 mL of 100 mM
D-glucose solution. 100 mM SDBS/0.5 mM Chol mixed micelles were prepared from the
stock solutions in chloroform. Firstly, 500 pL of 100 mM SDBS solution in chloroform
and 25 pL of 10 mM Chol solution in chloroform were mixed in a glass vial. The
chloroform was removed using a nitrogen gas stream, and the vial wrapped with
aluminium foil was put under a high vacuum overnight. Then, the dried SDBS/Chol
mixture was hydrated with 0.5 mL of deionized water or 100 mM D-glucose solution
using a vortex mixer, which resulted in the formation of SDBS/Chol (100 mM/0.5 mM)
mixed micellar solution. The obtained micellar solutions were stored at 25 °C and used
within two days after preparation. When we prepared micellar solutions containing 2 M
H>0,, the AOT, SDBS, and SDBS/Chol micellar solutions prepared using deionized
water were mixed with an H>O: solution just before use. All micellar solutions were
pressed through a 0.2 mm polypropylene filter (Puradisc 25 PP, from GE Healthcare UK
Ltd., England) before being loaded into the micro-injection tip.
The small unilamellar vesicles (SUVs) suspensions of AOT, DOPC, and DOPA with
a size range of ~20-100 nm in 20 mM NaH2POj4 solution (pH=4.3) containing 2 M H>0»
were also prepared for the micro-injection experiments. AOT, DOPC, and DOPA SUVs
were obtained by sonicating the vesicle suspensions prepared in 20 mM NaH;POq
solution (pH=4.3) (see section 2.3.2) for 5 min at room temperature (7 ~ 25 °C) by using
a Branson Sonifier model 150 (Emerson, USA). The SUV suspensions were mixed with
an H>O; solution before use and then pressed through a 0.2 mm polypropylene filter.
The prepared AOT SUV suspension and the micellar solution were characterized by
DLS (dynamic light scattering). The obtained intermediate scattering function for 3.0 mM
AOT SUYV suspension was well described by a single exponential function. The cumulant
analysis indicated that the AOT SUVs had an average hydrodynamic diameter of ~ 60 nm
with a polydispersity of about 0.02. The scattering function for 20 mM AOT micelles in
2 M H;O: solution was well described by two modes composed of a single exponential
in shorter time region and a stretched exponential in the longer time region, which is
frequently observed for wormlike micelle solutions [Moitzi et al. 2005]. The collective

diffusion coefficient obtained from the single exponent mode was 5.2 x 1071 m? s'! and
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the effective slow relaxation time from the stretched exponential mode was 2.1 x 1073 s.

2.5.3 Double Micro-Injection Technique

Double micro-injection technique.

To observe the changes in the size and morphology of GUVs in response to the
polymerization of aniline with the feeding of the amphiphiles, I developed double micro-
injection technique (Fig.2-5-1 and Table 2-5-1). The experiments were performed in a
hole in a silicone rubber sheet placed onto a glass slide. The hole had a diameter of 12
mm and a depth of 1 mm. The GUV suspension mixed with the polymerization
components, except H2O> to trigger the reaction, was carefully transferred at room
temperature (7~25°C) from the glass vial into the sample chamber. The target GUVs in
the sample chamber are located in the following reaction mixtures: 3.0 mM amphiphiles
(GUVs), 4.0 mM aniline, and 0.92 uM HRPC in 20 mM NaH,POj4 solution (pH=4.3).
The polymerization reaction was triggered by micro-injecting a 2 M H2O» solution
containing either SUVs (20 mM DOPC, DOPA, or AOT) or micelles (20 mM AOT, 100
mM SDBS, or 100 mM SDBS/0.5 mM Chol). Unless specifically mentioned otherwise,
20 mM NaH>POg4 solution (pH=4.3) was micro-injected from the second pipette as a
counter flow. All solutions injected from the micro-pipettes were pressed through a 0.2
um polypropylene filter Puradisc 25 PP (GE Healthcare, UK) before use.

The micro-injection experiments were performed using a phase-contrast light
microscope (see below), equipped with a hydraulic micro-manipulator MMO-202ND
(Narishige, Japan) to control the position of the micro-pipette, Femtojet system, and
Femtotip II (Eppendorf, Germany) with a 0.5+0.2 pm diameter for the micro-injection.
The distance between the tips of the two micro-pipettes was ~100 um, and the distance
from the tip to the bottom of the chamber was ~40 um. The injection pressure of the
pipettes was ~70 hPa, corresponding to ~0.10 nL/s (Fig.2-5-1(b)). The symmetrically
configurated two injection flows trap the GUV at an almost fixed point of the bottom of
the chamber during the observation, making it possible to measure changes in the size

and morphology of the GUV quantitatively with high reproducibility.
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3 Inverted phase contrast microscope

Micro-injection 1 il Micro-injection 2

Sample chamber

b

Micro-injection 1 Micro-injection 2
— —
\ ¥
Micro-injection: 40 ym
~0.10 nL/sec e ,
f B S— 4 /
50 um

Target vesicle
Diameter: 10 — 20 ym

Figure 2-5-1. Double micro-injection setup coupled with microscopy observation.

(a) Appearance of equipment for the double micro-injection setup described above in
section 2.5.3.

(b) Scheme of the double micro-injection setup described above in section 2.5.3. See

Table 2-5-1 below for the injected solution and the targeted bulk solution containing

GUVs.
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Table 2-5-1. Reaction components and their concentrations used in the double micro-

injection experiment.

Micro-injection 1 Concentration
Amphiphiles (micelles or SUV5s) 20 mM or 100 mM
H,0, 2M

Micro-injection 2

NaH,PO, + H;PO, 20 mM (pH=4.3)
Bulk solution

Amphiphiles (GUVs) 3.0 mM

Aniline 4.0 mM

HRPC 0.92 uM
NaH,PO, + H;PO, 20 mM (pH=4.3)

Microscopic observation of GUVs.

The morphological changes of GUVs were followed by using an Axio Vert. A1 FL-LED
inverted fluorescence microscope in phase contrast mode (Carl Zeiss, Germany) with a
40x objective (LD A-Plan 40x, NA=0.55) and a CCD camera Axiocam 506mono (Carl
Zeiss, Germany) for recording the images. To estimate the morphological changes of
GUVs, a 3D image of the GUV was reconstructed from the 2D microscope image by
using the Surface Evolver software package [Jimbo et al. 2016; Brakke 1992]. The
surface area and volume of the GUV were quantified by approximating the vesicle shape

with an axisymmetric prolate shape.
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2.5.4 Results: Vesicle Growth Coupled with Information

Polymer Synthesis

Membrane growth of AOT GUYVs coupled with the PANI-ES synthesis.
The first significant result in this section is the demonstration that AOT GUVs showed

rapid growth coupled with the vesicle surface-confined template polymerization of
aniline with the supply of AOT micelles. The PANI-ES formed on vesicle surface assisted

the uptake of AOT molecules from the environment.

When AOT is dissolved in pure water, AOT molecules form micelles above the
critical micellization concentration (cmc ~ 2.6 mM at room temperature [Nave et al.
2000]). In contrast, in 20 mM NaH>PO4 solution (pH=4.3), AOT forms vesicles above
the critical concentration for vesicle formation (cvc ~ 1.5 mM [Kurisu et al. 2019]). As a
consequence, when a small amount of AOT micelles (in water) is added to an AOT GUV
suspension (in 20 mM NaH>PO4 pH = 4.3 solution) to exceed the cvc value, the AOT
molecules originally constituting the micelles will either form new vesicles or incorporate
into the preformed GUV membranes (see section 2.4.2). I then investigated whether AOT
GUV growth is observed and whether the simultaneous PANI-ES synthesis on the vesicle
surface significantly influences the growth process due to the specific interactions
between AOT and PANI-ES, which may generate the chemical potential difference to
incorporate AOT molecules into the vesicle membrane.

AOT GUVs were first prepared in 20 mM NaH»POj4 solution (pH=4.3), then mixed
with reaction component for the PANI-ES synthesis to yield the mixture containing 3.0
mM AOT, 4.0 mM aniline, and 0.92 uM HRPC. Afterward, 2.0 M H>O> solution
containing 20 mM AOT micelles (prepared in pure water) was then micro-injected to a
selected target GUV, and its size change was analyzed (entry #1 in Table 2-5-2). To
estimate vesicle growth quantitatively, the distance between the target GUV and the tip
of the micropipette was fixed by using a double micro-injection technique, where two
simultaneous injection flows from opposite directions were applied to keep the target
GUYV in the fixed place (Fig.2-5-2(a)). After starting the micro-injection of AOT
micelles/H20: solution, the target GUV maintained its spherical shape during the initial
15 sec (induction period) and then started to grow with deformation into a prolate shape
(Fig. 2-5-2(b)). The prolate vesicle elongated with time from 15 to 45 sec by
incorporating AOT molecules from the external solution. As seen in Fig.2-5-2(b), the

image of the vesicle suspension became dark with time, which is due to the formation of
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dark green PANI-ES.

Time-dependent changes of the vesicle surface area, A(t), were estimated by
approximating the vesicle shape with an axisymmetric prolate shape using the Surface
Evolver software package [Brakke 1992; Jimbo et al. 2016]. The obtained vesicle area is
plotted as a function of time (Fig. 2-5-3(a), entry #1) by normalizing the surface area with
the initial spherical vesicle, A(t = 0). For a better understanding of vesicle growth,

several control experiments were performed.

Control experiments on AOT GUVs growth.

(i) Importance of “template” polymerization of aniline for vesicle membrane growth.
AOT micelles were micro-injected to AOT GUVs under conditions where no
polymerization took place (Table 2-5-2, entry #2 - #5). First, when aniline and HRPC
were not present in the external solution (entry #2), the growth of AOT GUVs induced
by the micro-injection of AOT micelles and H>O, was remarkably suppressed (Fig.2-5-
2(c) and Figs.2-5-3(a) #2). The observed slight AOT GUV growth indicates that some of
the AOT molecules supplied as AOT micelles are incorporated into the preformed GUV
membrane since the injection of additional AOT micelles temporarily increases AOT
concentration around the AOT GUYV, although the extent of uptake was comparatively
low.

Second, when the preformed GUV suspension did not contain aniline (entry #3) or
HRPC (entry #4), micro-injection of AOT micelles/H20: solution did not result in a
growth of the AOT GUV (Fig.2-5-3(a)). In addition, when only AOT micelles (without
H>0,) were micro-injected to AOT GUVs in the presence of aniline and HRPC (entry #5),
there was again no AOT GUV growth. Thus, the synthesis of PANI-ES on the AOT GUV
surface remarkably accelerates the growth of AOT GUVs in these AOT micelle feeding

experiments.

(ii)  Membrane growth in the presence of different concentrations of aniline.

As confirmed above, the PANI-ES synthesis on the vesicle surface radically accelerates
the growth of the vesicle membrane. To understand the kinetics of the system, we
quantified AOT membrane growth in the presence of different concentrations of aniline
while keeping all the other conditions the same: 4.0 mM (original, identical to Fig.2-5-
3(a) entry #1), 2.0 mM, and 1.0 mM as shown in Fig.2-5-3(b). The AOT GUVs tended

to show exponential membrane growth coupled with the surface-confined formation of
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PANI-ES, and their growth rates were increased by the more formation of PANI-ES on
the vesicle surface. The experimentally observed membrane growth can be reproduced
with the kinetic model, Eq. (IVa — IVY), as discussed later in section 4.3.4(iii). The
simulation curves are overlaid with the experimental plots by each aniline concentration
(red solid line: 4 mM, blue dashed line: 2 mM, and green dotted line: 1 mM).

Table 2-5-2. List of experimental conditions and the results for the AOT GUV
observation coupled with the PANI-ES synthesis and the feeding of AOT micelles

under the micro-injection system.

(Target GUV Suspension) (Micro-Injection Solution) | PANI-ES
Condition 4, i5ine?  HRPCP H,0,° AOT micellesd | Synthesis Growth
#1 v v v v Yes Yes
#2 - - v v No Slight
#3 - v v v No No
#4 v - v v No No
#5 v v - v No No

2 [ Aniline] = 4.0 mM, °[HRPC] = 0.92 uM, S[H:0:] =2 M, 9[AOT] = 20 mM.

Note. “-” in the table represents that the reaction component is removed from the target
solution or injection solution. “No” in the column “PANI-ES Synthesis” represents the
PANI-ES is not synthesized with the micro-injection experiment due to the lack of some
reaction components.

“#1” corresponds to the micro-injection setup shown in Table 2-5-1. “#2” represents
the control system where H,O- solution containing AOT micelles are micro-injected to a
AOT GUYV just in NaH2POys solution, without containing any other reaction components.
“#3-5” also represent the control experiments where some of the reaction components

and/or injected components are removed.

67



Figure 2-5-2. Phase-contrast light microscopy images of AOT GUVs under micro-
injections.

(a) The image of the double micro-injection setup. A small amount of the reaction
components is continuously supplied toward the target vesicle. With the two injection
flows, the target GUV can be kept in almost the same place. The length of the scale
bar: 20 um.

(b) Condition “#1” of Table 2-5-2: A 3.0 mM AOT GUYV suspension containing 4.0
mM aniline and 0.92 uM HRPC was first placed into the sample chamber, followed
by micro-injection of two different solutions from opposite sites to a selected GUV.
The dark particle with the white halo is an AOT aggregate that was not completely
dispersed. An aqueous solution consisting of AOT micelles (20 mM AOT) and H>O»
(2.0 M) was micro-injected from the micropipette on the right-hand side. The 20 mM
NaH;POy4 solution (pH=4.3) was injected from the micropipette on the left-hand side.
The time-dependent changes are shown after starting the micro-injection for =0, 15,
20, 30, and 45 s. The length of the scale bar: 20 pm.

(c) Condition “#2” of Table 2-5-2: An AOT GUV in 20 mM NaH»POs (pH = 4.3)
solution without aniline and HRPC under micro-injection of AOT micelles (20 mM
AOT) and H>0 (2.0 M). The images were taken at t = 0, 15, 20, 30, and 45 s. The
length of the scale bar: 20 pm.
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Figure 2-5-3. Growth of AOT GUVs in response to the micro-injection of AOT
micelles under various conditions.

(a) Experiments with AOT GUVs for the different conditions listed in Table 2-5-2.
Red circles (#1): Micro-injection of 2.0 M H>0O> and 20 mM AOT micelles in water to
3.0 mM AOT GUVs prepared in 20 mM NaH,PO4 (pH=4.3) solution with 4.0 mM
aniline and 0.92 uM HRPC. Blue diamonds (#2): AOT GUV suspension without
aniline and HRP. All other conditions are kept the same as entry #1. Green triangles
(#3): AOT GUYV suspension without aniline. All other conditions are kept the same as
entry #1. Violet squares (#4): AOT GUV suspension without HRPC. All other
conditions are kept the same as entry #1. Black diamonds (#5): The micro-injection
solution did not contain H>O». All other conditions are kept the same as entry #1. The
error bars indicate standard deviations estimated from three to six different
experiments.

(b) Further experiments with the condition (#1) in (@), but the only difference is the
concentration of aniline in the reaction system. Red circles: with 4.0 mM aniline, and
these are the identical plots to the red circles in (@). Blue squares: with 2.0 mM aniline.
Green triangles: with 1.0 mM aniline. The experimentally observed membrane growth
was reproduced with the kinetic model, Eq. (IVa — IVf), as discussed later in section
4.3.4(ii1), overlaid with experimental plots: red solid line: 4.0 mM, blue dashed line:
2.0 mM, and green dotted line: 1.0 mM. Please note that the only difference between
the three simulation curves is the concentration of aniline, and all other parameters are
common between them. The error bars indicate standard deviations estimated from

three to six different experiments.

70




Selectivity in types of amphiphile incorporation to vesicle membrane.
(iii)  Selectivity of vesicle membrane growth coupled with the synthesis of PANI-ES.

As we have seen in Fig.2-3-7, the enzymatic polymerization of aniline in the presence of
vesicles without sulfonated/sulfated head groups is considered to produce a mixture of
various polymeric products which contain low PANI-ES repeating units, not linear but
extensively branched products, and the products with different oxidation and protonation
state from PANI-ES [Liu et al. 1999; Guo et al. 2009]. To examine the effect of the type
of PANI product on the vesicle growth, four types of GUVs composed of either (1) DOPC,
(i1) DOPA, (iii) AOT, or (iv) SDBS/DA (1/1), were prepared in 20 mM NaH>PO4 solution
(pH=4.3) containing aniline and HRPC. The corresponding amphiphiles were supplied to
each GUV suspension by micro-injection together with H>Oy: either sonicated DOPC
vesicles (DOPC SUVs), DOPA SUVs, AOT SUVs, or SDBS micelles (all prepared in 20
mM NaH;POj solution, pH = 4.3). The observed growth rates of the GUV's were roughly
measured by linear fitting and then normalized by that of the growth observed for the
AOT GUV/AOT SUV system, as summarized in Table 2-5-3. The green highlight
represents the amphiphiles which work as template for PANI-ES synthesis. GUVs from
neutral or anionic phospholipids did not show any significant growth.

On the other hand, GUVs composed of amphiphiles with a sulfonate head group
showed growth (addition of AOT SUVs to AOT GUVs, or addition of SDBS micelles to
SDBS/DA GUVs) (Fig.2-5-4(a) and (b), A and B). Thus, a coupling between template
polymerization and vesicle growth is selectively observed only for those vesicle systems
that yield PANI-ES rich products, and amphiphiles with a sulfonate head group are
supplied. It is worth noting that growth of AOT GUVs was also induced by injection of
SDBS micelles, and growth of SDBS/DA vesicles was also induced by the addition of
AOT SUVs (Fig.2-5-4(a) and (b), C and D), although the supply of different membrane
molecules from the target GUV composition did not induce the simple exponential

growth.
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Table 2-5-3. Observed relative growth of four types of GUVs.

GUVs were prepared from DOPC, DOPA, AOT or SDBS/DA (1/1), all at 3.0 mM
total amphiphile concentration in 20 mM NaH>POs solution (pH = 4.3) upon micro-
injection of 20 mM DOPC SUVs, DOPA SUVs, AOT SUVs, or 100 mM SDBS
micelles. The observed growth rate of the GUV is roughly estimated with a linear fit
and then normalized by that of the AOT GUV/AOT SUV system (AA(t) =
0.0086[s~1] A(0)). The growth rates were estimated from the growth stages in Fig.2-
5-4(b); i.e., 10-40 s for AOT to AOT (A), 10-50 s for SDBS to SDBS/DA (B), 10—
100 s for AOT to SDBS/DA (C), and 60-90 s for SDBS to AOT (D). “~” represents
that no vesicle growth was observed in the condition. Green highlight represents the

amphiphiles which work as template for PANI-ES synthesis.

Vesicle Supplied Molecule

SUVs Micelles

DOPC DOPA AOT | SDBS

DOPC

DOPA
AOT
SDBS/DA
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Figure 2-5-4. Growth of AOT or SDBS/DA (1/1) GUVs in response to the micro-
injection of 20 mM AOT (SUVs) or 100 mM SDBS (micelles) under various
conditions.

(a) For the understanding of the experimental condition. (A): AOT SUVs are supplied
to AOT vesicles coupled with PANI-ES synthesis. (B): SDBS micelles are supplied to
SDBS/DA (1/1) vesicles coupled with PANI-ES synthesis. (C): AOT SUVs are
supplied to SDBS/DA (1/1) vesicles coupled with PANI-ES synthesis. (D): SDBS
micelles are supplied to AOT vesicles coupled with PANI-ES synthesis.

(b) Experiments demonstrating the selectivity of the GUV growth, see also (@) and
Table 2-5-3. Red circles (A): Micro-injection of 2.0 M H>0O, and 20 mM AOT SUVs
in water to 3.0 mM AOT GUVs prepared in 20 mM NaH2PO4 (pH = 4.3) solution with
4.0 mM aniline and 0.92 uM HRPC (vesicle growth observed). Blue diamonds (B):
Micro-injection of 2.0 M H202 and 100 mM SDBS prepared in 20 mM NaH>PO4 (pH
= 4.3) solution to SDBS/DA (1/1) GUVs. All other conditions are kept the same as for
(A) (vesicle growth observed). Green triangles (C): Micro-injection of 2.0 M H>O»
and 20 mM AOT SUVs prepared in 20 mM NaH;POy4 solution (pH = 4.3) to 3.0 mM
SDBS/DA (1:1) GUVs prepared in 20 mM NaH>PO4 (pH = 4.3) solution with 4.0 mM
aniline and 0.92 uM HRPC (slow vesicle growth observed). Violet squares (D): Micro-
injection of 2.0 M H>O» and 100 mM SDBS micelles prepared in 20 mM NaH>POq4
(pH = 4.3) solution to AOT GUVs. All other conditions are kept the same as (A)
(vesicle growth observed with delay). The error bars indicate standard deviations

estimated from three different experiments.
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Discussions.
Based on the above control experiments, the sulfonate head group is responsible for the
observed growth of the vesicle membrane induced by the surface-localized PANI-ES
synthesis. This indicates that specific interactions between the polymer and the
amphiphile play an essential role in the vesicle growth process. PANI-ES localized on
vesicle surface recognizes externally added amphiphiles having a sulfonate head group,
which results in selective incorporation into the vesicle membrane composed of the
sulfonate amphiphiles, and then vesicles show membrane growth. Putting all
experimental data presented in this section together, there is one key observation:
concerning both sulfonated amphiphiles AOT and SDBS, AOT (or SDBS/DA) GUVs
promote the synthesis of PANI-ES, and PANI-ES promotes the growth of the AOT (or
SDBS/DA) GUVs. This mutual catalytic relationship is an essential feature of (our)
minimal cells [Kauffman 1986; Kaneko 2002]. In this context, we call the PANI-ES,
which is synthesized by the template polymerization in the presence of vesicle, as an
“information polymer” of vesicles, i.e., PANI-ES “encodes” the specific amphiphiles
constituting vesicles as its own structures and “decodes” by the selective promotion of
uptake of the amphiphiles.

For the detailed discussion on to what extent the incorporation rates increased by
PANI-ES, see the discussion in section 4.5.
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2.6 Conclusion

In this chapter, I focused on the template polymerization system using vesicle membrane
as templates for the promising candidate for the simple and artificial information polymer
of a minimal cell system. First, I confirmed that the regioselective structures of
polyaniline, PANI-ES, is formed in the presence of AOT template vesicles as already
reported in previous systems [Guo et al. 2011; Junker et al. 2012]. I tested various vesicles
as templates for polymerization of aniline, then I found that regular sequence form of
polyaniline (PANI-ES) was formed by using sulfonated/sulfated vesicles as templates,
although the use of vesicles without such head structures results in the formation of
random polymerization of aniline. The supposed mechanism is as follows. The enthalpy
gain from the specific interactions (electrostatic and hydrogen bonds) between template
vesicle surface and monomers cover the thermodynamical entropy loss, which prevents
random polymerization and assists the formation of regular sequence form of polyaniline,
PANI-ES. Second, I demonstrated that such specific interactions between PANI-ES and
sulfonated/sulfate amphiphiles promoted the selective incorporations of the same type of
amphiphile, resulting in the promotion of vesicle membrane growth. Therefore, there is a
simple form of mutual catalytic or autocatalytic relationship [Bissette & Fletcher 2013;
Vasas et al. 2012; Xavier et al. 2020] between vesicle membrane and regular sequence
polyaniline (PANI-ES), i.e., vesicle surface guides the polymerization reaction to specific
way, and obtained polymer selectively promote the vesicle membrane growth.

Here, I adopt the regular sequence polyaniline (PANI-ES) as the artificial information
polymer of my synthetic minimal cell system (Fig.2-6-1). In biological systems, the
genetic information (genotype) is translated to functions and structures (phenotype)
stepwise from DNA to RNA, from RNA to proteins, and proteins (enzymes) catalyze the
synthesis of membrane molecules by using highly sophisticated (and at the same time,
quite complex) molecular mechanism. On the other hand, in my vesicle growth system, |
do not have to introduce such complex molecular mechanisms. The information on
vesicle membrane (whether or not vesicles have sulfonated/sulfated head group) is
encoded as regular sequence of information polymer (PANI-ES unit-rich structures), and
then such “genotype” is translated into “phenotype” through the selective promotion of
vesicle membrane growth. For the “minimal” cell system to consider the emergence of
simplest forms of any possible living systems, this is enough for the information polymer.
All in all, my artificial information polymer does not simplify the biological systems, but

conceptually reproduces the essence in a minimal way.
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Figure 2-6-1. Graphical summary of this chapter, showing my artificial information
polymer design. 1 focused on the template polymerization system using vesicle
membranes as template. The artificial information polymer encodes the property of
vesicles (sulfonated/sulfated polar head group) in its regular sequence structure
(PANI-ES unit-rich structure). At the same time, the artificial information polymer
selectively promote the incorporation of corresponding amphiphiles, resulting in the

vesicle membrane growth.

The contents in this chapter is based on the following original paper:
Minoru Kurisu, Harutaka Aoki, Takehiro Jimbo, Yuka Sakuma, Masayuki Imai, Sandra
Serrano-Luginbiihl, and Peter Walde "Reproduction of vesicles coupled with a vesicle

surface-confined enzymatic polymerization.", Communications Chemistry, 2:117 (2019).
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Chapter 3
Artificial Metabolism System

3.1 Introduction

Biological systems are composed of overwhelming number of chemical reaction
networks, which is the biggest cause of the “gap of complexity” (Fig.1-2-1) hindering the
understanding from physical sciences. At the same time, this complexity is one of the
biggest motivations to work on the protocell / minimal cell research. Based on the recent
molecular biology, the essence of such complex reaction networks is becoming clearer
[Koonin 2000; Xu et al. 2011; Hutchison et al. 2016; Breuer et al. 2019]. Concerning to
one of the simplest known bacteria, Streptococcus sanguinis, Xu et al. have identified its
essential genes and associated with only three basic categories of biological functions
(Figs.1-1-1(a)): energy production domain, processing of information domain, and
maintenance of the cell membrane domain. Therefore, one of the promising approaches
to design a metabolism system for synthetic minimal cell is to mimic the three reaction
domains in a simple and artificial way. Related to this approach, “chemoton” proposed
by Ganti (Fig.1-2-2), the pioneering model in this field, is also made up of similar reaction
network: the metabolic cycle, the genetic cycle, and the membrane cycle [Ganti 1975 &
2003]. However, from the viewpoint of experimental realization, chemoton has a problem
in transmembrane molecular traffic which incorporate and excrete molecules to sustain
the encapsulated reaction networks.

Based on the above considerations, in this chapter, I design the artificial metabolism
system not inside but outside of the vesicle membrane. My artificial metabolism system
contains three reaction domains corresponding to the above two examples: energy
currency production domain, information polymer synthesis domain, and membrane
growth domain. As I already shown in the last chapter, my artificial information polymer
is synthesized on the surface of vesicle membrane. Then, the reaction field of the synthetic
minimal cell system is the outer surface of the vesicle, which prevents dissipation of the
formed information polymer (due to the strong interaction with membrane) and enables
the inflow and outflow of molecules much easier. In the next section, I will show the

detailed chemical reaction networks.
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3.2 Artificial Metabolism System

3.2.1 Overview of the Artificial Metabolism System

Fig. 3-2-1 represents the design of artificial metabolism system in my synthetic minimal
cell, which shows the relevant reaction network (R1 — R9). The bold rectangle represents
the reaction system close to the AOT vesicle, and colored bold arrows represent the inflow
of ingredient molecules which are continuously supplied with micro-injection setup. The
red region (R1) is the energy currency production domain, which produces energy
currency molecules, oxidant H,O», by enzymatic reaction with D-glucose, dissolved O,
and enzyme glucose oxidase (GOD). The green region (R2 — R8) is the information
polymer (PANI-ES) synthesis domain, which is the vesicle surface-confined template
polymerization reaction of aniline, driven by energy currency molecules (H202) and
assisted by enzyme horseradish peroxidase isoenzyme C (HRPC). The blue region (R9)
is the membrane growth domain, which incorporate AOT molecules from the
environment to the vesicle membrane through the interaction with the information
polymer of vesicles, PANI-ES. Biological systems synthesize membrane molecules by
themselves before incorporating them into cell membrane (Fig.1-1-1(a) and (b)),
however, my artificial metabolism does not synthesize membrane molecules but only
incorporate them from the environment, for the sake of simplification of the system. The

whole detailed chemical reactions are described in the following sections.
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Figure 3-2-1. Scheme of artificial metabolism system, which shows the nine relevant
reaction steps, (R1 —R9), in the essential three reaction domains; (red) energy currency
production domain, (green) synthesis of information polymer domain, and (blue)
membrane growth domain. The reactions in green and blue regions are vesicle-surface
confined reactions. The bold rectangle represents the reaction system close to the
vesicle surface, and bold arrows indicating inward represent that ingredients
molecules are continuously supplied to the system by micro-injection technique. The
PANI-ES structure is representatively shown as the bipolaron form, see also Fig.2-2-
3. The detailed complete reaction sets consisting each reaction domain are shown in
Fig.3-2-2, Fig.3-2-3, and Fig.3-2-4 in the next section.
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3.2.2 (R1) Energy Currency Production Domain

The detailed reaction process that produces H>O», the “energy currency” in our synthetic
minimal cell, is shown as (R1) and (R1a,b,c) in Fig.3-2-2. In 20 mM NaH>PO4 solution
(pH=4.3), H20; is formed by oxidation of D-glucose with dissolved O, catalyzed by
enzyme glucose oxidase (GOD) (R1). More specifically, the GOD-catalyzed formation
of H20» is described as two elementary enzymatic processes and subsequent hydrolysis
of byproduct as follows [Banker et al. 2009]: GOD in which its cofactor flavin adenine
dinucleotide (FAD) is in the oxidized form (GOD-FAD) firstly reacts with one B-D-
glucose molecule to yield one D-glucono-6-lactone molecule and a glucose oxidase in
which FAD is in the reduced form (GOD-FADH>) (R1a). GOD-FADH; reacts with one
dissolved Oz molecule to yield one H2O2 molecule and GOD-FAD (R1b). The byproduct
D-glucono-d-lactone is hydrolyzed to D-gluconic acid (R9c). Overall, one dissolved O
molecule is reduced to one H>O> molecule in a GOD cycle, while one B-D-glucose

molecule is oxidized to form D-gluconic acid as a byproduct (R1).

HO O._OH . o GOoD - OH OH O o R1
HO" “OH 2 2 Y Y OH 2v2 (R1)
OH OH OH
B-D-glucose D-gluconic acid
HO O._OH HO 0._0 y
HO™ oyt GOD-FAD ——> HO™ “"OH + GOD-FADH, (R1a)
OH OH
B-D-glucose D-glucono-&-lactone
GOD-FADH, + O, ——> GOD-FAD + H,0, (R1b)
HO 0._0 OH OH O
. . + H, O —— > HO : R1c
HO" ™ “OH 2 T T OH (Ric)
OH OH OH
D-glucono-d-lactone D-gluconic acid

Figure 3-2-2. Reaction scheme of “energy production” domain, corresponding to (R1)
in Fig.3-2-1 red. The GOD-catalyzed formation of H>O> (R1) is described as a GOD
cycle to produce H,O> (Rla,b) and subsequent hydrolysis of a byproduct (Rlc).
Typically, the initial reaction condition involves 100 mM D-glucose, 1.0 uM GOD,
and dissolved Oz in 20 mM NaH;POs solution (pH=4.3) with other reaction
components for PANI-ES synthesis.
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3.2.3 (R2 — R8) Information Polymer Synthesis Domain

Plausible reaction schemes for synthesizing polyaniline in its emeraldine salt form (PANI-
ES) from aniline with HRPC and H>O, are shown in Fig.3-2-3 [Genies and Tsintavis
1985; Ding et al. 1999; Junker et al. 2012]. In the presence of AOT vesicle in NaH>PO4
solution (pH = 4.3), HRPC molecules and aniline molecules are extensively bound to the
AOT vesicle surface via electrostatic interaction and hydrogen bonding [Guo et al. 2009
and 2011; Junker et al. 2015]. Therefore, the following reaction steps are considered to
be localized on the AOT vesicle surface: The HRPC/H>O»-catalysed oxidation of aniline
leads to the formation of the anilino radical (R2), which is represented as the peroxidase
cycle of heme peroxidase involving native Fe(IIl) peroxidase, intermediate compound I
with an Fe(IV) oxoferryl species with a cation radical, and compound II with an Fe(IV)
oxoferryl species (R2a,b,c) [Dunfold 1999; Junker et al. 2013]. The anilino radical
becomes protonated to the aniline radical cation (R3). While the unpaired electron of
aniline radical cation can be localized either on the carbon atom in para-position (B), in
one of the two ortho-position (C or D), or on the nitrogen atom (A), two aniline radical
cations (A and B) react to form the NC-para-coupled aniline dimer (p-
aminodiphenylamine, PADPA) in the presence of template vesicles (R4). Oxidation of
PADPA with H>O> yields the aniline dimer dication (N-phenyl-1,4-benzequinonediimine,
PBQ (a)) (R5), which is in equilibrium with diradical dication form (PBQ (b)), then PBQ
(b) and aniline radical cation (B) react to form aniline trimer radical cation (R6). After
trimer radical cation is partially oxidized with H,O> (R7), its another equilibrium form
reacts with aniline radical cation (A) to form half-oxidized aniline tetramer dication that
is a repeating unit of PANI-ES (R8). The overall stoichiometry of the reaction to obtain
one repeating unit of PANI-ES is given at the bottom [Junker et al. 2012]. The distribution
of the formed PANI-ES was confirmed to be localized almost homogeneously on the AOT
GUV surface by the two-dimensional micro-Raman mapping technique (see Fig.3-3-20).
The key feature in the reactions is the elongation of the PANI-ES chain realized by adding
one aniline radical cation molecule to the oxidized radical cation of the growing PANI-
ES chain.
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Figure 3-2-3. Plausible reaction schemes of “information molecule synthesis”
domain, corresponding to (R2 -R8) in Fig.3-2-1 green [Genies and Tsintavis 1985;
Ding et al. 1999; Junker et al. 2012]. The HRPC-catalysed oxidation of aniline with
H>0:, is described as the peroxidase cycle with native peroxidase and two intermediate
compounds (R2a,b,c) [Dunfold 1999; Junker et al. 2013]. Typically, the initial reaction
condition involves 3.0 mM AOT (vesicles), 4.0 mM aniline, 0.92 uM HRPC in 20
mM NaH>POg4 solution (pH=4.3) with other reaction components for GOD-catalysed
H>0, formation, such as 100 mM D-glucose and 1.0 uM GOD.

3.2.4 (R9) Membrane Growth Domain

Supposed molecular interactions between AOT molecules and PANI-ES formed on the
surface of AOT vesicles are schematically shown in Fig.3-2-4. In 20 mM NaH;PO4
solution (pH=4.3) containing 3.0 mM AOT molecules, about 1.5 mM AOT molecules
form vesicles, and another 1.5 mM AOT molecules are monodispersed in bulk solution
(cve~1.5 mM) [Kurisu et al. 2019]. When a small amount of 20 mM AOT micellar
solution was externally supplied near AOT GUVs, the GUVs showed slight growth by
uptake of supplied AOT molecules even without PANI-ES synthesis (Fig.2-5-3(a) #2 -
#5). In addition, the growth of GUVs was extensively promoted when PANI-ES was
formed on the surface of AOT GUVs (Fig.2-5-3(a) #1). However, when AOT micelles
were not supplied or only a small amount of AOT micelles were supplied to the AOT
GUVs during surface-confined PANI-ES synthesis, shrinkage or disappearance of AOT
GUVs were observed in my previous work [Kurisu et al. 2019]. These results suggest the
traffic of AOT molecules through the interaction with PANI-ES as follows:

Ap+B, 24, *B) 2 (B« AJ) 2 B, + A9H (R9)
where A,, represents an AOT molecule monodispersed in bulk solution, A9*
represents an AOT molecule located in the outer layer of the vesicle membrane, and P,
represents PANI-ES segments formed on AOT vesicle membranes. The second and third
terms in (R9) represent supposed intermediate complex states composed of AOT
molecules and PANI-ES through hydrogen bonding and electrostatic interactions [Junker
et al. 2012; Foreman et al. 2003; Luginbiihl et al. 2017]. When a small amount of AOT
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micellar solution is externally supplied to AOT GUVs suspension without PANI-ES, the
newly added AOT molecules closed to the GUVs (4,,) will be incorporated into
preformed GUVs (A9%") (Fig.3-2-4(a)) or form new AOT vesicles. On the other hand,
when PANI-ES is synthesized on the surface of AOT GUVs, PANI-ES is considered to
play a role as a catalyst to promote the incorporation of AOT molecules (Fig.3-2-4(b)).
The supposed mechanism is as follows: The adsorption of AOT molecules (4,,) to the
surface of vesicles is promoted by the surface-confined PANI-ES (B,) due to the
formation of N-Hee*O-S hydrogen bonding between PANI-ES and a hydrophilic head
group of an AOT. Such a complex involving a hydrophilic head group of AOT (4,, * B,)
will decrease the hydrophilicity of the adsorbed AOT molecules compared to the free
AOT molecules (4,,), which is more advantageous for partitioning AOT molecules into
the outer layers of vesicle membranes (B, » AS%") than the simple partitioning without
PANI-ES (Fig.3-2-4(a)). The flip-flop rate of AOT molecules is considered to be much
higher than that of phospholipids according to the outcome from MD simulations of AOT
membrane [Junker et al. 2014 and 2015; Kashima et al. 2018] and experimentally
observed higher fluidity [Iwasaki et al. 2017], which will result in the growth of vesicle
membrane since the incorporated AOT molecules undergo flip-flop motions toward the
inner monolayer. The shrinkage or disappearance of GUVs in control experiments, where
PANI-ES (B,) was formed on AOT membrane but AOT molecules (4,,) were not
supplied enough, support this mechanism since the lack of free AOT molecules (4,,) in
bulk solution under PANI-ES (P,) formation will shift the equilibrium to the inverse

direction of membrane growth.
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Figure 3-2-4. Supposed molecular mechanism of membrane growth of AOT GUVs
coupled with surface-confined PANI-ES formation.

(a) Plausible molecular mechanism of AOT membrane growth observed in the control
experiments in which PANI-ES is not formed on the surface of AOT GUVs. When a
small amount of AOT micelles (in water) are supplied close to AOT GUVs (in 20 mM
NaH>POy4 solution (pH=4.3), cve~1.5 mM), the supplied AOT molecules will be
incorporated into the preformed GUVs, or form new vesicles.

(b) Supposed molecular mechanism of AOT membrane growth coupled with the
surface-confined formation of PANI-ES observed. The PANI-ES on the surface of
AOT GUVs will promote adsorption of free AOT molecules in the external solution
and decrease the hydrophilicity of AOT molecules due to the formation of hydrogen
bonding between them. This will promote AOT molecules to partition into the outer
layer of AOT GUVs.
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3.3 (Experiment) Introduction of Energy Currency

Production Domain

3.3.1 Materials

Amphiphiles used for vesicle preparation.

AOT (sodium bis-(2- ethylhexyl) sulfosuccinate, purity > 99%, Catalogue No. 86139)
and SDBS (sodium dodecylbenzenesulfonate, hard type (mixture), >95%, No. D0990)
were purchased from Sigma- Aldrich Japan (Tokyo, Japan) and Tokyo Chemical Industry
(Tokyo, Japan), respectively. DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, >99%,
No. 850375) and cholesterol (from ovine wool, >98%, No. 700000) were purchased from
Avanti Polar Lipids, Inc. (AL, USA). The amphiphiles were used without further
purification and dissolved in chloroform at 100 mM (AOT) or at 10 mM (others) and

stored at —20 °C as stock solutions.

Reagents for the polymerization of aniline.

Aniline (> 99%), hydrogen peroxide (H202) (30% in water, ~9.8 M), sodium dihydrogen
phosphate (NaH2PO4) dihydrate (> 99%), and d(+)-glucose (> 99%), chloroform (CHClI;,
> 99%), acetonitrile (CH3CN, > 98%) and perchloric acid (HCIO4, 60% in water),
phosphoric acid (H3POas, > 85%) were purchased from Wako Pure Chemical Industries
(Osaka, Japan). 2,2'-azino-bis(3-ethylbenzothiazoline- 6-sulfonic acid) diammonium salt
(ABTS?> (NH4")2, > 98%) was purchased from Sigma-Aldrich. Oxo[5,10,15,20-tetra (4-
pyridyl) porphyrinato] titanium (IV) (> 90.0%) was purchased from Tokyo Chemical
Industry (Tokyo, Japan). Horseradish peroxidase isoenzyme C (HRPC, Grade I, PEO-131,
286 U/mg, RZ =3.13, M ~ 40 kDa, Lot No. 74590) and glucose oxidase from Aspergillus
sp. (GOD, Grade II, GLO-201, 166 U/mg, SA =205, M ~ 153 kDa, Lot No. 74180) were
purchased from Toyobo Enzymes (Osaka, Japan). The concentration of HRPC and GOD
were determined spectrophotometrically using known molar absorptivity e43(HRPC) =
1.02 x 10° M-'cm! [Dunfold and Stillman 1976] and €450(GOD) = 2.82 x 10* M-'cm’!
[Swoboda and Massey 1965] as molar absorbance. Ultrapure water purified with a Direct-
Q 3 UV apparatus (Millipore, USA) was used to prepare all aqueous solutions and
suspensions. All other chemicals used were of research grade. 20 mM or 100 mM
dihydrogen phosphate solutions were prepared using NaH,POs, water, and small amounts
of H3POs4 to obtain pH = 4.3.
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3.3.2 Preparation of Template Vesicles

Preparation of LUVs.

AOT large unilamellar vesicles (LUVs) with an average diameter ~80-100 nm were
prepared by using the freezing-thawing extrusion method [Junker, K. et al. (2012); Kurisu,
M. et al. (2019) & (2021)] to characterize the products obtained in the polymerization of
aniline in the presence of vesicles from homogeneous reaction mixtures. Firstly, solid
AOT (89.0 mg) was added to a 250 mL round bottom flask and dissolved in 5 mL
chloroform. Then, a thin AOT film was prepared on the inner surface of the flask by using
a rotary evaporator. The AOT film was put under a high vacuum overnight to remove
chloroform completely. The AOT film was hydrated and dispersed by using 10 mL of a
100 mM NaH2PO4 solution (pH=4.3), of a 100 mM NaH>PO4 containing 100 mM D-
glucose solution (pH=4.3), of a 20 mM NaH>PO4 solution (pH=4.3), or of a 20 mM
NaH>PO4 containing 100 mM D-glucose solution (pH=4.3). The hydration temperature
was T ~ 25°C, and the hydration duration was ¢ ~ 2 h. The obtained 20 mM AOT vesicle
dispersions were frozen by placing the round bottom flask in liquid nitrogen and then
thawed in a water bath heated to 60°C. This procedure was repeated ten times. The
repetitive freeze-thaw cycles are efficient to change the lamellarity of vesicles from
multilamellar vesicles (MLVs) into unilamellar vesicles by removing interlamellar water
and also efficient to cause fusion of small unilamellar vesicles (SUVs) into larger
unilamellar vesicles [Traikia et al. 2000; Kaasgaard et al. 2003]. Consequently,
unilamellar vesicles become relevant and smaller vesicles (< 80 nm) are removed in the
AOT vesicle dispersions. Then, the suspensions were extruded ten times through 200 nm
pore size nucleopore polycarbonate membranes and another ten times through 100 nm
pore size membranes by using LIPEX™ Extruder (Northern Lipids Inc., Canada). The
obtained AOT LUVs were characterized by dynamic light scattering (DLS), which
showed that AOT LUVs prepared in 20 mM NaH>POy solution (pH=4.3) had an average
hydrodynamic diameter of about 80 nm with a polydispersity of about 0.1 [Kurisu et al.
2019]. The AOT LUVs suspensions were stored at 25 “C and used within seven days.

5 mM phospholipids DOPC LUVs was prepared by using 100 mM NaH;POy4 solution
(pH=4.3), 100 mM NaH>PO4 containing 100 mM D-glucose solution (pH=4.3), 20 mM
NaH>POg4 solution (pH=4.3), or 20 mM NaH,PO4 containing 100 mM D-glucose solution
(pH=4.3) with the similar procedure described above. Firstly, 2 mL of vesicle suspension
(5 mM amphiphiles) were prepared in 5 mL glass vials using the gentle hydration method.
Then, the obtained suspensions were frozen and thawed in liquid nitrogen and a water

bath heated to 60°C, respectively. After ten freeze/thaw cycles, the vesicle suspensions
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were extruded 21 times through a 100 nm pore-sized Nucleopore polycarbonate
membrane using a Mini Extruder set (Avanti Polar Lipids, Inc., USA). The LUVs

suspensions were stored at 25 °C and used within seven days.

Preparation of GUVs.
Giant unilamellar vesicles (GUVs) composed of AOT were prepared by using the gentle

hydration method [Reeves, J.P. & Dowben, R.M. 1969] by using the solution containing
20 mM NaH>PO4 (pH=4.3). Firstly, AOT (17.8 mg) was dissolved in 1 mL chloroform in
a 5 mL glass vial, followed by the formation of a thin AOT film upon removal of
chloroform with a rotary evaporator. Then, the AOT film was put under a high vacuum
overnight to remove chloroform completely. The dried AOT film was hydrated and
dispersed at 60 °C for 1-2 h with 2.0 mL of 20 mM NaH>PO4 solution (pH = 4.3) or with
a 2.0 mL of 20 mM NaH,POys solution containing 100 mM of D-glucose, or of sucrose
(pH = 4.3). This resulted in the formation of AOT GUVs with radii of 5-30 pum. The
obtained 20 mM AOT GUYV suspensions were stored at 25 °C and used within two days
after preparation. Please note that this procedure is optimized to prepare 20 mM AOT
GUVs suspension in the presence of 20 mM NaH>PO4 and that we could not prepare AOT
GUVs in a similar way in the presence of 100 mM NaH>POs, the different cvc condition
for AOT.

Binary GUVs of AOT/Chol (9/1, molar ratio, 5.0 mM in total) were prepared almost
the same way as described above from the chloroform solutions containing the two
amphiphiles in appropriate molar ratio. The differences are that the amphiphile
concentration was not 20 mM but 5.0 mM and that AOT/Chol dried film was hydrated at
60 °C for 15-20 min. Please note that stable AOT/Chol GUVs could not be prepared when

the concentration of Chol was above 10 mol%, according to my attempts.

Cvc determination of AOT.

The critical concentration for vesicle formation (cve) of AOT in 100 mM NaH>POq4
solution (pH=4.3), and in 100 mM NaH;PO4 containing 100 mM D-glucose solution
(pH=4.3) were estimated by turbidity measurement [Guo et al. 2011]. First, 20 mM AOT
vesicle suspensions were prepared using the gentle hydration method [Reeves, J.P. &
Dowben, R.M. 1969]. Solid AOT (89.0 mg) was added to a 250 mL round bottom flask
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and then dissolved in 5 mL chloroform, followed by the formation of a thin AOT film
upon removal of chloroform with a rotary evaporator. The AOT film was put under a high
vacuum overnight to remove chloroform completely. The AOT film was then hydrated
for ~2 h at 7~ 60°C by using 10 mL of a 100 mM NaH;POy4 solution (pH=4.3), or of 100
mM NaH;PO4 containing 100 mM D-glucose solution (pH=4.3). Then, the obtained 20
mM AOT vesicle suspensions were extruded five times through 200 nm pore size
nucleopore polycarbonate membranes, followed by the dilution with each solution to
different desired AOT concentrations. After incubation for 24 h at 7'~ 25°C, the turbidity
of each solution with different AOT concentrations was determined. Absorbance at the
arbitrarily chosen wavelength 4 =400 nm, 4400, was measured for each diluted sample by
using a V-730 spectrophotometer (JASCO, Japan), and quartz cells with an optical path
length of L = 1 mm. The A400 values were plotted against AOT concentrations. The cvc
values of AOT in each solution were taken as the lowest AOT concentrations at which
Aaoo clearly deviated from zero (~ 0.4 mM for 100 mM NaH;POs solution (pH=4.3) and
100 mM NaH;PO4/ 100 mM D-glucose solution (pH=4.3)), see Appendix 3-A. For more

on the concept of cvc, see also section 2.4.2.

Preparation of micellar solutions.

AOT micellar solutions containing 100 mM D-glucose were prepared for the micro-
injection experiments. 20 mM AOT micellar solutions were prepared by simply
dissolving solid AOT (17.8 mg) in 2.0 mL of deionized water or in 2.0 mL of 100 mM D-
glucose solution at room temperature (7 ~ 25 “C) with a vortex mixer. The obtained
micellar solutions were stored at 25 °C and used within two days after preparation. All
micellar solutions were pressed through a 0.2 mm polypropylene filter (Puradisc 25 PP,
from GE Healthcare UK Ltd., England) before being loaded into the micro-injection tip.
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3.3.3 Protocols for Template Polymerization of Aniline

Enzvmatic cascade polymerization of aniline with D-glucose, GOD. dissolved O,,
and HRPC in the presence of LUVs (in 7100 mM NaH>PO4 solution)

I newly elaborated this reaction condition [Kurisu et al. 2021]. Before elaborating the

reaction conditions in 20 mM NaH2POj4 solution (pH=4.3), I first elaborated the optimal
reaction condition in /00 mM NaH;POj4 solution (pH=4.3), which is the widely used
buffer concentration. The optimal concentrations of D-glucose and GOD for in situ
formation of H>O» that triggers the reaction were investigated by using the following
protocols. All components of the reaction mixture, except the GOD solution, were added
to 300 puL of 100 mM NaH2PO4 solution (pH=4.3) containing defined concentrations of
D-glucose: 75 pL LUV suspension (20 mM in 100 mM NaH;POjs solution containing a
defined concentration of D-glucose), 50 pL aniline solution (40 mM in 100 mM NaH>PO4
solution, pH adjusted to 4.3 with H3POs), 25 uLL HRPC solution (18.4 uM in 100 mM
NaH>POg4 solution, pH=4.3). After gentle mixing, the reaction was triggered by quick
addition of 50 uL of a GOD solution of defined GOD concentration (prepared in 100 mM
NaH;POyq solution, pH=4.3), followed by gentle mixing and closure of the caps of the
reaction tubes and sealing with Parafilm to avoid leakage of solution and air exchange.
The tubes were then placed in a rotary mixer Magic Mixer TMM with an LH15x22 rack
(KENIS, Japan) and continuously rotated at ~90 rpm during the reaction (Fig.3-3-1). The
initial reaction condition was as follows: 3.0 mM AOT, 4.0 mM aniline, 0.92 uM HRPC
and defined concentrations of GOD, and D-glucose in 100 mM NaH>POjs solution
(pH=4.3), reaction volume=0.50 mL, 7~25°C, ¢ =24 h. The desired D-glucose
concentration in the prelaid 300 pL D-glucose solution was obtained by mixing defined
volumes of a D-glucose stock solution (prepared in 100 mM NaH>PO4, pH=4.3) of either
250 mM or 1 M and an appropriate volume of 100 mM NaH>POys solution (pH=4.3). The
D-glucose stock solutions were prepared at least 24 h before use to allow D-glucose to
reach equilibrium between the a- and B-forms.

Finally, the optimal reaction condition for the PANI-ES synthesis with enzymatic
cascade reaction was found to be as follows (Table 3-3-1): 3.0 mM AOT, 4.0 mM aniline,
0.92 uM HRPC, 0.20 uM GOD, and 100 mM D-glucose in 100 mM NaH>PO4 solution
(pH=4.3), reaction volume=0.50 mL, 7=25°C, ¢t =24 h. See the Appendix 3-B, for the

determination of the optimal reaction condition.
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Table 3-3-1. Reaction condition for PANI-ES synthesis, which was first elaborated by
using widely used NaH2PO4 concentration for the PANI-ES synthesis, 100 mM.
PANI-ES is synthesized from aniline with HRPC, GOD, D-glucose, and dissolved
oxygen in the presence of AOT LUVs as templates at 7~ 25 °C for a reaction time of
t=24h.

Component Concentration
AOT (LUVs) 3.0mM

Aniline 4.0 mM
D-Glucose 100 mM

GOD 0.20 uyM

HRPC 0.92 uyM
NaH,PO, + H;PO, 100 mM

H;0* 10743M =50 uM

(pH=4.3)

NH QQQppa
©/ 2%‘%
& S
. AO)

ddébb

Aniline Vesicles -

+
D-glucose Q
dissolved O, V

HRPC, GOD Rotary
in NaH,PO, solution Mixing
(pH = 4.3)

Figure 3-3-1. Scheme summarizing the protocol of the PANI-ES synthesis by
introducing energy currency production domain (R1). See also Table 3-3-1 and 3-3-

2, for the concentrations of reaction components.
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Enzymatic cascade polymerization of aniline with D-glucose, GOD, dissolved O3,
and HRPC in the presence of LUVs (in 20 mM NaH,PO4 solution, pH=4.3).

This reaction condition is just an extension of the just above reaction condition in /00
mM NaH>PO4 (Table.3-3-1) to the appropriate condition for AOT GUV preparation in 20
mM NaH,>POs (Table.3-3-2). To obtain a homogeneous reaction mixture, we still use
AOT LUVs in 20 mM NaH;PO4 (pH=4.3). Another difference from (Table.3-3-1) is that
the concentration of GOD is increased from 0.20 uM to 1.0 uM for the better yield of the
PANI-ES products. All components of the reaction mixture, except the GOD solution,
were added to 216.7 pL of 20 mM NaH2POj4 solution (pH=4.3) containing 100 mM D-
glucose: 75 uLL LUV suspension (20 mM in 20 mM NaH,POs solution containing 100
mM D-glucose), 50 pL aniline solution (40 mM in 20 mM NaH>POs solution, pH adjusted
to 4.3 with H3PO4), 25 pLL. HRPC solution (18.4 uM in 20 mM NaH>POs solution,
pH=4.3), and 83.3 pL D-glucose solution (250 mM in 20 mM NaH;POq solution, pH=4.3).
After gentle mixing, the reaction was triggered by quick addition of 50 pL GOD solution
(10 uM in 20 mM NaH»POg4 solution, pH=4.3), followed by gentle mixing and closure of
the caps of the reaction tubes and sealing with Parafilm. The tubes were then placed in a
rotary mixer Magic Mixer TMM with an LH15x22 rack (KENIS, Japan) and continuously
rotated at ~90 rpm during the reaction (Fig.3-3-1). The initial reaction condition was as
follows: 3.0 mM AOT, 4.0 mM aniline, 0.92 uM HRPC, 1.0 uM GOD, 100 mM D-
glucose, and dissolved oxygen in 20 mM NaH;POs solution (pH=4.3), reaction
volume=0.50 mL, T=25°C.
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Table 3-3-2. Reaction condition for the PANI-ES synthesis including energy
production domain (R1), which is actually adopted for the artificial metabolism
system. The concentration of NaH>POs solution (pH=4.3) is changed from 100 mM
(Table.3-3-1) to 20 mM for the formation of AOT GUVs, and the concentration of
GOD is changed from 0.20 uM to 1.0 uM for the better yields. PANI-ES is synthesized
from aniline with HRPC, GOD, D-glucose, and dissolved oxygen in the presence of
AOT LUVs as templates in 20 mM NaH,POj4 solution at 7'~ 25 °C for a reaction time
of t=24h.

Component Concentration

AOT 3.0mM

Aniline 4.0 mM

D-Glucose 100 mM

GOD 1.0 uyM

HRPC 0.92 uM

NaH,PO, + H;PO, 20 mM

H,0* 10743M =50 uM
(pH=4.3)
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3.3.4 Characterization Methods of Reaction Product

UV/Vis/NIR absorption measurement.

Absorption measurements in the UV/Vis/NIR region of the spectrum were carried out
with a V-730 spectrometer (JASCO, Japan) at 25 °C, using quartz cuvettes S15-UV-1 (GL
Sciences Inc., Japan) with L=0.1 cm optical path length [Junker et al. 2012; Kurisu et al.
2019 and 2021].

EPR absorption measurement.

Electron paramagnetic resonance (EPR) measurements of the reaction mixtures were with
a Bruker EMX X-band spectrometer equipped with a TM cavity. The spectra were
measured at X-band microwave frequency with a modulation frequency of 100 kHz and

modulation amplitudes of 1 G at room temperature [Junker et al. 2012; Kurisu et al. 2021].

Confocal micro-Raman spectroscopy.

Raman spectra were obtained by an inVia QONTOR Raman spectrometer (Renishaw,
UK), equipped with a diode-pumped solid-state laser (532 nm, 50 mW), an optical
microscope, and a CCD detector. The Raman spectra of the reaction mixtures obtained in
the presence of AOT LUVs or DOPC LUVs were collected in non-confocal mode with
an objective (N Plan L50x, NA=0.50 (Leica, Germany)). The reaction mixtures were
placed in a holed silicone rubber sheet on a borosilicate glass slide (Fig.3-3-2(a)). The
hole had a diameter of 12 mm and a depth of 1 mm. The exposure time for one
measurement run was 1.0 sec and accumulation of 30 runs with ~15 mW laser power on
the sample stage.

Two-dimensional micro-Raman mapping was performed to confirm PANI-ES
distribution in the reaction mixture obtained in the presence of AOT GUVs, using the
characteristic V(C~N""), peak at ~1345 cm™ due to the delocalized polarons of PANI-ES.
The reaction mixtures prepared with AOT GUVs were loaded into a narrow borosilicate
glass tube VitroTubes (#5001) (path length = 10 um, width = 100 um) (VitroCom, USA)
(Fig.3-3-2(b)). The end of the glass tube was immersed into the reaction mixture
containing AOT GUVs, and then the reaction mixture was fully taken up to the other end
of the glass tube by the Laplace pressure. Both ends of the tubes were sealed with
Capillary Wax (HR4-328) (Hampton Research, USA) heated to ~90 °C. Then, the glass
tube was placed onto the bottom of a glass-bottom dish D11130H (Matsunami, Japan)
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filled with ~3 mL water. Here the AOT GUVs covered with PANI-ES were confirmed to
be loaded inside the glass tube by being stacked with slight deformation (Fig.3-3-2(b)
center). Finally, Raman mapping of an AOT GUV with PANI-ES was performed in
confocal mode with a water immersion objective (C-Apochromat 100x, NA=1.25 (Carl
Zeiss, Germany)). The laser spot size was 520 nm in diameter and 680 nm in depth. The
laser was focused on a GUV with a diameter of ~10 pm, immobilized in the tube. The
target GUV was horizontally translated by a piezoelectric stage with a 0.5 pm step in both
x and y directions, and ~680 points Raman spectra were collected in total. The exposure
time was 30 sec per point with ~1.5 mW laser power on the sample stage, and it took ~ 6
h to complete the entire scanning of the target AOT GUV. All obtained spectra were
baseline corrected. Please note that the exposure time, laser power, and mapping step
must be carefully selected before measurement; otherwise, the laser will burn the target
GUYV while mapping. In addition, when the target GUV is not completely immobilized in
the glass tube, the GUV might float during mapping since the focused laser attracts the
membrane [Cherney et al. 2004].
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Figure 3-3-2. Scheme of sample preparation in the Raman spectrum measurements.
(a) Scheme of Raman spectrum measurements of the reaction mixture obtained in the
presence of LUVs. The reaction mixture was placed on the holed silicone sheet
chamber with a diameter of 12 mm and a depth of 1.0 mm.

(b) Scheme of micro-Raman mapping of AOT GUVs covered with PANI-ES. (Left):
The reaction mixture containing AOT GUVs was loaded in a narrow glass tube by
immersing the end of the tube into the reaction mixture. (Middle): The AOT GUVs
were immobilized inside a glass tube with slight deformation. (Right): Both ends of
the glass tube were sealed with wax, then the tube was placed at the bottom of a dish

filled with water. The Raman spectra were collected with a water immersion objective.
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3.3.5 Quantification of the Reaction Kinetics.

Ouantification of aniline and H,O> during the reaction.

The methods to determine the amounts of remaining aniline and H2O: in the reaction
mixture were developed by Junker et al. [Junker et al. 2012]. To quantify the remaining
amounts of aniline, 30 pL of the reaction mixture was withdrawn and added to 1470 pL
acetonitrile in a 2 mL polypropylene Eppendorf tube. After centrifugation to remove the
reaction products, the UV/Vis/NIR absorption spectrum of the supernatant solution
containing extracted aniline was measured. From the characteristic absorption intensity
of aniline at 4 =238 nm (A23g), the concentration of aniline was calculated from the molar
absorbance, 233 (aniline) = 1.01 x 10* M! cm!, which was determined from a calibration
curve prepared with known amounts of aniline (Fig.2-3-2). This molar absorbance agreed
well with the value determined previously by Rajendiran and Swaminathan (0.955 x 10*
M- ¢cm™) [Rajendiran & Swaminathan 1996]. The reaction yield was defined based on
the amount of remaining aniline against the amount before initiating the reaction.

To quantify the H2O: concentration in the reaction mixture, the Ti-TPyP assay
developed by Takamura et al. was used [Matsubara et al.1992; Takamura & Matsubara
2003; Takamura & Matsumoto 2009]. This is a spectrophotometric method based on the
reaction between added oxo0[5,10,15,20-tetra (4-pyridyl) porphyrinato] titanium(IV) (Ti-
TPyP) and H>O; present in the reaction mixture (Fig.3-3-3). The procedure was as
follows: 125 uL of diluted or undiluted reaction mixture was added to 125 uL ofa 4.8 M
perchloric acid solution in a 2 mL polypropylene Eppendorf tube. Afterward, 125 pL of
a Ti-TPyP solution (50 uM in 50 mM HCI) was quickly added. After gentle mixing and
waiting for 5 min at 7'~ 25 °C, 875 uL of water was added, followed by centrifugation.
The absorption intensity at 4 = 432 nm (A432) of the supernatant solution was measured,
then this value was compared to the value from a blank sample that did not contain H2O,.
The concentration of H,O, was calculated from a calibration curve (Fig.3-3-4(a) and (b))
which was obtained by plotting AA ., = A ., (blank) - A

of H,O».

13, (sample) with known amounts
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+ Hy0p

Figure 3-3-3. Reaction of the Ti-TPyP reagent with H>O> to form the monoperoxo

complex, TiO2(tpypHa)**, which shows the shift of characteristic absorbance, see also
Fig.3-3-4(a).
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Figure 3-3-4. Calibration curve for the quantification of H,O» with the Ti-TPyP assay.
(a) Absorption spectrum of the assay solution was measured as a function of known
H>O: concentration in the sample solution (0 ("Blank") — 0.150 mM). The arrows
indicate the changes in the spectrum with the increase in H>O> concentration.

(b) Measured values of AA432 = A3z (blank) - Asz, (sample) based on the results of
(a) are plotted as a function of H>O» concentration in the cuvette. To obtain a
calibration curve for the concentration of H>O», a linear fit was made between [H20:]
=0 and 4.0 uM.
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Determination of the HRPC activity during the reaction.

The activity of HRPC in the reaction mixtures was determined spectrophotometrically by
using ABTS? as a reducing substrate and H»O; as an oxidant in 10 mM MOPS buffer
solution (pH = 7.0) according to the protocol developed by Ghéczy et al. [Ghéczy et al.
2016]. Oxidation of ABTS?* with HRPC and H>O:; yields a stable radical ABTS™ with the
transition of absorption maximum from at 4 = 340 nm to at 4 =414 nm (Fig.3-3-5) [Childs
& Bardsley 1975]. The following solutions were added in the sequence to a quartz cuvette
(L =1 mm) at T~ 25 °C, followed by measuring the increase rate of absorption intensity
at 4 = 414 nm (A414) during the first 60 s: 960 pL. MOPS buffer solution (10 mM, pH =
7.0), 10 uL reaction mixture containing HRPC, 20 uLL ABTS?" solution (50 mM in MOPS
buffer solution, pH = 7.0), and finally 10 pL H>O; solution (20 mM in water). After gentle
mixing, the linear absorption increase rate AA414/At was considered as a measure for the
activity of HRPC withdrawn from the reaction mixture. The calibration curve was
obtained using known amounts of HRPC (Fig.3-3-6). The initial substrate concentrations
were [ABTS? Jo = 1.0 mM and [H202]o = 0.2 mM, and the total assay volume was 1.0
mL.

\N /O@ O\\ /O@
S S\\ ° S S\\
N N= 0 -e N® N= 0
o —N N : o) —N N
©% S>_ e s °
o \\O O \O
ABTS?Z ABTS"™
Amax = 340 nm Amax = 414 nm

Figure 3-3-5. Reaction of the ABTS? reagent with HRPC and H,O,, which shows the

shift of characteristic absorbance and used for HRPC activity measurements.
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Figure 3-3-6. Calibration curve for the determination of HRPC activity.

The calibration curve was obtained by measuring the initial oxidation rate of ABTS?
with known amounts of HRPC in the presence of a fixed initial concentration of
ABTS?* and H,0,. The HRPC activity was expressed as AAs14 / At for the first 60 sec
after starting the reaction. [ABTS? ]o = 1.0 mM and [H20:]o = 0.2 mM. The red line

represents the linear fit.

Determination of the GOD activity during the reaction.

The activity of GOD in the reaction mixtures was determined spectrophotometrically with
D-glucose and ABTS? in 10 mM MOPS buffer (pH = 7.0) according to the protocol
developed by Ghéczy et al. [Ghéczy et al. 2016] with slight modifications. The following
solutions were added in the sequence to a quartz cuvette (L = 1 mm) at 7~ 25 °C, followed
by measuring the increase rate of absorption intensity at 4 =414 nm (A414) during the first
180 s: 865 puL MOPS buffer solution (10 mM, pH = 7.0), 10 pL reaction mixture
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containing GOD, 5 uL. HRPC solution (20 uM in MOPS buffer solution, pH = 7.0), 20
uL ABTS? solution (50 mM in MOPS buffer solution, pH = 7.0), and finally 100 uL D-
glucose solution (1.0 M in MOPS buffer solution, pH = 7.0). After gentle mixing, the
linear absorption increase rate AA414/At was considered as a measure for GOD activity
withdrawn from the reaction mixture. The calibration curve was obtained by using known
amounts of GOD (Fig.3-3-7). The initial concentrations of each component in the assay
solution were as follows: [HRPC] = 0.1 uM, [D-glucose]o = 100 mM, [ABTS?> o = 1.0
mM, and the total assay volume was 1.0 mL.
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Figure 3-3-7. Calibration curve for the determination of GOD activity.

The calibration curve was obtained by measuring the initial oxidation rate of ABTS?
with known amounts of GOD in the presence of a fixed initial concentration of HRPC,
D-glucose, and ABTS?". The GOD activity was expressed as AA4i4 / At for the first
180 sec after starting the reaction. [D-glucose]o = 100 mM, [HRPC] = 0.1 uM, and
[ABTS? ]op = 1.0 mM in presence of dissolved O». The red line represents the linear
fit.
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Quantification of D-glucose during the reaction.

The remaining D-glucose in the reaction mixtures was determined spectrophotometrically
by withdrawing small volumes of reaction mixtures and then using the
GOD/HRPC/ABTS? assay, as described above. Since the initial concentrations of GOD
(M ~ 153 kDa) and HRPC (M ~ 40 kDa) in the assay solution need to be fixed, the two
enzymes were firstly separated from the reaction mixtures that contain D-glucose by
ultrafiltration using Amicon® Ultra 0.5 mL centrifugal filters (regenerated cellulose,
nominal molecular weight limit of 10 kDa) (Merck, Germany). Since this purification
process takes some minutes, D-glucose cannot be quantified in the very beginning after
starting the reaction compared with other reaction components. The purified enzyme-free
reaction mixtures were then analyzed for D-glucose content by adding the following
solutions in the sequence to a quartz cuvette (L = 1 mm) at 7 ~ 25 °C, followed by
measuring the increase rate of absorption intensity at 4 = 414 nm (Aa414) during the first
180 s: 945 uLL MOPS bufter solution (10 mM, pH = 7.0), 20 uL. GOD solution (50 nM in
10 mM MOPS buffer solution, pH = 7.0), 5 uL HRPC solution (20 pM in MOPS buffer
solution, pH = 7.0), 20 uL ABTS?" solution (50 mM in MOPS buffer solution, pH = 7.0),
and finally 20 pL of the purified enzyme-free reaction mixture containing D-glucose.
After gentle mixing, the linear absorption increase rate AA414/At was considered to be a
measure for the amount of D-glucose present in the assay mixture. The calibration curve
was obtained by using known amounts of D-glucose (Fig.3-3-8). The initial
concentrations of the assay solution were as follows: [GOD] = 1.0 nM, [HRPC] =0.1 uM,
[ABTS? ]p = 1.0 mM, and the total assay volume was 1.0 mL.
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Figure 3-3-8. Calibration curve for the quantification of D-glucose.

The calibration curve was obtained by measuring the initial oxidation rate of ABTS?
with known amounts of D-glucose in the presence of a fixed initial concentration of
GOD, HRPC, and ABTS?". The GOD activity was expressed as AA414 / At for the first
180 sec after starting the reaction. [GOD] = 1 nM, [HRPC]=0.1 uM, and [ABTS?* o

= 1.0 mM in the presence of dissolved O. The red line represents the linear fit.
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3.3.6 Double Micro-Injection Technique

Double micro-injection technique.

To observe the changes in the size and morphology of AOT GUVs in response to the
polymerization of aniline including energy currency production domain (condition in
Table 3-3-2) with the feeding of the amphiphiles, we adopted the same double micro-
injection setup, except the micro-injection solution components, with the ones described
former (Fig.2-5-1 and Table 2-5-1). The GUV suspension mixed with the polymerization
components, except D-glucose to trigger the reaction, was carefully transferred from the
glass vial into the sample chamber. The initial concentrations of the components of the
reaction mixture were as follows: 3.0 mM AOT (GUVs), 4.0 mM aniline, 0.92 uM HRPC,
1.0 uM GOD, and dissolved oxygen in 20 mM NaH>POs solution (pH=4.3). The
polymerization reaction was triggered by micro-injecting an 100 mM D-glucose solution
containing 20 mM AOT micelles. Unless specifically mentioned otherwise, the same
solution as bulk solution except GUVs was injected from the other pipette as a counter
flow: 0 mM amphiphiles, 4.0 mM aniline, 0.92 uM HRPC, 1.0 pM GOD, and dissolved
oxygen in 20 mM NaH>POssolution (pH=4.3). Please note that the counter flow solution
contains reaction components such as enzymes by the same concentrations as in bulk
solution, while the counter flow solution applied in the last chapter’s condition contains
only 20 mM NaH»PO4 (pH=4.3) (see Table 2-5-1). This is because the experimental setup
was constructed after the rapid inactivation of enzymes was confirmed during the PANI-
ES synthesis (Fig.3-3-17). For the consistent reaction condition during vesicle
observation, the target vesicles are exposed to the constant concentrations of enzymes by
using the counter flow (Fig.3-3-3). All solutions injected from the micro-pipettes were
pressed through a 0.2 um polypropylene filter Puradisc 25 PP (GE Healthcare, UK)

before use.
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Table 3-3-3. Reaction components and their concentrations used in the double micro-

injection experiment.

Micro-injection 1 Concentration
Amphiphiles (micelles or SUVs) 20 mM or 100 mM
D-glucose 100 mM

Micro-injection 2

Aniline 4.0 mM

HRPC 0.92 uM

GOD 1.0 uyM
NaH,PO, + H;PO, 20 mM (pH=4.3)
Bulk solution

Amphiphiles (GUVs) 3.0mM

Aniline 4.0 mM

HRPC 0.92 uM

GOD 1.0 uyM
NaH,PO, + H;PO, 20 mM (pH=4.3)

Microscopic observation of GUVs.

The morphological changes of GUVs were followed by using an Axio Vert. A1 FL-LED
inverted fluorescence microscope in phase contrast mode (Carl Zeiss, Germany) with a
40x objective (LD A-Plan 40x, NA=0.55) and a CCD camera Axiocam 506mono (Carl
Zeiss, Germany) for recording the images. To estimate the morphological changes of
GUVs, a 3D image of the GUV was reconstructed from the 2D microscope image by
using the Surface Evolver software package [Jimbo et al. 2016; Brakke 1992]. The
surface area and volume of the GUV were quantified by approximating the vesicle shape
with an axisymmetric prolate shape.
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3.3.7 Result 1: Reaction Optimization

Introduction of energy currency production domain to the literature system.

Before elaborating the reaction condition for the artificial metabolism system, [
introduced energy currency production domain (R1) to the slightly different system, the
concentration of NaH>POy solution (pH=4.3) is not the artificial metabolism condition
(20 mM) but the standard condition widely used for PANI-ES synthesis research (100
mM). After confirming that energy currency production domain (R1) works well in this
standard condition (in 100 mM NaH,POs), then in the next section 3.3.8, I will elaborate
the condition appropriate for my artificial metabolism system (in 20 mM NaH,POy).

Concerning the reaction condition to obtain PANI-ES, the previously elaborated
condition by Junker et al. with HRPC, aniline, and H,O., were as follows [Junker et al.
2012]: 3.0 mM AQOT (as LUVs), 4.0 mM aniline, 0.92 uM HRPC, 4.5 mM H>O> in 100
mM NaH>POys solution (pH=4.3), T=25 °C, ¢ =24 h. The initial addition of H,O» solution
triggered the polymerization reaction. Under this condition, the initially colorless reaction
mixture soon becomes blue and then dark green with absorption maxima at 4 ~ 1000, 420,
and 300 nm and relatively low absorption at A ~ 500 nm (Fig.3-3-9 "Reference reaction"),
which is characteristic for the formation of PANI-ES. The formation of products with rich
PANI-ES repeating unit is further supported by the fact that reaction products produce an
EPR spectrum which is indicative of the presence of unpaired electrons (expected for the
polaron form of PANI-ES) (Fig.3-3-10 (3)) [Junker et al. 2012; Fujisaki et al. 2019].

Instead of the initial addition of H>O- that triggers the polymerization reaction, I
newly introduced enzymatic reaction to form H20O: from D-glucose and dissolved O with
GOD, the energy currency production domain (R1). All other conditions were kept the
same, and polymerization of aniline was triggered by using in situ formed H2O> in the
reaction mixture. The optimal initial condition for the PANI-ES synthesis with the
enzymatic cascade reaction was elaborated as follows (see Appendix 3-B for the
determination of the optimal condition): 3.0 mM AOT, 4.0 mM aniline, 0.92 uM HRPC,
0.20 uM GOD, and 100 mM D-glucose in /00 mM NaH;PO4 solution (pH=4.3), reaction
volume = 0.50 mL, 7=25°C, ¢t =24 h, with continuous rotary mixing (Table 3-3-1). Under
this condition, the color of the reaction mixture turned from initially colorless to dark blue
and finally dark green. UV/Vis/NIR spectrum of this cascade condition reaction mixture
is shown with that of reference condition in Fig.3-3-9 "Cascade reaction". Although both

spectra are similar, they are clearly different. For the reference spectrum, the absorption
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intensity at A ~ 1000 nm is higher and at bout 4 ~ 700 nm lower compared to the cascade
system. The products obtained in the cascade system also showed an EPR spectrum
(Fig.3-3-10 (1)) as observed in the reference system, which strongly supports the presence
of PANI-ES products in the reaction mixture. Both spectra are very similar, with only
slightly different G-factors (2.0063 for the "cascade reaction" and 2.0064 for the
"reference system"). The EPR signal intensity for the PANI-ES products obtained with
the reference system (Fig.3-3-10 (3)) was higher than in the case of the cascade system
(Fig.3-3-10 (1)). This agrees well with the outcome of the UV/Vis/NIR absorption
measurements for the reference system compared to cascade system, Aiooo (reference, L
=0.1 cm, t =24 h) = 1.2 vs A1000 (cascade, L =0.1 cm, ¢ = 24 h) = 0.8, since EPR signal
intensities are known to correlate with the higher absorption in the NIR region.

According to the outcome from the UV/Vis/NIR absorption measurements and the
EPR spectrum measurements, there is no doubt that PANI-ES is synthesized in an
aqueous /00 mM NaH>POys solution (pH=4.3) in the presence of AOT LUVs with a two-
enzymatic cascade reaction including energy currency production domain (R1).

To observe the reaction kinetics, changes of the UV/Vis/NIR absorption spectrum of
the reaction mixture were measured during the "cascade reaction" run in rotating tubes
under the elaborated optimal conditions (Table 3-3-1). During the first phase of the
reaction, there was a rapid increase in absorbance at Amax ~ 750 nm (Fig.3-3-11(a) and
Fig.3-3-13(a)), correlating with the observed appearance of blue color at the initial stage
of the reaction. The intensity of this absorption band then slowly decreased with reaction
time with a simultaneous increase in absorption in the NIR region, centered around Amax
~ 1000 nm (Fig.3-3-11(b) and Fig.3-3-13(b)), correlating with the developing green color
of the reaction mixture. Overall, these changes are very similar to the changes observed
for the "reference reaction" previously [Junker et al. 2012]. However, there is a notable
difference between the two systems. The initial increase in A7so is much faster for the
“reference reaction” mixture with added H,O» (4.5 mM, no D-glucose, no GOD) [Junker
et al. 2012] than for the D-glucose/GOD system, “cascade reaction”. In this case, the
formation of H,O» from D-glucose and dissolved oxygen is considered to be a rate-
limiting process for the PANI-ES synthesis, since there is almost no difference in an initial
increase in Aiooo between "reference condition" and "cascade condition" in 20 mM
NaH>POj4 solution (pH=4.3), where the concentration of GOD is increased from 0.20 uM
to 1.0 uM.

The amount of remaining aniline, in situ formed and consumed H202, and remaining

D-glucose in the "cascade reaction" mixture were measured, and the results are shown in
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Fig.3-3-14, in Fig.3-3-15, and in Fig.3-3-16, respectively.

For the amount of remaining aniline, the time-dependent changes of the aniline
consumption in the reaction mixture are shown in Fig.3-3-14. The kinetics of aniline
consumption is similar to that observed in the "reference reaction" mixture [Junker et al.
2012], where the large fractions of aniline in the reaction mixture are rapidly consumed
in about the first five minutes. After 24 h from the start of the reaction, about 10% of the
initially added aniline remained. This value is also comparative to the "reference reaction"
condition, which is known to stay at almost constant values of 5-10% after the rapid
consumption in the initial reaction stage.

For D-glucose consumption, the changes of the initially present amount (100 mM) in
the reaction mixture were determined by withdrawing small volumes from the reaction
mixture during the reactions. Then, after eliminating the remained GOD and HRPC by
ultrafiltration, the remained content is analyzed. As seen in Fig.3-3-15, after the initial
consumption of about 5 mM D-glucose, the remained amount in the reaction mixture
stayed almost constant at about 95 mM. This initial D-glucose consumption and the
discontinuity of D-glucose oxidation agree well with the observed inactivation of GOD,
as described below.

H>O, is formed from D-glucose and dissolved oxygen with GOD and is
simultaneously consumed for the HRPC-catalyzed oxidation of aniline. To determine the
concentration in the reaction mixtures, a certain volume of the reaction mixtures was
taken during the reaction. The quantification was carried out with the spectrophotometric
Ti-TPyP assay [Junker et al. 2012]. Very different from the "reference reaction" where
H>O> is initially added to the reaction mixtures to be 4.5 mM, the determined

concentration of H>O, was consistently below 30 uM (Fig.3-3-16).

The activities of HRPC (both "reference reaction" as and "cascade reaction") and
GOD (only in "cascade reaction") were measured by withdrawing small volumes from
the reaction mixture and by analyzing them with either ABTS?~/H,O> (HRPC assay) or
D-glucose/O2/ABTS? /HRPC (GOD assay), see Fig.3-3-17(a) (HRP activity) and Fig.3-
3-17(b) (GOD activity). For HRPC, the activity decreased rapidly during the formation
of PANI-ES products in both reaction systems. The data obtained in "reference reaction"
are in good agreement with what was observed in previous research [Junker et al. 2012].
The inactivation of HRPC is a consequence of the oxidation of aniline [Junker et al. 2012].
Without this reaction, HRPC is stable [Kurisu et al. 2021]. In the case of GOD, the activity
also dropped rapidly during the formation of PANI-ES. After 10 min reaction time, no
GOD activity could be detected with the method used. Like in the case of HRPC, GOD
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inactivation is a consequence of the oxidation of aniline since GOD is stable without
aniline [Kurisu et al. 2021].

I have reproduced previously elaborated HRPC-catalyzed enzymatic formation of
PANI-ES in the presence of AOT LUVs in /00 mM NaH>POj4 solution (pH=4.3) [Junker
et al. 2012]. Then, I succeeded in elaborating the reaction condition for the GOD/HRPC-
catalyzed enzymatic cascade system for the formation of PANI-ES in the presence of
AOT LUVs in 100 mM NaH>PO4 solution (pH=4.3), by introducing the reaction process
to form H»O, from D-glucose and dissolved O> (R1) to "reference system". We also
observe the reaction kinetics in this newly elaborated condition. The important notice for
discussing the kinetics is that both enzymes HRPC and GOD are rapidly inactivated after
starting the reaction. The inactivation of enzymes is considered in our simulation later in
section 4.4.

Next, we shift from the AOT LUVs system (in 100 mM NaH2POys) to the AOT GUVs
system (in 20 mM NaH>POs). I conducted further analysis on the "cascade system" for
the PANI-ES synthesis by using AOT LUVs, however, they are out of interest for the
purpose of constructing a synthetic minimal cell. See [Kurisu et al. 2021] for more details

in this work.
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Figure 3-3-9. Comparison between the UV/Vis/NIR absorption spectrum recorded
after t = 24 h for the optimal “cascade reaction” mixture (Table 3-3-1) with D-glucose
and GOD at [D-glucose]o = 100 mM and [GOD] = 0.20 uM and the spectrum recorded
for the "reference reaction" [Junker et al. 2012] with initially added H>O> (4.5 mM);
both with [AOT] = 3.0 mM; [aniline]o = 4.0 mM, and [HRPC] = 0.92 uM in 100 mM
NaH>POj4 solution (pH=4.3).
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Figure 3-3-10. EPR spectra of (1) a "cascade reaction" run (Table 3-3-1) at T ~ 25 °C
and recorded after t =24 h. [AOT] = 3.0 mM, [aniline]o = 4.0 mM, [D-glucose]o = 100
mM, [GOD] = 0.15 uM, [HRPC] = 0.92 uM in 100 mM NaH>POs solution (pH=4.3).
(2) Control; EPR spectrum of the reaction mixture used for the “cascade reaction”
(1) before starting the reaction (no GOD added, control). (3) the "reference reaction"
run at T ~25 °C and recorded after t = 24 h. [AOT] = 3.0 mM, [aniline]o = 4.0 mM,
[HRPC] = 0.92 uM, [H202]o = 4.5 mM in 100 mM NaH>POj4 solution (pH=4.3).
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Figure 3-3-11. UV/Vis/NIR absorption spectra of "cascade reaction" (Table 3-3-1)
samples which were withdrawn at predetermined times from the reaction. The reaction
times were t =0 s (1), 15 s (2), 30 s (3), 1 min (4), 3 min (5), 10 min (6), 60 min (7),
5h (8) and 24 h (9). (@) Measured spectra for t = 0—10 min and (b) 10 min—24 h.
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Figure 3-3-13. UV/Vis/NIR absorption spectra of "cascade reaction" (Table 3-3-1)
samples which were withdrawn at predetermined times from the reaction mixtures.
Time-dependent changes of Aiooo, A7s0, Asoo, A420, and Azpo correspond to the
absorption spectra changes shown in Fig.3-3-12.

(a) Absorption changes for t = 0—10 min and (b) 10 min—24 h. The lines between the
data points are drawn for guiding the eyes. Please note that the spectra measured for t
=15 s and t = 30 s are only approximate spectra due to the rapid changes during the
first phase of the reaction, also taking place during the recording of the spectra.
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Figure 3-3-14. Time-dependent changes of the concentration of remaining aniline in
the "cascade reaction" mixture (Table 3-3-1), as determined by analyzing samples
withdrawn from the reaction mixture. The line between the data points is drawn for
guiding the eyes. The error bars represent standard deviations from two to three

measurements.
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Figure 3-3-15. Quantification of the concentration of D-glucose in the "cascade
reaction" mixture (Table 3-3-1), as determined by analyzing samples withdrawn from
the reaction mixture. Error bars represent standard deviations from three

measurements.
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Figure 3-3-16. Quantification of the net concentration of in situ formed and consumed
H>O, in the "cascade reaction" mixture (Table 3-3-1), during the reaction, as
determined by analyzing samples withdrawn from the reaction mixtures. The error

bars represent standard deviations from three measurements.
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Figure 3-3-17. Time-dependent enzyme activity (a, HRPC and b, GOD)
measurements during PANI-ES synthesis.

(a) Changes in the relative activity of HRPC during the reaction for the "cascade
reaction" mixture (Table 3-3-1), (filled squares) and of the "reference reaction"
mixture ([H202]o=4.5 mM), (empty squares), as determined by analyzing samples
withdrawn from the reaction mixtures. Hundred percent activity refers to the initial
rate of reaction at time zero. The error bars represent standard deviations obtained
from three measurements. The lines between the data points are drawn for guiding the
eyes

(b) Changes in the relative activity of GOD during the reaction for the "cascade
reaction" mixture (Table 3-3-1), as determined by analyzing samples withdrawn from
the reaction mixture. Hundred percent activity refers to the initial rate of reaction at
time zero. The error bars represent standard deviations obtained from three

measurements. The line between the data points is drawn for guiding the eyes.

119




Introduction of energy currency production domain to the artificial metabolism

system.
We finally demonstrate the PANI-ES synthesis, which involves energy production

domain (R1) for the artificial metabolism system, the appropriate condition for the AOT
GUVs preparation (i.e., in 20 mM NaH2POgs solution (pH=4.3)). The reaction condition
difference from the last section are (i) decrease in the concentration of NaH>PO4 solution
(pH=4.3) from 100 mM to 20 mM for the GUV preparation, and (ii) increase in the
concentration of GOD from 0.20 uM to 1.0 uM for the higher yield of the product. The
obtained UV/Vis/NIR absorption spectra are shown in Fig.3-3-18, which shows the
PANI-ES is undoubtedly synthesized and the reaction condition is well optimized for the
artificial metabolism system, in 20 mM NaH2POs. The initial reaction kinetics for the
PANI-ES synthesis in this condition is also monitored (Fig.3-3-19), which indicates that
the initial reaction progress is also not largely influenced by modification of the reaction

condition.

The results of Raman spectrum measurements of polymerization products obtained
by using AOT LUVs and DOPC LUVs are shown in Fig.3-3-20. The product obtained
with AOT LUVs has a clear v(C~N""), peak at ~ 1345 cm! due to the delocalized polarons
of PANI-ES compared to the products obtained with DOPC vesicles (Fig. 3-3-20(a)),
which agrees well with that of PANI-ES reported in the literature [Pasti et al. 2017]. Then,
I synthesized PANI-ES not on homogeneous AOT LUVs (~80-100 nm) but on AOT
GUVs (~15 pm). The formation of PANI-ES on AOT GUVs was directly confirmed by a
micro-Raman mapping technique. Using the characteristic v(C~N""), peak at around 1345
cm!, T constructed a two-dimensional map (0.5 pum resolution) that directly reflects the
PANI-ES distribution. The obtained Raman image is shown in Fig. 3-3-20 (b) and (c).
The agreement between the optical microscope image (b) and Raman image (c¢) indicate
that PANI-ES is localized almost homogeneously on the AOT GUV surface. The two
reference spectra of the mapping are shown in Fig. 3-3-20(d), and the sampling points
are indicated in the mapping image as "A" and "B".
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Figure 3-3-18. UV/Vis/NIR absorption spectra of the polymerization products.

The products were obtained by polymerization of aniline (4.0 mM) with D-glucose
(100 mM), dissolved oxygen, HRPC (0.92 uM), and GOD (1.0 puM) in 20 mM
NaH>POy4 solution (pH=4.3), for 24 h at 25 °C, in the presence of LUV formed from
either AOT (red solid line), no template vesicles (blue dashed line), or DOPC (black

dotted line). The amphiphiles concentration was 3.0 mM.
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Figure 3-3-19. Time dependence of relative absorbance at A=1000 nm of the reaction
mixture (blue squares) obtained in the presence of AOT LUVs in 20 mM NaH;PO4
solution (pH=4.3). The polymerization was triggered by the in sifu formation of H,O»
from D-glucose and dissolved oxygen with GOD. The changes in absorbance at
A=1000 nm (A41000(¢)) are normalized by the absorbance recorded after 24 h from the
start of the reaction (47000 of "AOT" in Fig.3-3-18). The red line is the theoretical
prediction obtained by the kinetic model (fitted by Eq. (IIla — IIIi) in section 4.3.4).
The error bars indicate standard deviations estimated from three different experiments.
Reaction conditions were as follows: [AOT]=3.0 mM (as LUVs), [Aniline]o=3.0 mM,
[HRPC]=0.92 uM, [GOD]=1.0 uM, [D-glucose]o=100 mM and dissolved oxygen in
20 mM NaH;POj4 solution (pH=4.3), 7~25°C.
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Figure 3-3-20. Raman spectrum measurements of the reaction products of
polymerization of aniline obtained in the presence of LUVs. Reaction conditions were
as follows: [Amphiphile]=3.0 mM (as LUVs), [Aniline]o=3.0 mM, [HRPC]=0.92 uM,
[GOD]=1.0 uM, [D-glucose]o=100 mM and dissolved oxygen in 20 mM NaH;PO4
solution (pH=4.3), 7~25°C, t~24 h.

(a) Raman spectra of products obtained by polymerization of aniline in the presence
of either AOT LUVs (red bold line) or DOPC LUVs (black plane line) with the
cascade reaction scheme. The spectra were recorded after ~24 h from the start of the
reaction.

(b) and (c) Spatial Raman mapping of an AOT/PANI-ES GUYV using 1345 cm™!
peak, which is characteristic for the delocalized polarons of PANI-ES. Microscope
bright field image (b) and Raman mapping image (¢) of an AOT/PANI-ES GUV. The
532 nm line of a diode-pumped solid-state laser was focused on a position in a selected
AOT GUYV with a beam size of 520 nm in diameter. The Raman mapping image was
obtained with an interval of 0.5 um. The shadow in the upper right is the wall of the
glass tube. Length of the scale bar: 5 um.

(d) The raw representative point Raman spectrum, obtained from the point "A" and
"B" indicated in the map (c).

Concluding the section.

In this chapter, I first determined the optimal reaction conditions (i) for the extension of
the previous "reference condition" (R2 —R8), in which the direct addition of H>O» triggers
the polymerization reaction, to the "cascade condition" (R1 — R8), in which "energy
currency molecule" H2O> is in sifu formed in the reaction mixture from D-glucose and
dissolved oxygen with GOD in 100 mM NaH>POs solution (pH=4.3). For the
construction of synthetic minimal cell, the microscopy observations of GUVs (~10 um)
1s desirable, however, AOT molecules do not form GUVs in this condition. Then, we
determined another optimal reaction conditions (ii) for the "cascade condition" valid in
the AOT GUVs condition (i.e., in 20 mM NaH>PO4) by modifying above "cascade
condition" in 100 mM NaH,POj4 solution.
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3.3.8 Result 2: Vesicle Membrane Growth Coupled with

Artificial Metabolism

AOT GUVs membrane growth coupled with the energy currency production

domain and information polymer svnthesis.

The second significant result in this chapter is the demonstration of vesicle growth
induced by coupling the synthesis of the information polymer with the energy production
pathway (R1 — R9), the complete system of my artificial metabolism (Fig.3-2-1). Here,
the reaction pathways for the synthesis of “information polymer” (PANI-ES) of vesicles
are triggered by using in situ formed energy molecules (H202) formed from other
ingredients in the reaction system. We observe the morphological changes of AOT GUVs

using the double micro-injection setup.

We prepared AOT GU Vs in the solution for the enzymatic cascade PANI-ES synthesis
containing 1.0 uM GOD, 4.0 mM aniline, and 0.94 uM HRPC in 20 mM NaH;PO4
solution (pH = 4.3). It should be noted that the solution also contains dissolved oxygen.
Then, 20 mM AOT micellar solution containing 100 mM D-glucose was micro-injected
to the target AOT GUV by using a double micro-injection technique (entry #1 in Table
3-3-4). The initially spherical AOT GUV began to grow with deformation into a prolate
shape after ~ 60 sec from the start of injection (Fig. 3-3-21(a)), which roughly coincides
with the kinetics of PANI-ES synthesis (Fig.3-3-19). The prolate vesicle elongated with
time evolution by further uptake of AOT molecules from the environment. I quantified
the vesicle surface area by approximating the shape with an axisymmetric prolate shape.
Time evolution of the surface area, A(t), coupled with the artificial metabolism system
is plotted by red circles (#1) in Fig. 3-3-22, where the vesicle surface area is normalized
by the surface area of the initial spherical vesicle, A(0). The target vesicles clearly
showed exponential growth. The experimentally observed membrane growth can be
reproduced with the kinetic model, Eq. (Ia — Ig) in section 4.4.2. The simulation curves
are overlaid with the experimental plots by a red solid line in Fig.3-3-22. As control
experiments, we micro-injected AOT micelles to AOT GUVs under conditions where no
polymerization took place (see Table 3-3-4 and Fig.3-3-22), i.e., without D-glucose
(entry #2, blue squares), without aniline, HRPC, and GOD (entry #3, orange diamonds)
or without D-glucose, aniline, HRPC, and GOD (entry #4c, black triangles). The

microscopic images of vesicles of entry #4 are also shown in Fig.3-3-21(b), for the
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comparison to PANI-ES assisted membrane growth (entry #1). In these control conditions,
the vesicle growth is suppressed, indicating that PANI-ES accelerates the growth of AOT
vesicles. Thus, we have succeeded in achieving vesicle growth by coupling the synthesis

of the information polymer pathway with the energy production pathway.

Table 3-3-4. List of reaction conditions for the vesicle growth experiments coupled

with the artificial metabolism system.

(Target Vesicle) (Micro-injection) PANI-ES
Condition  ,pjlines HRPC® GOD* D-glucose! AOT micelless  SYnthesis
#1 v v v v v W
#2 v v v - v -
#3 - - - v v -
#4 - - - — v -

2 [ Aniline] = 4.0 mM, °[HRPC] = 0.92 uM, [GOD] = 1.0 uM, 9[D-glucose] = 100 mM,

°[AOT] =20 mM.

Note. “#1” represent that this condition corresponds to the artificial metabolism system.
“#2 - #4” represent the control experiment where one or more reaction components lack
to trigger the PANI-ES synthesis.
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Figure 3-3-21. Phase-contrast light microscopy images of AOT GUVs under micro-
injections.

(a) Condition “#1” of Table 3-3-4: Phase contrast light microscopy image of an AOT
GUV during polymerization of aniline coupled with artificial metabolism system; 20
mM AOT micellar solution containing 100 mM D-glucose was micro-injected to the
AOT GUV suspension containing 3.0 mM AOT, 4.0 mM aniline, 0.92 mM HRPC, 1.0
uM GOD, and dissolved oxygen in 20 mM NaH>POj solution (pH=4.3). From micro-
pipette on the other side, 20 mM NaH2PO4 solution (pH=4.3) containing 4.0 mM
aniline, 0.92 mM HRPC, 1.0 uM GOD, and dissolved oxygen is micro-injected to the
same vesicle. The GUV showed further growth beyond ~1.54(0) (at “+120 sec”),
while its shape was no longer approximated by axisymmetric shape. The elapsed time
after starting the micro-injection is indicated in each image. Length of the scale bar:
10 pm.

(b) Condition “#2” of Table 3-3-4: An AOT GUV in 20 mM NaH>POs (pH = 4.3)
solution without aniline and HRPC under micro-injection of AOT micelles (20 mM
AOT) and D-glucose (100 mM). The elapsed time after starting the micro-injection is

indicated in each image. Length of the scale bar: 10 um.
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Figure 3-3-22. Growth of AOT GUVs in response to the micro-injection of AOT
micelles under various conditions. Red circles (#1): Growth of AOT GUVs under the
artificial metabolism system. Red solid line: Simulation curve given with the kinetic
model Eq. (Ia — Ig) in section 4.4.2. Blue rectangles (#2): D-glucose is not contained
in the micro-injection solution compared to #1. Orange diamonds (#3): Aniline,
HRPC, and GOD are not contained compared to #1. Black triangles (#4): D-glucose
is not contained in the micro-injection solution, and aniline, HRPC, and GOD is not
contained compared to #1. The surface areas of GUVs are normalized by their initial
values. The error bars indicate standard deviations estimated from four to six different

experiments.
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3.4 Conclusion

In the last chapter “Artificial Information Polymer”, I designed the artificial information
polymer for vesicle membrane, where the polyaniline “encodes” the property of vesicle
membrane (sulfonated/sulfated head structure) in its regioselective regular sequence
structure (PANI-ES unit-rich structure) through the specific interaction between
membrane and monomers, and the information polymer selectively promote the
incorporation of amphiphiles from the environment to vesicle membrane (“decodes”).
This system realizes information polymer synthesis and membrane growth. In this chapter,
based on the recent molecular biology and Ganti’s chemoton model, I designed the
artificial metabolism system for my synthetic minimal cell (Fig.3-4-1). The metabolism
system conceptually reproduces three essential reaction domains for biological systems:
energy currency production domain, information polymer synthesis domain, and
membrane growth domain. The main focus in this chapter was introducing energy
currency production domain to the PANI-ES synthesis system and vesicle membrane
growth domain, which were already elaborated in the last chapter. By using in situ formed
H>O2 from D-glucose and dissolved oxygen, the information polymer (PANI-ES)
synthesis (Fig.3-3-18) and vesicle membrane growth (Fig.3-3-22) were successfully
achieved.

Compared to biological metabolism network (Fig.1-1-1(a) and (b)), my artificial
metabolism system is not encapsulated in membrane closure, but confined on the outer
surface of vesicle membrane (Fig.3-2-1). This design circumvents the problem on
transmembrane molecular traffic, which is serious for minimal cell design to sustain the

reaction network.
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Figure 3-4-1. Graphical summary of the artificial metabolism design.

My synthetic minimal system shows the synthesis of information polymer (PANI-ES)
and vesicle membrane growth, and they are linked by the simple and artificial reaction
network composed of three domains: energy currency production domain, information
polymer synthesis domain, and membrane growth domain. The system produces
energy currency molecules (H2O») from externally supplied D-glucose and dissolved
oxygen. Energy currency molecules drive the polymerization of aniline on vesicle
surface, resulting in the formation of regular sequence polyaniline (PANI-ES). The
information polymer selectively promotes the incorporation of membrane molecules
(AOT), resulting in membrane growth. Then, vesicle-polymer system realizes the
growth. The micro-injection setup realizes continuous inflow and outflow, which

keeps the reaction condition near the vesicle almost constant.
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3.5 Appendix

Appendix 3-A: Cvc measurements of AOT.

The influence of D-glucose on the AOT cvc (critical concentration for vesicle formation)
in 100 mM NaH>POs solution (pH=4.3) was investigated by the turbidity measurements
of the solution containing certain concentrations of AOT (Fig.3-5-1). See section 3.3.2,
for the detailed procedure. No gap was observed between the cvc values of AOT
with/without the content of 100 mM D-glucose in 100 mM NaH>POs solution (pH=4.3).

0.12 I T I T I T I ! I T I T I
—e— no D-glucose added
0101 _a— with 100 mM D-glucose s
= 0.08- .
. 0
—
< 0.061 ; .
Il 1
< 0.04- ‘ ]
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0.02- _/ .
. §‘;‘ !/
0.004 ®&— _ g -

00 02 04 06 08 10 12
[AOT]/ mM

Figure 3-5-1. Estimation of the critical concentration for AOT vesicle formation (cvc)
in 100 mM NaH>POg solution (pH = 4.3) at T ~ 25°C by turbidity measurements in
the absence of D-glucose (red filled circles) or in the presence of 100 mM D-glucose
(blue filled squares). In both cases, cvc ~ 0.4 mM (arrow), see section 2.3.2, for the
experimental details. The error bars represent standard deviations from three

measurements. The lines between the data points are drawn for guiding the eyes.

131



Appendix 3-B: Determination of optimal reaction condition for

the enzymatic cascade polymerization of aniline

The optimal reaction condition for the PANI-ES synthesis in the "cascade system"
(R1 —R8) in 100 mM NaH>POj4 solution (pH=4.3) was determined by replacing directly
added amount of H>O; in the "reference condition" (R2 — R8) with the particular amount
of D-glucose and GOD in a systematic way. Briefly, we first concluded that the optimal
concentration of D-glucose is 100 mM regardless of the concentration of GOD since the
saturation in absorption spectra, such as shown in Fig.3-5-2(a) and (b), were observed in
various GOD concentrations. Then, we concluded that the optimal concentration of GOD
is 0.20 uM in 100 mM NaH>POj solution (pH=4.3) since the value was one of the most
"economical" conditions concerning the behavior of absorption spectra (Fig.3-5-3(a) and
(b)) and the amount of remaining aniline in the reaction mixture (Fig.3-5-3(¢)) against
the concentrations of GOD. For further details, see the reference [Kurisu et al. 2021]. The
optimal concentration of GOD in 20 mM NaH>POs solution (pH=4.3) was also

determined as 1.0 uM, based on similar discussions.
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Table 3-5-2. For determination of the optimal initial concentration of D-glucose.
UV/Vis/NIR absorption spectra of the reaction mixtures, recorded after # = 24 h from
starting the reactions. See section 3.3.3, for the experimental details. [AOT]=3.0 mM;
[aniline]o=4.0 mM; [D-glucose]o=0 mM (1), 2.5 mM (2), 4.5 mM (3), 25 mM (4), 100
mM (5), 250 mM (6), or 500 mM (7); [GOD]=0.30 uM; [HRPC]=0.92 uM; pH=4.3
(100 mM NaH>POs).

(a) Measured spectra.

(b) A1000, Asoo, A4z, and Ai10oo/Asoo vs [D-glucose]o. The lines between the data points
are drawn for guiding the eyes.
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Table 3-5-3. For determination of the optimal concentration of GOD. UV/Vis/NIR
absorption spectra of the reaction mixtures, recorded after = 24 h from starting the
reactions. See section 3.3.3, for the experimental details. [AOT]=3.0 mM;
[aniline]o=4.0 mM; [D-glucose]o=100 mM; [GOD]= 0 uM (1), 0.01 uM (2), 0.05 uM
(3), 0.10 uM (4), 0.15 uM (5), 0.20 uM (6), 0.30 uM (7), or 0.40 uM (8);
[HRPC]=0.92 uM; pH=4.3 (100 mM NaH2POg).

(a) Measured spectra.

(b) A1o00, Asoo, Ao, and Aiooo/Asoo vs [GOD]. €, Dependence of the concentration of
remaining aniline after # = 24 h and 14 days on [GOD]. The lines between the data
points are drawn for guiding the eyes.
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Chapter 4
Kinetic Model of Artificial Metabolism

4.1 Introduction

Up to this point, I have elaborated the experimental aspects of the artificial metabolism
system. Under the continuous supply of ingredients molecules, the vesicle shows
membrane growth coupled with the information polymer (PANI-ES) synthesis. However,
for the minimal cell research, experimental construction of the system is only half way to
the research goal. At least in my work, the minimal cell research is an approach to explore
the universal essences underlying any possible living systems and to explore the mystery
of their emergence from simple non-living molecular assemblies. For the purpose of them,
I should extract physical essences from the experimental minimal cell system, and such
a set of experimental realization and theoretical analysis to single minimal cell design
will contribute to the future access from physical sciences to the essences of living
systems. Fortunately, my synthetic minimal cell design has the simple and clear molecular
mechanism. In this chapter, I will construct the reduced model system which extract the
essences of my minimal cell design, and then I will construct the kinetic model based on
the reduced system which reproduces well the experimental results. That is how I will

demonstrate my artificial metabolism system is working well according to my design.
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4.2 Enzymatic Reaction & Surface-Confined Reaction

4.2.1 Kinetic Model of Enzymatic Reactions

Michaelis-Menten equation.

An enzymatic reaction is usually modeled as an idealized two-step process as follows:

ky k
E+S 2 X 2 E+ P (4.1)
k_, k_,

where a substrate S is bound with enzyme E to form an enzyme-substrate intermediate
complex X, followed by a breakdown of the complex to form free enzyme E and
reaction product P. k;—;, is a rate constant, and k;-_; _, is a rate constant of the
reverse reaction. Normally, the concentration of enzymes and intermediate complexes are
extremely lower than the concentration of substrates. Therefore, we apply the steady-state
approximation assuming that the concentration of intermediate complex remains constant
in time compared to the changes of concentration of substrates:

d[X]

a7 = "Gkt k)IX] + K [E]IS] + ko [E][P] =0 (4.2)
The initial concentration of enzymes and substrates are given by:

[E]o = [E] + [X]

[S]o = [S]+ [P] (4.3)
In addition, the rate of substrate consumption is:
d[s] d[P]
— a7 = g = KlENS] = k4 X] (4.4)

From Eq. (4.2) to (4.4), the rate of substrate consumption is described as follows:

Jm __p
AT _ Ko . i - (4.5)
T, B,
m P
where V,, = ky[Elo, V, = k_4[Elo, Kpn =k_;€—+kz, and K, =k_kl—+kz. Finally, the
1 -2

initial reaction rate of the enzymatic reaction (4.5), i.e., reaction rate at [P] — 0, is given
by:

(4.6)
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Eq. (4.6) is known as the Michaelis-Menten equation [Tominaga 2001; Marangoni 2003].
This equation is given without approximation when we ignore the reverse product release
process (k_,). The most significant feature of the enzymatic reaction described by

Michaelis-Menten equation (4.6) is that the reaction rate is proportional to substrate
concentration at lower substrate concentration. In comparison, the reaction rate remains

approximately constant at higher substrate concentration (Fig.4-2-1).
In the actual enzymatic reactions, the substrate-enzyme intermediate complexes

experience various elemental reaction processes before forming the reaction product. For
example, the enzymatic reaction involving two intermediate complexes, X; and X, can

be written as follows:
kq k, ks
E+S 2 X, 2 X, 2 E+ P (4.7)
k_4 k_, k_;
In this case, the rate of the reaction is given by the same form of Eq. (4.6), whereas the
description of each constant changes, for example,
koks + k_1ks + k_1k_
1= 273 173 1 2 (48)
ki(k_y +ky + k3)
1.0 - Y
0.8 L . < >
' Zero-order region
L 1' VvV~ Vm
, 060 )
N '
-
04 ,
0211 | First-order region
Ve~ VialS]/ Ky
| T T s o

0.0 — ;
[S] /-

Figure 4-2-1. Plot of the Michaelis-Menten equation, Eq. (4.6). The solid curve is a
Michaelis-Menten plot with the parameter values of V;,, = 1,K,,, = 2. The dashed line

is the initial slope of the Michaelis-Menten plot, equivalent to v = 0.5 [S].
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Two-substrate enzymatic reactions.

Michaelis-Menten equation, Eq. (4.6), describes the rate of the enzyme reactions with a
single substrate. However, many enzymes catalyze reactions between two or more
substrates. Two-substrate reactions are classified as the sequential or ping-pong
mechanism by order of substrate addition and release of products within the reaction
sequence [Cleland 1963]. In a sequential mechanism, all substrates add to the enzyme
before any products are released. In the ping-pong mechanism, one or more products are
released before all substrates add to the enzyme, and the enzyme exists in two or more
stable forms during the reaction. These reactions can be further classified by the
successive groups of substrate additions and product releases, such as by the use of uni
(unimolecular), bi (bimolecular), and ter (termolecular). For example, ordered sequential
bi bi (two substrates and two product) reaction and ping-pong bi bi reaction can be shown
by using Cleland’s diagram (Fig.4-2-2) [Cleland 1963; Marangoni 2003]. These two-
substrate reactions are described by the respective rate equation, whereas they are the
same in the type of reaction, A + B — P + Q. Only under the condition where the
concentration of one of the two substrates is kept constant while the other is variable, both

reactions are described by the form of Michaelis-Menten equation, Eq. (4.6).
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A+B->P+Q
A B P Q
k, k, ky k,

Figure 4-2-2. Cleland’s diagram of two-substrate enzymatic reactions with (a) ordered
sequential bi bi mechanism and (b) ping-pong bi bi mechanism. E is an enzyme, A and
B are substrates, P and Q are products, X, Y, and Z are intermediate complexes, and
E’ is an intermediate state (not a complex) of E. Please note that each elemental

reaction is reversible in general.
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Reversible and irreversible ping pong bi bi mechanism.

There are numerous common reaction pathways through which two-substrate reactions
can proceed. Here we focus on the two types of them.

(1) Ping pong bi bi mechanism.

In this mechanism, a free enzyme E must bind substrate 4 first, followed by the release
of product P and the formation of an enzyme species £’. Then, the enzyme species E’
must bind substrate B, followed by the release of product Q and free enzyme E (Fig. 4-2-
2(b)). Please note that each elemental reaction is generally reversible, i.e., each reaction
has rate constant k;—,ppo and k;—_,_p_p_o, respectively. The reaction rate is
derived by applying the steady-state approximation where the concentrations of each
enzyme intermediate remain constant and by considering mass conservation of enzymes
and substrates, as we worked on the Michaelis-Menten equation. The initial reaction rate

(i.e., reaction rate at [P] — 0) of the ping pong bi bi mechanism is given by:

~ [E],
Vo =7 1 1 (4.9)
T T[]t G [B]

where [E], is total concentrations of all enzyme intermediates and k;_;,3 is the newly
defined rate constant to avoid complicated expressions [Marangoni 2003; Dunford 1999].
The consequence of the reversibility is an upper limit in reaction rate. For lower substrate
concentrations, the rate-limiting process is substrate binding. For the saturated condition
with the substrate, the rate-limiting process is product release. Of the enzymes that appear
in this thesis, glucose oxidase (GOD) strictly obeys this mechanism where A4 is D-glucose
and B is oxygen.

(1))  Irreversible ping pong mechanism.

As seen in peroxidase kinetics, where enzyme-substrate complexes are very short-lived
and almost undetectable, some enzyme kinetics are described by irreversible ping pong
mechanism [Dunford 1999 and 1991]. Here we consider the three-substrate irreversible
ping pong mechanism where the second and the third substrate are the same species
(Fig.4-2-3). Please note that each elemental reaction is irreversible, i.e., each reaction
does not have rate constant for the reverse process, k;=_4_p _¢. In this case, we must
define the rate clearly, either in terms of the rate of 4 disappearance or B disappearance.
The rate of the reaction is derived by applying the steady-state approximation where the
concentrations of enzyme intermediates £, E* and E** are remain constant, and by

considering mass conservation of enzymes, [E], = [E] + [E*] + [E**]. The reaction
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rate defined in terms of disappearance of 4 is given by:

- [E],
R B ey o (4.10)
Ta Al kgkolB]

Compared to Eq. (4.9), Eq. (4.10) is a simple steady-state rate equation that does not
include newly defined rate constants. As a consequence of the irreversibility, there is no
upper limit in reaction rate as observed in general non-enzymatic reaction, A + B — C.
See Fig. 4-2-4 for comparing Eq. (4.9) and Eq. (4.10). Of the enzymes that appear in this
thesis, hydrogen peroxidase isoenzyme C (HRPC) is considered to obey this mechanism

where A4 is hydrogen peroxide, and B is aniline.

A+2B > P +20
A P B Q B Q
Y Y Y
E £~ X E

Figure 4-2-3. Cleland’s diagram of three-substrate enzymatic reactions with

irreversible ping pong mechanism. E is an enzyme, A and B are substrates, P and Q
are products, and E* and E** are enzymes in their different oxidation states. Please
note that the intermediate complexes between substrates and enzymes are very short-
lived, and then products P and Q are shown to depart as soon as substrates contact the

enzyme.
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Figure 4-2-4. Plot of reaction rate given by the ping pong bi bi mechanism (dashed

line), Eq. (4.9), or by the irreversible ping pong mechanism (solid line), Eq. (4.10).

The values of parameters are [E]o = k=123 45¢ = 1. The rate equations are plotted

against simultaneous changes of two substrates, where the value of the concentration
of substrate B is set to 1/5 of the one of substrate A.
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4.2.2 Langmuir-Hinshelwood Mechanism

Herz-Knudsen equation.

For the system in equilibrium containing a large number of particles moving freely in
idealized gases, the Maxwell-Boltzmann distribution is:

m(vZ + v2 + v?
) exp [— (v + v +v2) dv,dv,dv,  (4.11)
2kpT

fW)dv,dv,dv, = (2 KT

where f(v) is a probability distribution function, dv; is an infinitesimal element of
velocity space, m is the particle mass, kp is the Boltzmann’s constant, and T
thermodynamic temperature. Eq (4.11) is the probability distribution for velocity, and we
get the distribution of the number of particles with a certain velocity by multiplying Eq
(4.11) by the number of molecules per unit volume:

mvi + vy + v7)
- (2 ks T) exp l 2ksT

The particles with velocity v, which are located within the distance of v,At from a

ldv dv,dv, (4.12)

wall at x = 0 will strike the wall in At. Therefore, the number of particles that strike the

wall per unit surface area and unit time is:

_f"of‘”f"oN m % m(v +v +v2) do-dod
Jae =)0 ) _OOV(anBT) P 2hpT | xRyt

f NkgT m
v dv, =
v 27'[kB ZkB mV  |2nkgT

= —— 413
2mmkgT ( )

Eq. (4.13) is known as the Herz-Knudsen equation [Kolasinski 2012; Desjonquéres &

Spanjaard 2002], which relates the flux of molecules striking a surface to the pressure, P

(or number density, equivalently).
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Langmuir adsorption isotherm.

We consider adsorption of monatomic gas in equilibrium onto a homogeneous solid

surface as follows:

A + + & AW (4.14)

where A is a gas molecule, * is a free adsorption site on the surface, K is the

adsorption-desorption equilibrium constant, and A(a) represents the gas molecule in its

adsorbed state occupying an adsorption site on the surface. Here we assume that each site

can bind one molecule at most (monolayer coverage only). The fractional occupancy of
the adsorption site is:

6, = [A(a)]

[A(a)]o

where [A(a)] is the concentration of gas adsorbed on the surface and [A(a)], is the

(4.15)

maximal concentration of gas adsorbed on the completely occupied surface. When gas

molecules strike the surface with free sites, 1 — 6,4, the fraction a of the molecules is

assumed to be actually adsorbed. Then, the rate of elementary adsorption process is given
by using Eq. (4.13) as follows:

Vaas = @ Jue(1 = 0,) = L0 2

Nz

In addition, the fraction B of the molecule covering the surface, 64, are assumed to

(4.16)

desorb to the air. The rate of elementary desorption process is given by:
Vdes = BHA (417)
Since adsorption and desorption are in equilibrium, v,;s = V4.5, the fractional

occupancy of the site is described as follows:
64

a
1-64  B/2mmk,T

Therefore, the concentration of gas molecules in their adsorbed state is given by:

P =KP (4.18)

[A(@)] = [A(@)]o 64 = [A(a)] (4.19)

°1+KP
Eq. (4.19) is known as the Langmuir adsorption isotherm [Kolasinski 2012; Desjonquéres
& Spanjaard 1993; Tominaga 2001]. K is the adsorption-desorption equilibrium
constant which only depends on temperature. When P — oo, [A(a)] is approximated
to [A(a)]y, the maximal concentration of adsorbed molecules. In addition, when P —
0, [A(a)] is approximated to [A(a)]oKP, which shows a linear response to P (Fig.4-
2-5). These behaviors of adsorption-desorption equilibrium are very similar to those of
the idealized enzymatic reaction, the Michaelis-Menten equation, Eq. (4.6). If we further
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look into K, it is given by using the site binding energy E as follows [Kolasinski 2012;
Desjonqueres & Spanjaard 1993]:

1 (2mmkgT 3/2k . —E

e <—h2 ) gT exp <kB_T) (4.20)
In the competitive case where two species of gas molecules A and B can adsorb onto

the site on the surface, Eq. (4.18) and (4.19) are described as follows:

Z = K,P O = KzP 421
1-6,—6;, % 1-0,—06, BB (4:21)
K4P,

A(@)] = N8, =N ,
[A(@)] = Nsba = Ns b b
KyP
[B(a)] = N,8; = N 5B (4.22)

1+ K P, + KgPg
where N; is the number of accessible sites per unit surface area, which is equivalent to
[A(a)], in Eq. (4.19).

0 10 20 30 40 50

P/-

0.0

Figure 4-2-5. Plot of the fractional occupancy of the adsorption site of the Langmuir
adsorption isotherm, 8 = KP/(1 + KP).
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Langmuir-Hinshelwood mechanism.

There are two primary reaction mechanisms proposed for the surface-confined reaction,
the Eley-Ridiel mechanism and the Langmuir-Hinshelwood mechanism. They are
distinguished by the difference in elementary reaction processes considered as follows:

Eley-Ridiel: A(a) + B - AB (4.23)
Langmuir-Hinshelwood: A(a) + B(a) - AB (4.24)

where the Eley-Ridiel mechanism considers a reaction between adsorbed molecule A(a)
and free gas molecule B, and the Langmuir-Hinshelwood mechanism considers a
reaction between the two adsorbed molecules on the surface (Fig.4-2-6). Conceptually
they are both plausible mechanisms, however, many experimental works support that the
Langmuir-Hinshelwood mechanism is preferred for the vast majority of surface reactions,
while few reactions proceed via the Eley-Ridiel mechanism [Baxter & Hu 2002; Kuipers
et al. 1991; Rettner 1992; Stampfl & Scheffler 1997]. In the Langmuir-Hinshelwood
mechanism, if A(a) and B(a) do not react at attempt on the surface, they can wait for
another opportunity since the reaction barrier is generally lower than the desorption
energies of A(a) and B(a) (Fig. 4-2-7). The rate of the reaction per unit surface area
in the Langmuir-Hinshelwood mechanism (4.24) is given by using (4.22) as follows:
e = ksNg6,05
K,KgP,P
= ksl 7 ijj f KZPB)Z (4.25)

where kg is arate constant. When we assume that two species of molecules are adsorbed

onto different species of sites on the same surface, and that molecules B are weakly

adsorbed, i.e., KzPp < 1, the rate of the reaction per unit surface area is given by:
KaKgP,Pg

N T K, P + Ky Pp)

, KyKgP,Ppg
~ksNaNs T 5
AL A

s = k;NA

K4Py
Pp——7—+
1+ K P,
= k.;,PBHA (4.26)

where kg and kg are the rate constants with different dimensions from k. Eq. (4.26)

7
= ks

is known as the expression of reaction rate in the Eley-Ridiel mechanism.
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Fig. 4-2-6. Scheme of (a) Langmuir-Hinshelwood mechanism, where a free molecule
is adsorbed onto the surface and then reacts with another molecule, and (b) Eley-Ridiel
mechanism, where a free molecule directly reacts with a molecule adsorbed on the
surface [Baxter & Hu 2002]. The illustrations represent the two supposed reaction
mechanisms when a CO molecule reacts with O atom bound on metal surface.

Reprinted with permission from Baxter, R.J. & Hu, P., J. Chemi. Phys.116, 4379-4381
(2002) © 2002 American Institute of Physics. Red arrows were added by M.K.

IS (ER)

S 1.67eV

IS (LH)

Fig. 5-2-7. Total energy diagram of both the Eley-Ridiel (ER) mechanism and the
Langmuir-Hinshelwood (LH) mechanism for the formation of CO; with CO and O on
Pt(111) surface. If CO and an O do not react at an attempt in LH mechanism, they can
wait for another opportunity since the reaction barrier is lower than the desorption
energies of both reactants.

Reprinted with permission from Baxter, R.J. & Hu, P., J. Chemi. Phys.116, 4379-4381
(2002) © 2002 American Institute of Physics.
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4.3 Kinetic model of our synthetic minimal cell

4.3.1 Reduced Model of Artificial Metabolism.

Overview of the model reactions.

Here I develop the idealized model reactions of my synthetic minimal cell to describe the
kinetics of the system. I extract the essential processes of the system, then the original
nine main reactions (R1 — R9) are reduced into the five model reactions (M1 — M5) as

follows.

Model Reactions:

R, +R,+X->Z+X (M1)
2S+Y+Z 528" +Y (M2)
25 + 2494 - P, + 2494t (M3)
S*+Z+P,+ 2494 - P, + 2494 (M4)
A, + B, = A(a) = A" + B, (M5)

Each symbol represents an essential molecule of the system as follows: aniline (S), aniline
radical cation (§*), D-glucose (R,), dissolved oxygen (R}), enzyme GOD (X), enzyme
HRPC (Y), H2O: (Z), PANI-ES chain with the degree of polymerization n (B,), AOT
molecules located in the outer layer of the vesicle membrane (A94), and supplied AOT
molecules in external solution (4,,). Here the energy production domain (R1), the
processing of information molecules domain (R2 - R8), and the membrane growth
domain (R9) are contracted to (M1), (M2) — (M4) (activation of monomer, initiation
reaction of PANI-ES synthesis by dimerization, and elongation reaction of PANI-ES
synthesis), and (M5), respectively. The second and the third term in (M5) represents the
transport of AOT molecules from the external solution (4,,) to vesicle membrane (A94)
through the intermediate complex (hydrogen-bonded PANI-ES and AOT) states on the
surface of the membrane (see also Fig.3-2-4). The model reactions of our synthetic
minimal cell are schematically shown in Fig.4-3-1, which should be compared with the
equivalent scheme of the actual reaction (R1 — R9) (Fig.3-2-1).

The overall stoichiometry is preserved between actual chemical reactions (R1 - R8)
and the model reactions (M1 - M4). For example, the overall net reaction to form one

repeating unit of PANI-ES is given as follows:
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[0)

H O._OH
4" T + 40, + 4 O+ 2 H°
OH

D-glucose Aniline
H H H OH OH O
' - = HO :
— QOO + 4 1,0 + 47
one repeating unit of PANI-ES D-gluconic acid

On the other hand, the overall net reaction to obtain one repeating unit of PANI-ES (P,)
in the model reactions are given by 4*(M1) + 2*(M2) + (M3) + 2*(M4) as follows:
4R, +4Ry,+4S-> P,

Here the consumption of proton, formation of water, and gluconic acid molecules are
ignored in the model system since we can apply the steady state approximation to protons
and gluconic acids due to the continuous inflow and outflow around the vesicle (i.e.,
Double Micro-Injection Technique), and since there are large excess water molecules.
Besides these unimportant molecules, there is a stoichiometric agreement between the
two expressions. There are no net production or destruction of the intermediate (S* and
Z) and enzymes (X and Y).
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Figure 4-3-1. The reduced metabolic pathway of our synthetic minimal cell, which
should be compared with the detailed metabolic pathway (Fig.3-2-1). The five
reactions (M1 — RS) are assigned to three metabolic domains; energy production
(orange), M1, synthesis of information polymer (green), M2 — M4, and membrane
growth (blue), M5. The bold rectangle represents the reaction system close to the
vesicle membrane, and bold arrows towards the inside of the rectangle represent that
ingredients are continuously supplied close to the vesicles. Each symbol represents a
relevant molecule of the system as follows: aniline (S), aniline radical cation (5*), D-
glucose (R,), dissolved oxygen (R}), enzyme GOD (X), enzyme HRPC (Y), H20: (Z),
PANI-ES chain with the degree of polymerization n (P,), AOT molecules located in
the outer layer of vesicle membrane (A9%"), supplied AOT molecules in external
solution (4,,), and intermediate state of an AOT molecule adsorbed onto PANI-ES
chain (A(a)). Please note that subsidiary reactions and molecules are omitted in the

model reactions.
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Derivation of model reactions and rate equations.

The five model reactions focus on the essence of our minimal cell system in which
irrelevant reaction steps and molecules are omitted. Here we look into the details of each
model reaction and then derive their rate equations. For values and units of the parameters

described below, see the “Parameters List” (Table 4-4-1) in the next section.

(M1) Energy currency production:
The GOD (X)-catalyzed oxidation of D-glucose (R,) by dissolved oxygen (R}) to form

H>0, (Z), the “energy currency” of our minimal cell system, is described as reduced

model reaction (M1) and Fig.4-3-2 based on actual reaction (R1) (see Fig.3-2-2 in section
3.2.2). This kinetics is known to strictly obey the ping pong bi bi mechanism [Bright &
Porter 1975; Laskovac et al. 2005] (see 4.2.1). Here the native enzyme X is activated to
X* byusing R, and by forming D-glucono-6-lactone that is a byproduct ignored in the
model reaction system. The activated enzyme X* produces energy currency Z from Ry,
then returns to the native enzyme X.

The kinetics of GOD is known to strictly obey the ping pong bi bi mechanism, Eq.
(4.9), [Bright & Porter 1975; Laskovac et al. 2005]. Therefore, the rate equation of (M1)
is directly derived as follows:

[X]o
1 1 1
K cat K real Ra(] * Ky, o [Ry]

v (®)[(mol L™Y) s71] = (4.27) = (V1)

where [X], is the total concentration of X, [X], = [X] + [X*] + [X e R ] + [X* e R, ],

and rate constants and equilibrium constants are newly defined for the sake of simplicity

. _ kibkia kip kid ki,—atkyip _ [Ra][X]
as follows: kl,cat =1 . 0 Kired =™ 7 Kiox = Kl,A = = ’
kiptkiq K14 K1, kia [XeRq]
ki_ctk Rpl[X* . .
and K;p = 1": Ld — [[X’i][R ]]. The values of rate constants are directly given by
1,c *Kp

literature [ Weibel & Bright 1971].
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(M1) Re+Ry+X->Z+X

R,+X - X*
Ry, +X*>X+Z

Ry ‘sicions) Ry, Z
k],a k],b k],c k],a’

Figure 4-3-2. Cleland’s diagram on the energy currency production domain (M1),

driven by the ping pong bi bi mechanism.

(M2) Activation of monomer with energy currency:

The HRPC (Y) /H2O» (Z)-catalyzed oxidation of aniline (S) to form anilino radical (not
shown), which is followed by protonation to aniline radical cation (S*), is described as
reduced model reactions (M2) and Fig.4-3-3 based on actual reactions (R2) and (R3) (see

Fig.3-2-3 in section 3.2.3). Since the intermediate anilino radical is assumed to be

instantly protonated to aniline radical cation due to its pKa value (pKa=7.1, compared to
pH=4.3 in the reaction solution) [Guo et al. 2009], the anilino radical is excluded from
the discussion on model reactions. The formation of anilino radicals is known to obey the
irreversible ping pong mechanism in which intermediate complexes between substrates
and enzymes are very short-lived [Dunfold 1999]. Here the native enzyme Y receives
energy currency molecule Z, then becomes one of the two activated states Y*. The
formation of a water molecule in this process is excluded from model reactions. Then,
the activated enzyme Y™ activates two monomers S to S* for the use in PANI-ES
synthesis, while Y™ shifts its own states to another activation state Y** and then to the

native state Y. Consequently, one energy currency molecule is consumed to produce two
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activated monomers within an enzyme cycle.

The formation of anilino radicals is considered to obey the irreversible ping pong
mechanism, Eq. (4.9), in which intermediate complexes between substrates and enzymes
are very short-lived [Dunfold 1999]. Therefore, the rate equation for the consumption of

energy currency molecule is derived as follows:

v,(6) [(molm™2) s71] = - [Y];’CZ T (4.28) = (V2)

T JlZD] T Tz pks, [S(E)]

where [Y], is the total concentration of different oxidation states of Y, [Y], = [Y] +

[Y*] + [Y**]. The values of rate constants are given by literature [Dunford 1999; Dunford
et al. 1978; Araiso & Dunford 1980; Job & Dunford 1976; Sakurada et al. 1990].

(M2) 2S4Y+Z->2S5*+Y
Y+Z -V
Y*+S-> YY"+ 5"
Y*+S-Y+S§"

Yy Y

Figure 4-3-3. Cleland’s diagram on the activation of monomer process (M2), driven

by the irreversible ping pong mechanism.

(M3) Initiation reaction of information polymer:

Initiation reaction of information polymer PANI-ES is described based on actual reaction
(R4) (see Fig.3-2-3 in section 3.2.3) as the reduced model reaction (M3) and Fig.4-3-4,
where the reaction between two aniline radical cations (S*) to form aniline dimer (P,) on
the surface of AOT vesicle membrane [Junker et al. 2012; Genies & Tsintavis 1985; Ding
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et al. 1999]. According to the previous studies on both experiment and simulation, aniline
and anilinium cation molecules are expected to be bound to the surface of negatively
charged AOT vesicle membrane due to the hydrogen bonding involving an amino group
of aniline and sulfonate head group of AOT [Guo et al. 2009 and 2011; Junker et al. 2015;
Iwasaki et al. 2017]. In addition, the outcome of MD simulation by Junker et al., which
mimics the optimal situation for PANI-ES synthesis, indicates that anilinium cation
molecules are concentrated near the membrane surface and forms hydrogen bonds to an
average of 1.1 AOT molecules on AOT vesicle membrane [Junker et al. 2015]. Therefore,
we assume that the dimerization process of aniline radical cations S*is driven by the
Langmuir-Hinshelwood mechanism (see 4.2.2). Here a free activated monomer close to
a vesicle membrane S* is adsorbed onto the outer layer of AOT vesicle membrane A%
with the adsorption-desorption equilibrium constant Kg«. Then, the two adsorbed
monomers S*(a) reactto form adimer P,. This reaction produces a new chain of PANI-
ES, followed by the next chain elongation process with the addition of monomers (M4).
The rate equation for the formation of a new chain of PANI-ES is derived based on
the Langmuir-Hinshelwood mechanism, Eq. (4.25), as follows:
Ks:[S" ()] L (429
1+ K- [S*(O)] + K, [Z(t)]> =(V3)
where k; is a rate constant with undetermined value, K¢+ and K, are adsorption-

v3(t) [(molm™2) s71] = k3NA0T<

desorption equilibrium constants of S* and Z, respectively, and Ny is binding site
density on vesicle surface, the value of which is given by the number of AOT molecules
per unit surface area of AOT vesicle membrane. The K+ value is given by an
adsorption-desorption equilibrium constant of anilinium cation, which is the accessible
value through the outcome of MD simulations [Junker et al. 2015] (see Appendix 4-A).
The value of the rate constant k; is determined by the experiment, see the later
discussions (section 4.4.1). Please note that almost all aniline dimer P, is assumed to be
localized to AOT bilayer according to the other MD simulations [Junker et al. 2014;
Luginbiihl et al. 2016], while some fractions of aniline radical cations (S*) might be free

from the membrane.
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Figure 4-3-4. Reaction scheme on the initiation reaction of PANI-ES chain synthesis

(M3), driven by the Langmuir-Hinshelwood mechanism.

(M4) Elongation reaction of information polymer:

Elongation reaction of information polymer PANI-ES is described by the combination of
two reaction processes on the surface of AOT vesicles based on actual reactions (RS -
R8), where PANI-ES chain (B,) is oxidized with H>O» (Z), then aniline radical cation
molecules (§*) is added to the oxidized PANI-ES chain (B;). We assume that the
elongation process of PANI-ES synthesis is driven by the irreversible ping pong
mechanism combined with the Langmuir-Hinshelwood mechanism (see 4.2.2) as
described by reduced model reaction (M4) and Fig.4-3-5. Here the energy currency
molecule Z close to the vesicle is adsorbed onto the outer layer of the vesicle membrane
A%Ut | then the adsorbed energy currency Z(a) activates the native PANI-ES B, located
on the surface of the vesicle. The activated monomer S* close to vesicle membrane is
also adsorbed onto the surface S*(a), then react with the active site of PANI-ES chain
P, to elongate the PANI-ES chain by one monomeric unitto P, ;. The number of PANI-

ES chains remains constant within an elongation cycle, and the concentration of native
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P, and activated B, PANI-ES chain assume to be in equilibrium.

The rate equation of (M4) for the monomeric elongation of PANI-ES chain is
described by the irreversible ping pong mechanism, Eq. (4.10), combined with the
Langmuir-Hinshelwood mechanism, Eq. (4.25), as follows:
vy (O)[(molm™2) s71] =

[P(t)]chain

[ACD)]
1 1

KZ©O] + K 15" (D]
a,aNaor (1 FRIZO]+ Ky [s*(t)]) apNaor (1 TRIZOT+ Ks. [s*(t)])

where k,,and k,, are rate constants with undetermined values, K5+ and K are

(4.30)

adsorption-desorption equilibrium constants of S*and Z, respectively, Nyor is binding
site density on vesicle surface, and [P (t)];nqin/[A(t)] is the density of PANI-ES chains
on vesicle surface since [P (t)] pqin (mol/L) is the concentration of the total number of
PANI-ES chains ([P (t)]chain = Xome1 Npn » Ny inumber of PANI-ES chains with the degree
of polymerization of n), [A(t)] (m?/L) is the concentration of vesicle surface exposed to
the external solution.

We made a few assumptions to obtain rate equation Eq. (4.30). Firstly, we assumed
that the coverage of vesicle surface by PANI-ES chains does not interfere with initiation
reaction (M3), adsorption and desorption of substrates (S*and Z), i.e., the coverage of
PANI-ES is assumed to be dilute enough within the timescale of vesicle observation
(~100 s), film-on-film growth mechanism is assumed, or both. Thus, the initiation
reaction and elongation reaction of PANI-ES do not interfere with each other [Sapurina
et al. 2001]. Secondly, we assume that all the PANI-ES chains are linear without
branching structures, i.e., all PANI-ES chains equally have the opportunity to react with
Z and S*, regardless of their degrees of polymerization n. This assumption is
reasonable since the linear structure, PANI-ES, is relevant in the polyaniline products
synthesized on the AOT vesicle surface. Finally, we apply an approximation to Eq. (4.30)
to reduce the number of undetermined rate constants (fitting parameters for the
experimental results) as follows:

v (O)[(molm=2) s7*]

[P()]chain K Ky [Z(0)][S* (©)] 431)
[AD] 1+ KZO]+ K [S*(ODKZ(O] + Ks:[S* (@)D = (V4)

where k, is a newly defined rate constant in (M4), assuming k, = k,, = k, ) for Eq.

= k4Nyor

(4.30). As discussed later in section 4.4.1, the values of rate constants k3 in (M3) and
k, in (M4) are determined based on the experimentally observed kinetics of PANI-ES

synthesis.
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Figure 4-3-5. Cleland’s diagram on the elongation reaction of PANI-ES chain

synthesis (M4), driven by the irreversible ping pong mechanism combined with the
Langmuir-Hinshelwood mechanism.
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(M5) Vesicle membrane growth:

Initially, we suppose that the molecular mechanism of membrane growth involves two
intermediate complex states between amphiphiles and PANI-ES (Fig.3-2-4), but here we
suppose only one intermediate state for the sake of simplification (Fig. 4-3-6). This
assumption does not change the form of rate equation, see Eq. (4.7) and (4.8). Here we
assume that the two species of amphiphile (4,, and A%%") are competitive to adsorb onto
the binding site, i.e., PANI-ES segments (P,), on the vesicle surface. For the incorporation
of amphiphiles, free amphiphile close to vesicle A4,, is adsorbed onto the surface-
confined free PANI-ES segments P, with the adsorption-desorption equilibrium
constant K, to form an amphiphile-PANI intermediate complex A(a), followed by a
breakdown of the complex to partition the amphiphiles into vesicle membrane A%t and
to form a free binding site P. The rate equation for the incorporation of amphiphiles is
given as Eq. (4.32) by applying the steady-state approximation to the surface density of

adsorbed amphiphiles per unit surface area.

. Kl PO mono
vs(Ollmotm™) 1 = kom Tk Ta, 0+ Kolage] ] (PP
PO o _
= ks i (4.33) = (V5)

where ks, is a translocation rate constant, and [P (t)];0n0/[A(t)] is the density of
binding sites for amphiphiles on vesicle surface since [P(t)]nono (MOI/L) is the
concentration of the total number of the monomeric units of PANI-ES ([P(t)]nono =
Y1 Ny, Np:number of PANI-ES chains with the degree of polymerization of n),
[A(t)] (m?/L) is the concentration of vesicle surface exposed to the external solution.
Here the values of [4,,] and [A%%!] are assumed to be constant since the constant
concentrations of amphiphiles are continuously supplied close to vesicles by micro-
injection technique, and the density of amphiphiles located in vesicle membrane is almost
constant. Therefore, we obtain Eq. (4.33) as the rate equation of (M5) by using the newly

given rate constant ks.
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Figure 4-3-6. Diagram on the incorporation of membrane molecules (M5), driven via

the competitive Langmuir adsorption.
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4.3.2 Parameter List for Artificial Metabolism

Values and units of the rate equation parameters (V1 — V5) are shown in Table 4-3-1. The
values of parameters ks in (V3), k,in (V4), and ksin (V5) are determined later based
on the control experiments in section 4.4.1. Except these three parameters, all other values

of the parameters in the list are given or estimated based on the literature.

Table 4-3-1. Parameters and their values used in the kinetic model of artificial

metabolism.

Parameter

Value [unit]

Comment

Reference

MI
V1)

vy (t)

[(mol L71) s71]

Rate constant for the formation of energy
currency molecule, Z , by using
ingredients R, and R,.

Please note that only wv,(t) has a
other rate

different dimension to

constants.

1.0 *10° [M]

The concentration of GOD. Initial
concentration is given by experimental

setup.

kl,red

kl,ox

1.0 *10°
[s]

1.5 *10*
[M1s1]

1.9 *10°
M)

The redefined rate constant of ping pong
bi bi mechanism. The value is given by
literature, obtained at pH = 4.0, in

potassium  citrate  buffer.

kl,cat =

Lablid oo Rig. 4-3-2)

kiptkia

The redefined rate constant of ping pong
bi bi mechanism. The value is given by

literature, obtained at pH = 4.0, in

. . k
potassium citrate buffer. k;,.q = Kl—'b
1,A

(see Fig. 4-3-2)
The redefined rate constant of ping pong
bi bi mechanism. The value is given by

literature, obtained at pH = 4.0, in

From
experimenta
1 setup.
[Weibel &
Bright 1971]

[Weibel &
Bright 1971]

[Weibel &
Bright 1971]
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. . k1,
potassium citrate buffer. k&, ,, = Xim

(see Fig. 4-3-2)

M2
(V2)

[R,(t)]  (initial value)  The concentration of D-glucose. From
0.100 [M] In the vesicle growth experiment, this is experimenta
constant due to the continuous supply by 1 setup.
micro-injection (see Fig.2-5-1).
In the closed-microtube experiment, this
value decreases due to consumption.
[Rp] (saturated The concentration of dissolved oxygen.  [Reynafarje
value) 02 is consumed for H2O:2 production and et al. 1985]
0.23 [mM]  simultaneously supplied externally during [Millero et
the reaction. The concentration of Oz in al. 2002]
the reaction mixture assumes to be in
equilibrium at 10% (in rotary mixed
closed microtube) or at 3% (in vesicle
growth system (Fig.2-5-1)) of the
saturated value.
v,(t) [(molm=2)s~'] Rate constant for the activation of
monomers, S, by using energy currency
molecule, Z.
The rate equation V2 is given for the
consumption of Z.
[Y]o 3.04 *10®  The concentration of HRPC. The From
[mol m‘z] concentration in the reaction solution experimenta
(0.92*10° [M]) is converted to the 1 setup.
(0.92*¥10°[M])  concentration on the surface of the vesicle
membrane ([mol m™2]) by using the value
of [A],, see below.
kyq 1.7 *107 The rate constant of irreversible ping [Dunford
[M1s1] pong mechanism. The value is given by  1999]
literature, obtained at pH = 7.0, in various [Dunford et
solutions. al. 1978]
[Araiso &
Dunford
1980]
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[S(®)]

[Z(®)]

pH

influence

2.4 *10°
M)

8.6 *10*
M)

4.0%103 [M]

(initial value)

0 [M], 2 [M],
or

4.5%107 [M]

Decrease to
~20%

The rate constant of irreversible ping
pong mechanism. The value is given by
literature, obtained at pH = 7.0, in
phosphate buffer.

The rate constant of irreversible ping
pong mechanism. The value is given by
literature, obtained at pH = 7.0, in sodium
phosphate buffer.

The initial concentration of aniline.

Concentration of H20x.

The initial concentration of HxO2is 0 [M]
(when H:20zis in situ formed by M1), 2
[M] (when H20:» is supplied by micro-
injection (Fig.2-5-1)), or 4.5*103 [M]
(when H202 is added to
microtubes (Fig.2-3-1)).

At pH = 4.3, HRPC activity decreases to

initially

~20% compared to the activity at pH = 7.

[Dunford
1999] [Job
& Dunford
1976]
[Dunford
1999]
[Sakurada et
al. 1990]
From
experimenta
1 setup.
From
experimenta

1 setup.

[Toyobo
Enzymes]

M3
(V3)

v3(t)

[(molm~=2) s71]

Rate constant for the initiation reaction of
PANI-ES synthesis by dimerization of the
activated monomers, S*.

The rate equation V3 is given for the

formation of PANI-ES

[P (t)] chain-

chain,

Aaor

NAOT

0.67 [nm?]

2.48 *10°

[mol m™2]

1.0 * 10*
[s]

Surface area per single AOT molecule in

vesicle membrane.

Site density for S$* adsorption on vesicle
membrane, given by the density of AOT
molecules on vesicle surface, 1/a,qr.
The rate constant of the initiation reaction
for the PANI-ES synthesis.

is determined based on

The value

experiments, see section 4.4.1.

[Grillo et al.
2000]

[Grillo et al.
2000]

Determined
based on

experiments.
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[S*(©]

[Z(®)]

(initial value)

0 [M]

(initial value)

0 [M], 2 [M],

or

4.5%107 [M]

2.29 [M]

2.29 [M]

The concentration of aniline radical

cation.

Concentration of H20x.

The initial concentration of H2O2is 0 [M]
(when H:20zis in situ formed by M1), 2
[M] (when H20:» is supplied by micro-
injection (Fig.2-5-1)), or 4.5*103 [M]
(when H02 is added to
microtubes (Fig.2-3-1)).

initially

The equilibrium constant of Langmuir
adsorption isotherm of aniline radical
cation.

The value is estimated from the outcome
of MD simulation. The value of aniline
cation assumes to be the same as that of
aniline radical cation. See also Appendix
4-A.

The equilibrium constant of Langmuir
adsorption isotherm of H202. We assume
K; = K+, since the value of Kz does not

affect the kinetic significantly.

From
experimenta
1 setup.
From
experimenta

1 setup.

[Junker et al.
2015]
Appendix 4-
A.

M4
(V4)

v, ()

[(molm~=2) s71]

The rate constant for the elongation
reaction of PANI-ES synthesis by
addition of the activated monomers, S*,
to a PANI-ES chain, [P(t)] ngin» by

using an energy currency molecule, Z.

[S*(©]

[Z(®)]

(initial value)
0 [M]

(initial value)

0 [M], 2 [M],

or

4.5%107 [M]

The concentration of aniline radical
cation.

Concentration of H20x.

The initial concentration of HxO2is 0 [M]
(when H:20z s in situ formed by M1), 2
[M] (when H20:» is supplied by micro-
injection (Fig.2-5-1)), or 4.5%10° [M]
(when H202 is added to
microtubes (Fig.2-3-1)).

initially

From
experimenta

1 setup.
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ks

L

cve

[4,(D)]

1.0 * 1073

[(mol m2)!'s!]

6.02 * 107
[mol ']

1.5 [mM]

(initial value)

1.5 [mM]

Rate constant on elongation reaction for
the PANI-ES synthesis.

The value is determined based on
experiments, see section 4.4.1.

Avogadro constant.

The concentration of AOT molecules
present as the single-molecule state.

The concentration of AOT molecules
forming vesicles in the reaction mixture,
3.0 [mM] — cvc. We assume that the
amphiphiles are equally partitioned into
the inner and the outer layer of vesicles

([A,(£)]/2), respectively.

Determined
based on

experiments.

[Kurisu et al.
2019]
[Kurisu et al.

2019]

[A(t)] (initial value) ~ Vesicle surface area per 10~ m® dispersed From
3.03 *10? in the reaction mixture. Given by: experimenta
[m?2 L] 1.5 [mM] * 1/2* L [mol"] * a,or[nm?] 1 setup.
Nyor 2.48 #¥10°  Site density for S* adsorption on vesicle [Grillo et al.
[mol m‘z] membrane, given by the density of AOT 2000]
molecules on vesicle surface, 1/a,o7.
[P(t)]chain (initial value)  The concentration of PANI-ES chains
0 [M] formed via model reaction (M3).
([PM®)]chain = 2wy N,,, N,,: number of
PANI-ES chains with the degree of
polymerization of )
K+ 2.29 [M1] The equilibrium constant of Langmuir [Junker et al.
adsorption isotherm of aniline radical 2015]
cation. Appendix 4-
The value is estimated from the outcome A.

of MD simulation. The value of aniline
cation assumes to be the same as that of
aniline radical cation. See also Appendix

4-A.
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K

2.29 [M1]

The equilibrium constant of Langmuir
adsorption isotherm of H202. We assume
K; = K+, since the value of Kz does not

affect the kinetic significantly.

M5
V5

vs(t)

[(molm~=2) s71]

Rate constant for the incorporation of free
amphiphiles, A4,,, through the adsorption
onto PANI-ES structures, [P(t)]mono-

[A(®)]

(initial value)
3.03 *10?
[m?L]

Vesicle surface area per 10~ m® dispersed
in the reaction mixture. Given by:

1.5 [mM] * 1/2* L [mol']* a,or[nm?]

From
experimenta

1 setup.

[4,(0)]

ks

[P (t)]mono

[Ar]

(initial value)

1.5 [mM]

6.0 * 1073
[s']
(initial value)

0 [M]

20 [mM]

The concentration of AOT molecules
forming vesicles in the reaction mixture,
3.0 [mM] — cvc. We assume that the
amphiphiles are equally partitioned into
the inner and the outer layer of vesicles
([A,(®)]/2), respectively.

Rate constant on the incorporation of
AOT molecules.

The value is determined based on
experiments, see section 4.4.1.

The concentration of total PANI-ES
monomeric units formed via model
reactions (M3) and (M4).

([P mono = Zp=q 1 N, Nyinumber of
PANI-ES chains with the degree of
polymerization of )

The concentration of free AOT molecules
supplied to the vesicles with micro-

injection.

[Kurisu et al.

2019]

Determined
based on

experiments.

From
experimenta

1 setup.
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4.3.3 Kinetic Model: Artificial Metabolism System

Based on the above discussion (section 4.3.1) and parameters (section 4.3.2), the
simultaneous differential equations describing the kinetics of the artificial metabolism

system (Fig. 4-3-1) are given by:

AP Olenain _ (13 . [ace) (Ia)
dt

% = (2% v3(6) + v, (D) * [A(D)] (Ib)
B v -2 130 ~ 0 ) 4] (1e)
d[flff)] = v1(t) — (v3 (D) + v (D)) * [A(D)] (Id)
d[Av(t)] — Us(t) % [A(t)] (]e)

dt

1

[A®] = 5[4, * L * asor )
d[Am] _dIS] d[R,] dIR,]

dt  dt dt  dt =0 (g)

where [P(t)]cnain and [P(t)]mono are the concentration ([M]) of information polymer
(PANI-ES) defined with the number of polymer chains and their consisting monomeric
units, respectively, [S*(t)] ([M]) is the concentration of activated monomers, [Z(t)]
([M]) is the concentration of energy currency molecules, [A4,(t)] ([M]) is the
concentration of amphiphiles which form vesicle membranes, [A(t)] ([m?/L]) is the
concentration of vesicle surface area, v;_;_5(t) is the rate equation of each reduced
model reaction (M1 — M5) derived in section 4.3.1, L is the Avogadro constant, and
asor 1s the surface area occupied by single amphiphile located in vesicle membrane. The
concentrations of continuously supplied ingredients are kept constant, where [4,,], [S],
[R,], and [R,] are the concentrations of supplied membrane molecules, monomer
(aniline), and the ingredients for energy currency molecules (D-glucose and dissolved
0,), respectively.

The kinetic model is designed to enable the comparison between model and
experiments. The kinetics of information polymer (PANI-ES) synthesis can be observed
by the time-dependent change of characteristic absorbance for polaron structures of
PANI-ES, which relates with the change of [P(t)]nono- The Kinetics of vesicle

membrane growth can be directly observed by phase contrast optical microscopy, which
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relates with the change of [A(t)]. The values of the three undetermined rate constants
ki3 45 are determined based on the control experiments of artificial metabolism system
and the corresponding kinetic models (shown just below). The time-dependent
concentration changes of the intermediate components, [Z(t)] (energy currency
molecule), [S] (aniline), and [R,] (D-glucose), are also observable with the analytical
methods described in section 3.3.5.
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4.3.4 Kinetic Model: Control Systems

To describe the kinetics of our synthetic minimal cell, we need to determine the values of
parameters ks in (V3), k,in (V4), and ks in (V5) based on experiments. Therefore, in
addition to the differential equations that describe synthetic minimal cell shown just
above (section 4.3.3), we look into the three control sets of differential equations (i), (ii),

and (iii) for the corresponding control experiments.

Control: Information polymer synthesis WITHOUT vesicle growth.
(1) PANI-ES synthesis without vesicle growth (M5), without energy production (M1).

Considering only the PANI-ES synthesis on vesicle surface by forgetting the concept of
the minimal cell, energy production domain (M1) and vesicle growth domain (M5) are
unnecessary (see Fig.4-3-7). In this case, the appropriate amount of energy currency
molecule and aniline (Z, and S*,, respectively) are initially added to trigger the
polymerization, and then the system reaches equilibrium after completely consuming the
initially added one or both ingredients. The simultaneous differential equations describing

time-dependence of PANI-ES synthesis in this system are given by:

d[P(;)gchain = 0, (0) * [A(D)] (I1a)
d[P(;)gmono = (2 v5(0) + 14(D) * [A(D)] (I1b)
d[‘:ft)] = (2% v,(6) — 2 x v3(t) — v, (1)) * [A(D)] (lc)
d[iit) = (v3() + 2a(D) * [AD)] (I1d)
aA01_, (11e)
[A©] = 7+ (4,0 L a7 atp)

where [P(t)]cnain and [P(t)]mono are the concentration ([M]) of information polymer
(PANI-ES) defined with the number of polymer chains and their consisting monomeric
units, respectively, [S*(t)], [Z(t)], [A,(t)] ([M]) are the concentrations of activated
monomers, energy currency molecules, and vesicle forming molecules, respectively,

[A(t)] ([m?/L]) is the concentration of vesicle surface area, v;—,_,(t) is the rate
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equation of each model reaction (M2 — M4), L is the Avogadro constant, and ayor i
the surface area per single vesicle forming molecule. The concentrations of aniline [S(t)]
and energy currency [Z(t)] decreases monotonically from the initial values with the
progress of information polymer synthesis. The corresponding experimental setup is Fig.
2-3-1. The values of rate constants k3 in (V3) and k4 in (V4) are determined by using
(ITa —I1g), see the Simulation section below.

Figure 4-3-7. Scheme of the control system of the artificial metabolism where energy
production domain and membrane growth domain are omitted, and initially added
energy currency molecule Z, and aniline S, trigger the PANI-ES synthesis on the
vesicle surface. When one or both ingredients are entirely consumed, the system

reaches equilibrium.
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(i1) PANI-ES synthesis without vesicle growth (M5).
Again, considering only the PANI-ES synthesis on vesicle surface by forgetting the

concept of the minimal cell, here vesicle growth domain (M5) is omitted while energy
production domain (M1) is introduced (see Fig. 4-3-8). In this case, the appropriate
amount of ingredients (R, and S*;) are initially added to trigger the polymerization,
and then the system reaches equilibrium after completely consuming the initially added
one or two ingredients. The simultaneous differential equations describing this time-

dependence of PANI-ES synthesis are given by:

d[P(ti)gchain — U3(t) % [A(t)] (111(1)
% = (2% v3(t) + v,(1)) * [A(1)] (I11b)
d[S;ft)] = (2% 1,(0) — 2% v5(6) — (D)) * [AD)] (I1Ic)
d[ilit)] = vy(8) — (v5(0) + v, () * [AD)] (111d)
d[A, ()]
w0 (I1le)
[A(t)] = % * [A, (O] * L * ayor atrf)
d[“;f)] = —25,(6) * [A(D)] (Iig)
d[R,]
e ) (I11R)
d[R)] _ J
ol (I110)

where [P(t)]cnain and [P(t)]mono are the concentration ([M]) of information polymer
(PANI-ES) defined with the number of polymer chains and their consisting monomeric
units, respectively, [S*(t)], [Z(t)], [A,(t)] ([M]) are the concentrations of activated
monomers, energy currency molecules, and vesicle forming molecules, respectively,
[A(t)] ([m?/L]) is the concentration of vesicle surface area, v;—;_,(t) is the rate
equation of each model reaction (M1 — M4), L is the Avogadro constant, and ayor i
the surface area per single vesicle forming molecule. The concentrations of aniline [S(t)]
and ingredient for energy currency (D-glucose) [R,] decreases monotonically from the
initial values with the progress of information polymer synthesis. Another ingredient for

energy currency (dissolved O2) [R,] is kept constant due to the continuous supply. The
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corresponding experimental setup is Fig.3-3-1. The validity of the values of rate constants
k;in (V3), k,in (V4), which are determined by using (Ila — IIg), are examined by using
(ITTa — IIT1), see the Simulation section below.

Figure 4-3-8. Scheme of the control system of the artificial metabolism where
membrane growth domain is omitted, and initially added two ingredients (R, , and
So) trigger the PANI-ES synthesis on vesicle surface. When one or both ingredients

are entirely consumed, the system reaches equilibrium.
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Control: Artificial metabolism system with DIRECT SUPPLY of energy currency.
(iii) PANI-ES synthesis and vesicle growth without energy production (M1).

Even when omitting energy production domain (M1) from artificial metabolism and
instead continuously supplying energy molecule, Z, the vesicle show growth coupled
with PANI-ES synthesis (see Fig. 4-3-9). In this case, energy currency molecule, aniline,
and amphiphiles (Z, S, and A4,,, respectively) are continuously supplied to keep the
reaction condition constant. The simultaneous differential equations describing this time-

dependence of membrane growth coupled with PANI-ES synthesis are given by:

d[P(;)gchain = v,(0) * [A(D)] (IVa)
AlP)mono (’33’”0“0 = (2% v;(0) + v,(D) * [A(D)] (IVb)
% = (25 0y(0) = 2% v3(8) — v, () * [A(D)] (tve)
d[ﬁt)] _ dg] _ d[;ltm] _0 (Ivd)
o) (ave)
[A©)] = 7+ (4,01 * L azor wn

where [P(t)]cnain and [P(t)]mono are the concentration ([M]) of information polymer
(PANI-ES) defined with the number of polymer chains and their consisting monomeric
units, respectively, [S*(t)], [Z(t)], [A,(t)] ([M]) are the concentrations of activated
monomers, energy currency molecules, and vesicle forming molecules, respectively,
[A(t)] ([m?/L]) is the concentration of vesicle surface area, v;—,_s(t) is the rate
equation of each model reaction (M2 — M5), L is the Avogadro constant, and ayor i
the surface area per single vesicle forming molecule. The concentrations of aniline [S(t)],
energy currency [Z(t)], and amphiphile concentration are kept constant due to the
continuous external supply. The corresponding experimental setup is Fig. 2-5-1 with
Table 2-5-1. The value of rate constants ksin (V5) is determined by using (IVa - IVY)
and predetermined values of rate constants k5 in (V3)and k, in (V4), see the Simulation

section below.
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Figure 4-3-9. Scheme of the control system of the artificial metabolism where
membrane growth domain is omitted, and continuously supplied ingredients (energy
currency Z, monomer S, and amphiphile A,,) sustain the PANI-ES synthesis on

vesicle surface and membrane growth.
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4.4 Simulations

4.4.1 Determination of the Values of Rate Constants

Rate constants for the PANI-ES synthesis, k; and k.

We performed experiments to characterize the reaction kinetics. We measured the rate of
PANI-ES synthesis in the HRPC-catalyzed reaction system triggered by initially added
H>02, (M2 - M4), as shown in the experimental setup Fig.2-3-1. The PANI-ES synthesis
without the external supply of HO» (Z), aniline (S), and AOT molecules (4,,,) takes place
in the closed microtube. The PANI-ES synthesis uses aniline initially present in the
reaction solution and initially added H>O> (Z). Thus, aniline (S) and H>O» (Z) decrease
with the reaction progress, and the total surface area of vesicles in the system is constant.
This situation can be simulated by the differential equations (Ila - IIg) (section 4.3.4(i))
as shown in Fig.4-4-1. The time-dependence of PANI-ES synthesis simulated
by [P(t)]imono/[P(t = 24h)],0ne in this model well reproduces the experimental data
as shown in Fig. 2-3-4(b), which gives the values of rate constants k3 = 1.0 * 10* [s™1]
and k, = 1.0 * 1075 [(mol m=2) s71].
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Figure 4-4-1. UV/Vis/NIR absorption spectrum which observed the kinetics of PANI-
ES synthesis with its characteristic absorbance at A=1000 nm (A1000) of the reaction
mixture. The black dots represent experimental data, which is identical plot to Fig. 2-
3-4(b). Red line is the simulation curve ([P(t)]mono/[P(t = 24h)]mono) Obtained
with the equations (I1a - IIg) (section 4.3.4(1)) by using the values of rate constants on
PANI-ES, k; = 1.0 x 10* [s71] and k, = 1.0 * 107 [(mol m~2) s71].
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Rate constants for the vesicle growth, ks.

We quantified growth of AOT membrane coupled with PANI-ES formation in the HRPC-
catalyzed reaction system triggered by direct addition of H>O», (M2 - M5), as shown in
section 2.5.4. H>O; (Z), aniline (S), and AOT molecules (4,,) are continuously supplied
to vesicles by the double micro-injection technique, which keeps the reaction condition
surrounding the vesicles almost constant. Then, the subsequent vesicle membrane growth
coupled with the surface-confined PANI-ES synthesis is observed. This situation can be
simulated by the differential equations (IVa - IVf) (section 4.3.4(ii1)) by applying the
values of k; and k, determined above. The time-dependence of vesicle surface area
coupled with PANI-ES synthesis simulated by [A(t)]/[A(t =0)] in this model
reproduces the experiments well as shown in Fig.3-4 b, which gives the values of rate
constants ks = 6.0 * 1073 [s71] . As experimentally observed, our kinetic model

reproduces the changes in membrane growth rate against the aniline concentrations [S].

1.4 (Experiment) (Simulation)

" [Aniline [.S |
- e 4mM — ¢
2 mMM =

—
w

—
(N

—_—
—_

Normalized Surface Area / -
A(t) / A(t=0)

Time / sec
Figure 4-4-2. Growth of AOT GUVs in response to the micro-injection of AOT

micelles and reaction trigger H2O: in the presence of various concentrations of aniline.

The data points represent the time-dependent changes of AOT vesicle membrane,
which are identical plots to Fig. 2-5-3(b). The red solid line, blue broken line, and
green dotted line represent the simulation curves obtained with Eq. (I1a — I1Ii) (section
4.3.4(ii1)) by using the predetermined values of rate constants on PANI-ES, k; =
1.0*10%*[s7'] and k, = 1.0 «107> [(molm~2)s~], and the value of rate
constant on membrane uptake, kg = 6.0 * 1073 [s~1]. The only difference between
the three simulation curves is the concentration of aniline ([S]), and all other

parameters arc common.
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4.4.2 Simulation of Artificial Metabolism.

Information polymer synthesis coupled with artificial metabolism.

In the discussions just above, we determined the values of three rate constants (k3, k,,
and ks) based on the two control systems (section 4.3.4 (i) & (iii)), as a result, all the
parameter values in our kinetic model are fixed. Then, we look into the validity of our
kinetic model by using the last control system (section 4.3.4 (ii)), which synthesizes
information polymer coupled with artificial metabolism system under the constant
surface area of vesicle membrane.

First, we measured the rate of PANI-ES synthesis in the GOD/HRPC-catalyzed
cascade reaction system triggered by initially added glucose (R,), (M1 — M4), as shown
in Fig.3-3-1. The PANI-ES synthesis without the external supply of glucose (R,), aniline
(S), and AOT molecules (A4,,) takes place in the closed microtube. The PANI-ES
synthesis is carried out by using aniline (S) initially present in the reaction solution and
in situ formed H>O» (Z) with initially added glucose (R,) and continuously supplied
oxygen (Rj,) by rotary mixing the reaction tubes. Thus, aniline (S) and glucose (R,)
decrease with the reaction progress, and the total surface area of vesicles in the system is
constant. This situation can be simulated by the differential equations (I1la - IIIi) (see also
Fig.4-3-8) by applying the values of k; and k, determined above. The time-
dependence of PANI-ES synthesis ([P(t)]mono/[P(t = 24h)];ono) in this model is
overlaid with the experimental plots, which well reproduces the experimental data as
shown in Fig.4-4-3. Please note that there are no adjustable parameters in this simulation,
and all the parameter values are already fixed before this simulation.

Second, we measured the time evolution of the concentration of ingredients (glucose
(R,) and aniline (S)) and intermediates (H20: (Z)) in the part of the artificial metabolism
system to produce information polymer (M1 — M4). These concentrations are defined
with the unit of mol/L, then the simulation results and experimental results can be directly
compared. The only notice is that the enzymes GOD (X) and HRPC (Y) are radically
inactivated during polymerization reaction according to our investigations (see Fig. 3-3-
17 (a) and (b)). In the case of closed microtube setup (Fig.3-3-1 and Fig.4-3-8), the
consideration of enzyme inactivation does not influence largely the simulation curve of
the relative value [P(t)]mono/[P(t = 24h)]mono in Fig. 4-4-3, however, the time
evolution of the concentration of intermediates is largely influenced depending on the
enzyme decay rate. Then, I roughly assume the enzyme decay rates as [X]y, = [X]q *
27t/60Is] and [Y]o = [Y]o* 27t/6°[s]. This assumption is applicable only for the

discussion in the microtube setup where the amount of enzyme is limited to the initially
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added one, in contrast to the micro-injection setup where the concentration of enzymes
are supposed to be kept constant due to the continuous inflow and outflow around the
vesicle. The simulation and experimental results on the time evolution of the
concentrations of glucose (R, ), aniline (S), and H,O: (Z) are compared as shown in Fig.
4-4-4 (a), (b), and (c), respectively. For time-dependent changes of the concentrations of
glucose (R,) and aniline (S), our simulation roughly reproduces the actual chemical
system. On the other hand, the concentration of intermediates H>O> (Z) is about ten times
higher than the experimental values. There are two supposed reasons of the lower
experimental values: (i) the oxidant H>O: (Z) is used also for the side reactions of PANI-
ES synthesis which we ignored to consider the ideal setup, and (ii) the assumed
mechanism for H>O: (Z) to join the elongation reaction, M4, is not reasonable, e.g., the
value of adsorption equilibrium constant K, might cause a problem (see also
Appendix 4-B). All in all, our kinetic model based on the model reactions (M1 — M5)
reproduces well the actual chemical kinetics of both two outcomes of artificial
metabolism (information polymer synthesis and vesicle growth) and the reaction
components of the artificial metabolism (except one). If I designed the reduced model
reactions and rate equations in more detailed, the whole parameters of the artificial
metabolism system might be reproduced well by simulation, and the kinetic model instead
would become more complicated. Considering the initial purpose to simply describe

essences of the system, the present kinetic model seems to be enough.
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Figure 4-4-3. Time dependence of relative absorbance at A=1000 nm of the reaction
mixture (blue squares) obtained in the presence of AOT LUVs in 20 mM NaH2PO4
solution (pH=4.3). The polymerization was triggered by the in sifu formation of H,O»
from D-glucose and dissolved oxygen with GOD. The growth profile indicates
synthesis of PANI-ES in the artificial metabolism system. The changes in absorbance
at A=1000 nm (4 000(2)) are normalized by the absorbance recorded after 24 h from the
start of the reaction. The red line is the theoretical prediction obtained by the kinetic
model (fitted by Eq. (Illa — IIli) in section 4.3.4). The error bars indicate standard

deviations estimated from three different experiments.
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Figure 4-4-4. The time dependence of the concentrations of substrates (a: D-glucose
(R,) and b: aniline (S)) and intermediates (¢: H2O> (Z)) during the information
polymer (PANI-ES) synthesis (M1 — M4) in the condition of no external supply of
ingredients and no vesicle growth (experimental setup: Fig.3-3-1 and model setup:
Fig.4-3-8). The colored solid lines are simulation curve obtained by using differential
equations (Illa - IITi) with the assumption of enzyme decays ([X], = [X]o * 27¢/60L]
and [Y]o = [Y]o * 27%/6°[5]). For the values of each parameter, see the parameters
list. The black plots in each figure are obtained from experiments by the analytical
methods described in section 3.3.5. The error bars represent standard deviations
obtained from two or three measurements. Please note that the horizontal scale is
different in each figure.

Vesicle membrane growth coupled with artificial metabolism.

The experimentally observed membrane growth (red circles in Fig. 4-4-5) coupled with
PANI-ES formation in the optimized cascade reaction condition (M1 — MSY) is well
reproduced by [A(t)]/[A(0)] (red solid line in Fig.4-4-5) with the kinetic model, Eq.
(Ia — Ig). Here we assume that the ingredients (glucose (R,), aniline (S), and AOT
molecules (4,,)) are continuously supplied close to the vesicles by micro-injections, and
their concentrations are kept constant. The important notice is that the three essential
domains (energy production (M1), synthesis of information polymer (M2 — M4), and
vesicle reproduction (M5)) are integrated into our synthetic minimal cell. In addition, the
formation of information polymer (PANI-ES) and membrane growth of vesicles catalyze
each other's pathway in a mutual catalytic or autocatalytic way, which are intrinsic to the
many biological processes (such as Central Dogma) and are considered as a promising
concept to bridge a gap between simple molecular assembly and biology [Bissette &
Fletcher 2013; Vasas et al. 2012; Xavier et al. 2020].
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Figure 4-4-5. Time-dependent change of AOT vesicle surface area coupled with
artificial metabolism system, which is identical experimental plots to Fig. 3-3-22
overlaid with the simulation curve. (Red circles): coupled with information polymer
synthesis; (black triangles, blue rectangles, orange diamonds): without polymer
synthesis by lack of one or some reaction components. The surface areas of GUVs are
normalized by their initial values. The simulation curve is given by [A(t)]/[A(0)]
obtained with the kinetic model Eq. (Ia — Ig) in section 4.3.3. The error bars indicate

standard deviations estimated from four to six different experiments.
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4.5 Discussions

To what extent advantageous for vesicle to use artificial metabolism.
As seen in Fig.4-4-5 (black triangles, blue squares, and orange diamonds), AOT vesicles
showed slight membrane growth in response to the supply of AOT micelles even without
the information polymer synthesis. According to Fick's law (see section 2.4.2), the flux
of membrane molecules from the external solution into the vesicle membrane (with
surface area A) can be expressed by:
0A(t) LacD
ot LkgT

where L is the Avogadro constant, a is the surface area per single membrane molecule,

Ap A(t) (4.34)

c is the molar concentration of AOT molecules in the external solution, D is AOT
diffusion coefficient, kg is the Boltzmann constant, T is the temperature, and [ is a
relevant length scale of the flux. The driving force, Ay = Uext — timem» 1S the chemical
potential difference between AOT molecule in the external solution, pe.: = po +
kgT log (c/cy), and in the vesicle membrane, .. Here u, is the reference chemical
potential at the reference concentration c,. At the equilibrium state when the amphiphile
concentration is above cvc, both chemical potentials have the same value, i.e., Ay =0
and then no flux. The injection of additional AOT micelles temporarily increases AOT
concentration around AOT GUYV, which increases p,,; resulting in the flux of AOT
molecule to the membrane. Here we assume that the membrane growth observed in the
absence of information polymer was triggered only by the presence of excess free AOT
molecules in the external solution above the cve value (~ 1.5 mM). We fit the membrane
growth with Eq. (4.34) as shown in green solid line in Fig. 4-5-1, then we obtained the
following vesicle growth rate in the control system:
__ LacD
Tcont. = L kgT
Using ayor = 0.67 * 1078[m?] [Grillo et al. 2003], ¢ = 1.5 * 1073[M] (cvc), and
typical values D = 1071°[m?2s71] and [ = 107°[m], Eq.(4.35) yields the chemical
potential difference to generate the flux, Ay.one. ~ 0.10 kgT. From the expression of

Ap = 6.0 x 1075[s71] (4.35)

chemical potential of amphiphiles, the concentration gradient of AOT in this length scale
is estimated as Ac ~ 0.11 ¢y, which is about 0.16 mM, corresponding to 11% increase
from the cvc value. We supplied 20 mM AOT micelles at the point of ~ 65 um from the
target vesicle, therefore, the estimated concentration gradient (0.16 mM) is reasonable.
On the other hand, as we discussed through this thesis, experimental results and our

simulations show that the synthesis of information polymer (PANI-ES) on the surface of
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AOT GUVs significantly enhanced the growth of GUVs by incorporating amphiphiles.
In model reaction (M5), we have considered the rate equation on the incorporation of
AOT molecules:
[P ()] mono
[A(®)]

where rate constant ks is determined based on experiments as 6.0 * 1073 [s71] (see

ve(t) = ks (= V5) (4.36)

section 4.4.1). Using typical concentration of vesicle surface area [A(t)] = [A], =
3.03 * 102[m2L™1] and typical concentration of information polymer [P(t)]mono =
4.0 x 1073 [mol L™'], Eq. (4.36) yields vsy, = 7.9 * 1078 [mol m™2 s™1]. There are
following relationship between the surface area growth rate rp,4y; and the amphiphile
incorporation rate  vs(t):

A(t)
5¢  _ 'PANI () A(®) (4.37)
Tpani () = % vs(t)Lasor (4.38)

Applying the typical rate constant Vs, , Eq. (4.38) yields rpay; = 1.6 * 1072[s71].
Therefore, since 1pan;/Tcont.~27, the typical vesicle membrane growth rate is estimated
to become about 27 times higher in the case with information polymer (PANI-ES)
synthesis on vesicle surface. Since the same concentration of AOT micelles is supplied
with the same distance from target vesicles, here we assume that there are no differences
between two experimental conditions, except the presence of PANI-ES. Then, we can
estimate the chemical potential difference generating the flux of AOT molecules as
Alpant = Hext — Bmem ~ 2.7 kgT. This value is reasonable since the free energy for the
stabilization of an organic ion pair in aqueous media is ~ 2.0 kgT [Schneider et al.
1992; Ngola et al. 1999]. These results suggest that the transport of AOT molecules in the
external solution into the vesicle membrane is actually catalyzed by the interaction with
PANI-ES (see Fig.4-3-6).
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Figure 4-5-1. Fitting curve from Eq. (4.34) (green solid line) overlaid with the plots
of AOT GUV growth. The colored plots are obtained from various experimental
conditions. Red circles represent the growth of AOT GUV coupled with PANI-ES
synthesis in the synthetic metabolism system (M1 — M5), and other colored plots are
control conditions where PANI-ES is not synthesized. See the caption of Fig.3-3-22,
for more details. The fitting curve is given by A(t)/ Ay = exp(6.0 x 107¢[s~1] t[s]).
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4.6 Conclusion.

In this chapter, first I introduced the reaction kinetics of enzymatic reactions and surface
confined reactions. Based on them, I constructed reduced model reaction system of the
artificial metabolism system (Fig.4-3-1) in the expression way of Géanti's chemoton
(Fig.1-2-2). The reduced model preserves the stoichiometry between the original actual
reaction system (R1 — R9) and reduced model system (M1 — MS5). Then, I derived rate
equations on each model reaction. The values of all parameters are given from literature
or determined based on the control experiment system, therefore, I can describe the
kinetics of outcome of the artificial metabolism (information polymer synthesis (Fig.4-4-
3) and membrane growth (Fig.4-4-5)), of ingredients (D-glucose and aniline), and of
energy currency molecule (H202) without any arbitrary parameters.

For the minimal cell system as the approach to explore the simplest form of any
possible living systems, the system should be well-described to enable the access from
physical science. The coupling between experimental realization of the artificial
metabolism design and the development of clear kinetic model of the system is one of the

biggest advantages of my synthetic minimal cell system.
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4.7 Appendix
Appendix 4-A: Adsorption-Desorption Equilibrium Constant, Kg-.

As a course of fundamental research on enzymatic polymerization of aniline using vesicle
membrane as a template, Junker et al. worked on MD simulations of an AOT membrane
fragment with aniline molecules in the system imitating the similar conditions for
polymerization [Junker et al. 2015]. The simulation setup was briefly as follows: 27
aniline molecules (9 as neutral and 18 as protonated), 512 AOT, 134 H,PO4~, 1 H3POs,
628 Na*, and 62552 water molecules. This setup corresponds to 20 mM aniline, which is
five times higher than our experimental setup, and contains higher concentrations of AOT
molecules. The outcome of the simulations shows that 84% of protonated anilines are
close to AOT, compared to 59% of neutral aniline. A simulation snapshot is shown in
Fig.4-7-1. By using these results, we estimate the values of adsorption-desorption
equilibrium constants.

For protonated aniline (S, ) and neutral aniline (S;), the fractional occupancies of the

adsorption sites are respectively given by:

S K.S
6, [S+] _ +54 (439)
[S+lo 1+ Ky Sy + KoSo
S, K,S,

[Solo  1+K.Sy +KoS,
Here we assume that the value of adsorption site density equals the number of AOT
molecules constituting a bilayer fragment, [S;]o = [Solo = 512 . Then, following
simultaneous equations (5.39)' and (5.40)' on K.S, and K,S, gives the estimated

values of equilibrium constants.

0 — 18%0.84 K.S, 439
512 14K.S, + K,S, (439)
_9%059 KySo (4.40)

0, = =
0 512 1+ K,.S, + K,S,

) ) 2 1
yields {ﬁr?r : (())(())f(()); yields | S, = 20 % 1073 *§ (M) & Sy =20%1073 *§ (M)
0o — ™ K, =229 (M) K, =162 (M)
Therefore, we apply the value of 2.29 (M _1) as the adsorption-desorption equilibrium

constant of aniline radical cation (Kg+).
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Figure 4-7-1. MD simulation of the interaction of aniline and AOT bilayer fragment
at pH=4.3 (100 mM NaH>PO4) [Junker et al. 2015]. Snapshot of a side-view showing
the AOT bilayer fragment with localized aniline molecules, either as neutral aniline or
as cationic anilinium. Aniline is shown as a space-filling model. AOT is displayed as
a thin-wire drawing. Reprinted with permission from Junker, K. et al. Synth. Met. 200,
123 — 134 (2015) © 2015 Elsevier B.V.

187




Appendix 4-B: Averaged Degree of Polymerization, Experiments vs
Simulations.

For the description of our synthetic minimal cell with the kinetic model, we focused on
the time evolution of the concentration of PANI-ES monomeric structures ([P (t)]mono/
[P(t = 24h))ono )» Which is the experimentally observable value by using a
spectrophotometer. The values of rate constants on PANI-ES synthesis, k; and k,, are
both determined based on this parameter. Our kinetic model and the given parameters'
value generally reproduce well the time-dependence of the membrane growth, the
formation of PANI-ES monomeric units, and the concentration of substrates. However,
the outcome of our simulations does not reproduce well some other characteristic
parameters of PANI-ES, for example, the length of PANI-ES chains. Previously, Guo et
al. worked on the mass spectrometric analysis of the reaction products obtained in the
early stage of the reaction with HRPC-enzymatic polymerization of aniline in the
presence of SDBS/decanoic acid (1/1) vesicles [Guo et al. 2009]. While the species of
template vesicles and the initial concentrations of reaction components are different from
our experimental system, here we discuss the degree of polymerization of the reaction
products, comparing their measurements with our simulation results.

Guo et al. previously reported that the mass center of the reaction products obtained
in the closed microtube system after 30 sec (Fig.4-7-2(a)) and after 60 sec (Fig.4-7-2(b))
from the start of the reaction was about m/z = 1087 in both cases, which corresponds to
about 12-mer of aniline since one monomeric unit is estimated to m/z ~ 90 — 92. On the
other hand, our kinetic model with a similar setup, where PANI-ES is synthesized by
using H>O: (Z) and aniline (S) initially present in the mixture (Eq. (Ila — IIg) and Fig. 4-
3-7), show that the averaged degree of polymerization of PANI-ES (= [P(t)]mono/
[P(t)]chain) approach asymptotically to ~5.95 (Fig.4-7-3). Please note that Guo’s
polymeric products was obtained by using SDBS/DA (1/1) binary vesicles, which is
different from my experiment using AOT vesicles. In addition, the reaction condition
such as the initial concentration of aniline, oxidant and enzymes is different (relatively
dilute condition). Although my estimation based on the kinetic model cannot be directly
compared with the Guo’s mass spectrometric analysis results, we can suppose that the
average length of PANI-ES chains is simulated considerably lower in my kinetic model
than in the actual experimental system. A few disagreements with the experiment and
simulation might originate from the balance between rate constants on the chain initiation

reaction, k3 in (V3), and on the chain elongation reaction, k, in (V4).
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Figure 4-7-2. Mass spectrometric analysis of the polymerization of aniline during the
early stage of the reaction [Guo et al. 2009]. MALDI-TOF analysis of PANI-ES
isolated from the reaction mixture after (a) 30 sec and (b) 60 sec from initiating the
reaction. One aniline unit corresponds to m/z ~ 90 — 92. Please note that SDBS/DA
(1/1) binary vesicles are used as templates for this measurement, and that the initial
concentrations of reaction components were [aniline] = 1.3 mM, [HRPC] =25ug/mL,
[H202] = 1 mM, in 0.1 M NaH2PO4 (pH=4.3). Reprinted with permission from Guo,
Z. et al., Langmuir, 25, 11390-11405 (2009) © 2009 American Chemical Society.
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Figure 4-7-3. Averaged degree of polymerization of PANI-ES ( [P(t)]mono/
[P(t)]chain), simulated by using our kinetic model for the PANI-ES synthesis in the
closed-tube condition with reference condition, Eq. (Ila — IIg). The averaged

polymerization degree asymptotically approaches ~5.95.
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Appendix 4-C: Mathematica Source Code

In the simulation study, we used "Wolfram Mathematica 12" for Mac OS X. The
Mathematica source code for the simulation of artificial metabolism system (vesicle
membrane growth coupled with information polymer synthesis, M1 — M5) by using
differential equations Eq. (Ia — Ig) is shown below. The simulation will be finished in a

few seconds using an ordinary laptop computer.
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ClearAll;

FTRTEIY
Infe]:= (*In-lt-la-l. ValueS*)
diffo = {
(xconcentration of total number of PANI chains [M]=)
PaniN[@] = 0,

(xconcentration of total PANI monomeric units [M]=*)
PaniE[0] =0,

(xconcentration of aniline radical cation [M]x)
Ss[0] =0,

(xconcentration of aniline [M]=)

S[0] = 4.0%10A (-3),

(xconcentration of H202 [M]=x)

Z[o] =0,

(xconcentration of D-glucose [M]x)

Ra[0] == 100%10 A (-3),

(¥*molar concentration of AOT forming vesicle membrane [M]=x)
Amol[0] == 1.5%10A (-3)

13
(*Parameterss)
params = {

(#*vl [M s-1]: Formation of Z(H202) )

(xconcentration of oxygen [M]x)

Rb - 0.23% 10/ (-3) x0.03,

(xconcentration of GOD [M]«)

X0 » 1.0 % 107 (-6),

(xrate constant on ping pong bi bi mechanism [s-1]%)
klcat » 1.0 %1073,

(xrate constants on ping pong bi bi mechanism [M-1 s-1]%)
klred » 1.5 1074,

klox -» 1.9 % 1076,

(*v2[ (mol m-2) s-1]1: Formation of Ss(aniline radical cation)*)
(xconcentration of HRPC [mol m-2]x)

YO » 3.04x10A (-9) 0.2,

(xrate constants on fdrreversible ping pong mechanism [M-1 s-1]%)
k2a » 1.7%1077,

k2b » 2.4x1075,

k2c » 8.6%x1074, ‘

(Next page)

192



N

(*v3[ (mol m-2) s-1]: Initiation reaction of PANI chain =x)
(xrate constant on dimerization of Ss [s-1]%)

k3 - 1.0%10" (4),

(»adsorption-desorption equilibrium constant of Ss [M-1]%)
KSs » 2.3,

(*site density (density of AOT in monolayer) [mol m-2]x)

Naot -» 2.48%10" (-6),

(*v4[ (mol m-2) s-1]: Elongation reaction of PANI chainx)
(» rate constant [(mol m-2)-1 s-1]%)

k4 > 1.0 % 107 (4) * (1.0%1073.5) ,

(»adsorption-desorption equilibrium constant of Z [M-1]%)

KZ » 2.3,

(#*v5[ (mol m-2) s-1]: Incorporation of amphiphilex)
(xrate constant on incorporation [s-1]x)
k5 » 6.0%x10" (-3)

}s

(xRate Equationsx)
rateeq = {
(»fractional occupancy of the adsorption sitex)
ThetaSs[t] == (KSs*Ss[t]/ (1 +KSs*Ss[t] +KZxZ[t])),
ThetazZ[t] = (KZ*Z[t]/ (L +KSs*Ss[t] +KZxZ[t])),
(»surface concentration of AOT forming vesicle membrane [m"2 L-1]%)

Aarea[t] = Amol[t] *0.5% (6.02%10/23) » (0.67+10A (-18)),

(*[(mol L-1) s-1]%)

vi[t] == X0/ (1/klcat+1/ (klredxRa[t]) +1/ (kloxxRb)),

(*[(mol m-2) s-1]%)

V2[t] = YO / ((1/ (k2axZ[t])) + (k2b + k2c) / (k2bxk2c*S[t])),

v3[t] == k3 *Naot*ThetaSs[t] "2,

v4[t] = k4 xNaotx (PaniN[t] /Aarea[t]) / (1/Thetaz[t] +1/ThetaSs[t]),
v5[t] = k5% (PaniE[t] / Aarea[t])

&

(Next page)
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(«Simultaneous Differential Equationsx)
(*x[M s-17%)
diffeq = {

PaniN'[t] == v3[t] xAarea[t],

PaniE'[t] == (2%Vv3[t] +Vv4[t]) xAarea[t],

Ss'[t] = (2%v2[t] - 2*%Vv3[t] -v4[t]) xAarea[t],

S'[t] =0,
Z'[t] = v1[t] - (v2[t] +Vv4[t]) »Aarea[t],
Ra'[t] =0,

Amol'[t] == V5[t] xAarea[t]
}s

(*Simulationx)
Soll =
NDSolve[{diffeq, rateeq, diffo} /. params,

{PaniN, PaniE, Z, Ss, S, Ra, Amol}, {t, 0, 600}, MaxSteps - Infinity];

{PaniEl[t ], PaniN1[t ], Z1[t 1, Ss1[t ], S1[t 1, Ral[t ], Amoll[t ]} =
{PaniE[t], PaniN[t], Z[t], Ss[t], S[t], Ra[t], Amol[t] /Amol[O]} /.
Soll[[1]];

(»Import of experimental plots filex)

(*The Excel file has 3 columns with Time, Plot Data, and Error Bars.x)

dataA = Import["Desktop/4mMCascGrowth.xlsx", "Data"];
dataB = Join[dataA];

dataC = dataB[[1]];
lengthC = Length[dataC];

plotData =
Table[{dataC[[i]]1[[1]], Around[dataC[[i]]1[[2]], dataC[[1]1][[3]111},

.

(Next page)

{i, 1, lengthC}];

194



¥

(¥xPlot the simulation curve with

the experimental data.x)
Show|

(#Plot of the simulation curvesx)
Plot[

{Amol1[t]}, {t, 0, 140}, PlotRange » {{0, 140}, {0.95, 1.7}},
PlotStyle » {Red, Thickness [0.01]},
PlotTheme - "Scientific",
FrameLabel -» {{"Normalized Surface Area / -", ""},
{"Time / sec", ""}}, LabelStyle - {Black, 15}

1s

(#Plot of the experimental datax)
ListPlot[

{plotData}, PlotMarkers - {Automatic, 6},
PlotStyle » {Blue},
IntervalMarkersStyle » {"Fences", Blue, Thickness » 0.002}

1
, AspectRatio-» 1/1.5

]
(*Example*)

—_
~

1.6}
1.5}
1.4¢
1.3}
1.2¢
1.1¢
1.0

outf+]=

Normalized Surface Area / —

0 20 40 60 80 100 120 140

Time / sec (END)
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Chapter 5

Reproduction of Synthetic Minimal Cell

5.1 Introduction

To realize "reproduction” of a vesicle, not only "growth" to increase the amount of its
own components, but also "division" of the vesicle is required. In the cell division of
bacteria, the circular DNAs are first replicated and separated into two polar regions within
the cell, and then protein called FtsZ appears at the division site to form a ring-shaped
structure, the Z-ring. The contraction of this Z-ring causes cell division [Weiss 2004;
Rowlett & Margolin 2015]. However, this protein-based division system is too
complicated to apply to our minimal cell concepts. To realize a "minimal" reproduction
system, how can we simply realize the vesicle division? This chapter explains the
membrane elasticity model governing the vesicle deformation and division, then
demonstrates the recursive growth and division cycles of vesicles coupled with the
artificial metabolism system. However, if we focus only on the recursive membrane
growth and division, which results in the decrease in the vesicle size by generations since
there is no volume recovery mechanism. Then, I will also design the osmotic inflation
mechanism for the vesicle volume recovery after the division, and I finally integrate all
the processes for the complete reproduction cycle, i.e., membrane growth = deformation

- division > inflation, as shown in Fig.1-3-1.
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5.2 Introduction to Membrane Elasticity Theory

5.2.1 Membrane Elasticity Model for Vesicle.

When we consider a cell-size giant unilamellar vesicle (GUV), their sizes are ~10 um,
whereas the membrane thickness is about a few nm. Then, the shapes of vesicles can be
considered as two-dimensional surfaces. Here the basic elastic energy model for vesicles
is the spontaneous curvature model (SC model) derived by Helfrich [Helfrich 1973 &
2000], where the shape of a vesicle is determined to minimize the total elastic energy

under constraints on vesicle area A and vesicle volume V:
K
WSC = Ef dA (Cl + CZ - Co)z + KG f dA Clcz (5.1)

where C;-;, 1is the principal curvature of the membrane, C, is the spontaneous
curvature originating from the asymmetry in the bilayer. k¥ and k; are the bending
rigidity and the Gaussian bending rigidity, respectively. The first term expresses bending
energy caused by vesicle deformation, and the second term expresses Gaussian bending
energy that depends only on the topology and does not depend on the vesicle shape. In
this model, the second term can be neglected for the vesicle deformation, except in the
case of division. Due to the Gauss-Bonnet theorem [Do Carmo 2016], the second term is
expressed by:
ke $dAC,C, = 4mrg (1 — g) (5.2)

where g is the genus given by the number of handles (holes) of the vesicle surface (a
spherical vesicle has genus 0, and a torus vesicle has genus 1). Thus, this term has a
constant value for the vesicle deformation to the limiting shape, but it plays an essential
role for the vesicle division (fission of the neck of limiting shape).

Two geometric parameters describe the vesicle deformation process. The first one is
the "reduced volume" defined as:

%4

~ arm
3RS

where Ry = ,/A/4m is the sphere radius with the same surface A as the deformed
vesicle. In addition, the second geometric parameter is the "reduced spontaneous

(5.3)

v

curvature," defined as:
CO = CORO (5.4)
The reduced volume is a measure of the volume/area ratio. The phase diagram of the SC

model using v and ¢, and typical vesicle shapes that appeared in the phase diagram are
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shown in Fig. 5-2-1 [Seifert et al. 1991]. In this phase diagram, the limiting shape (LP¢*)
is located on the line LP*®, where the vesicle membrane must have a non-zero reduced
spontaneous curvature. At the left end of the line LP**, the vesicle has a symmetric
limiting shape, and as it moves to the right on the line LP**", the limiting shape becomes
asymmetric.

In unilamellar vesicles, the vesicle membrane is composed of an inner leaflet and an
outer leaflet, which gives another intrinsic parameter, the "preferred area difference,"
expressed by:

AAy = (N°¥ — Nin)q, (5.5)
where N°“t and N are numbers of membrane molecules in the outer and inner leaflet,
respectively, and a, is the equilibrium cross-section area of a membrane molecule. On
the other hand, the vesicle has a geometrical area difference given by:

AA = A% — A" =2d §dAH (5.6)
where A°%“tand A™ are the surface areas of the membrane in the outer and inner leaflet,
respectively, d is the distance between the neutral surfaces of the two leaflets [Marsh
2007] (roughly, half of the bilayer thickness), and H = (C; + C,)/2 is the mean
curvature. In the case of phospholipid vesicles, the time scale of flip-flop motion (~
several hours) [Nakano et al. 2007] is much slower than the vesicle deformation timescale
(~several seconds). Then, since N°“and N can be regarded as constant, the
difference between AA, and AA will be compensated by expanding or compressing the
cross-section area of membrane molecules. This elastic energy associated with the
deformation of molecules is called the area difference elastic energy and is expressed by:

Waoe = (5433) (A4 — AAoY? (5.7)
where Kk, is the nonlocal bending rigidity [Waugh et al. 1992]. The elastic energy model
expressed by a sum of the bending energy and the area difference elastic energy is called
the "area difference elasticity model" (ADE model) [Bozic et al. 1992; Wiese et al. 1992;
Seifert et al. 1992], which quantitatively describes the deformation of double-chain
phospholipid vesicles [Dobereiner et al. 1997; Sakashita et al. 2012]. On the other hand,
for single-chain fatty acid vesicles, the difference between AA, and AA is quickly
relaxed [Chen & Szostak 2004b; Bruckner et al. 2009; Urakami et al. 2021] due to the
fast flip-flop motion (~ milliseconds) [Hamilton 2003; Mansy 2009]. Thus, the SC model
describes the deformation of fatty acid vesicles (A4, = AA).
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Figure 5-2-1. Phase diagram of SC model and typical vesicle shapes.

(a) Phase diagram of SC model of vesicle shapes, using reduced volume, v, and
reduced spontaneous curvature, ¢, as parameters [Seifert et al. 1991]. Reprinted with
permission from Seifert, U. et al., Physical Review A, 44, 1182-1202.

(b) Vesicle shapes appeared in the phase diagram (a).
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5.2.2 Division of Vesicles.

The neck of the limiting shape vesicle (i.e., the narrow lipidic connection between two
spherical vesicles) needs to be destabilized for the vesicle division. According to the SC
model, the dependence of the bending energy of a pear vesicle on the neck radius a,, is
given by:
1 1 1 1

Wsc(ane) — Wc (0) ~ 4may, k (CO TR R_z) — 21K (R_f + R_§> a,Ina,, (5.8)
where the pear vesicle is expressed by two spheres with radii R; and R, (R; # R,)
connected by a narrow neck with radius a,., and a,, = 0 for the limiting shape vesicle
[Lipowski 2020; Fourcade et al. 1994; Steinkiihler et al. 2020]. For (1/R; + 1/R;) >
Cy, the neck with a finite size becomes stable, whereas for (1/R; + 1/R;) < C,, the
lowest energy state is the one with neck size a,, = 0, i.e., the destabilization of the neck.
In other words, if the spontaneous curvature is larger than (1/R; + 1/R;), breaking of
the neck is expected to occur. To compare the elastic energy between the one-vesicle state
(before division) and a two-vesicle state (after division), the Gaussian bending energy
term plays an important role. Although the estimation of the Gaussian bending rigidity,
K¢, 1s still controversial [Landau et al. 1986; Helfrich & Harbich 1987; Siegel & Kozlov
2004; Hu et al. 2012; Nakagawa & Noguchi 2016; de Lange et al. 2021], it is sufficient
to use the rough estimation k;~ — k. When a mother spherical vesicle divides into one
large spherical vesicle with radius R; and one small spherical vesicle with radius R,,
(i.e.,R; K Ry), the free energy difference between the resulting two-vesicle state, Wy, 5,
and the initial one-vesicle state, W, 4, (both states having the same membrane area) is
given by:

Wipnz — Wspna ~ 8mk(1 — RyCp) + 4mkg = 4k~ — 4mk <0 (5.9)
where the vesicle membrane is assumed to have a large spontaneous curvature C, =
1/R,. Thus, vesicle division is encouraged if the membrane has a large spontaneous
curvature [Lipowski 2020], although the vesicle has to overcome the energy barrier
between the one-vesicle state and the two-vesicle state.

Based on the membrane elasticity model, the spontaneous curvature (asymmetry of
the bilayer) is a crucial parameter both for the vesicle deformation into limiting shape
(LP<") and the division to occur, as we discussed above. The one promising way to impose
the necessary spontaneous curvature to the bilayer is the addition of "asymmetrically
shaped" membrane molecules, i.e., membrane molecules that do not have a cylindrical
shape for optimal packing into a flat bilayer. Generally, membrane molecules that form

vesicles have an almost cylindrical (symmetrical) shape [Israelachvili 2011]. When cone-
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shaped molecules (molecules with a large head group and small hydrophobic tails:
positive molecular spontaneous curvature) are added to the bilayer of a spherical vesicle,
they prefer to stay in the outer leaflet due to the molecular shape preference [Sakuma &
Imai 2011], whereas when inverse-cone-shaped molecules (molecules with a small head
group and large (or bulky) hydrophobic tails: negative molecular spontaneous curvature)
are added to the bilayer of a vesicle, they prefer to stay in the inner leaflet. The coupling
between molecular shape and membrane mean curvature generates the spontaneous
curvature and plays an important role in the biological functions of cell membranes
[Mayor et al. 1993; Sakuma et al. 2008 & 2010]. When asymmetrically shaped lipids are
added to a vesicle bilayer composed of cylinder-shaped lipids, the spontaneous curvature

of the binary membrane is expressed by:
1 out in 1
Co = ECa(gba —¢4) = ECaAgba (5.10)

where C, is the molecular spontaneous curvature of an asymmetric lipid and ¢p2%* and

i are the area fraction of the asymmetric lipids in the outer and inner leaflets,
respectively [Jimbo et al. 2016]. The equilibrium distribution of asymmetrically shaped
lipids in the inner leaflet and outer leaflet, Ag¢,, is determined by the balance between
the elastic energy and the mixing free energy [Derganc 2007; Tian & Baumgart 2009].
Therefore, inverse-cone-shaped lipids should be present in the vesicle bilayer to induce
the deformation to a limiting shape (LP**") and finally achieve the vesicle division. For
example, Phosphatidylethanolamines (PE) lipids with C, ~ — 0.3 nm~![Kamal et al.
2009] induce the vesicle division [Sakuma et al. 2011]. Calculations show that such a
molecular spontaneous curvature is much larger than the curvature of spherical GUV with
the radius R ~10 mm, then spherical binary GUV composed of DPPC (cylinder-shaped
lipids) and DLPE (asymmetric lipid) with A¢,~ — 0.002, i.e., cg = CoR~3 (R =10
pum and area fraction of DLPE is ¢, = 0.2) is known to cause the deformation to the
limiting shape [Jimbo et al. 2016].

For the spontaneous vesicle division, in addition to the deformation to the limiting
shape, the destabilization of the neck structure of the limiting shape is another important
process. For the further detailed mechanism on destabilization of the neck, see the
following references [Chen et al. 1997; Sakuma & Imai 2011; Jimbo et al. 2016; Urakami
et al. 2018].
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5.3 (Experiment) Reproduction of Vesicles

5.3.1 Micro-Injection Technique.

Double micro-injection setup that directly supplies energy currency molecules

(“reference system”).

To observe the morphological changes and membrane growth of GUVs in response to
supply of membrane molecules and information polymer (PANI-ES) synthesis triggered
by direct feeding of H>O; (energy currency molecules), we adopted the double micro-
injection setup named “reference system” (Fig.5-3-1 and Table 5-3-1(#1-#3)). The
experiments were performed in a holed silicone rubber sheet chamber. The AOT GUV or
AOT/Chol (9/1) binary GUV suspension mixed with the reaction components for
polymerization, except H2Os to trigger the reaction, was carefully transferred from the
glass vial into the sample chamber. The initial concentrations of the components for the
reaction mixture were as follows: 3.0 mM amphiphiles (GUVs), 4.0 mM aniline, and 0.92
uM HRPC in 20 mM NaHzPOs solution (pH=4.3). The polymerization reaction was
triggered by micro-injecting a 2 M H20» solution containing 20 mM AOT micelles, 100
mM SDBS micelles, or 100 mM SDBS/0.5 mM Chol micelles. Except the condition #3,
the same solution as bulk solution except GUVs was injected from the other pipette as a
counter-flow: 0 mM amphiphiles, 4.0 mM aniline, 0.92 pM HRPC in 20 mM NaH;PO4
solution (pH=4.3).

Double micro-injection setup that realizes artificial metabolism system (‘“cascade

system”).

To observe the morphological changes and membrane growth of GUVs in response to

information polymer (PANI-ES) synthesis triggered by feeding of D-glucose, dissolved
O> and amphiphiles (artificial metabolism system), we adopted the double micro-
injection setup named ‘“cascade system” (Fig.5-3-1 and Table 5-3-1(#4)). The
experiments were performed in a holed silicone rubber sheet chamber. The AOT GUV or
AOT/Chol (9/1) binary GUV suspension mixed with the polymerization components,
except D-glucose to trigger the reaction, was carefully transferred from the glass vial into
the sample chamber. The initial concentrations of the components for the reaction mixture
were as follows: 3.0 mM amphiphiles (GUVs), 4.0 mM aniline, and 0.92 uM HRPC, 1.0
uM GOD, 100 mM sucrose in 20 mM NaH;POyq solution (pH=4.3). Please note that 100

mM sucrose is contained in the reaction mixture to prevent volume decrease of the target
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vesicles due to the osmotic imbalance while micro-injections. The polymerization
reaction was triggered by micro-injecting a 100 mM D-glucose solution containing 20
mM AOT micelles from one side and a 100 mM D-glucose solution containing 100 mM
SDBS/0.5 mM Chol micelles from the other side.
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Reference System

Micro-injection 1 ¥ Target vesicle
H,0,?
Micelles

Bulk solution
GUVs
Aniline®
HRPCe¢

in NaH,PO, solution?

(pH=4.3)

Cascade System

—> ,
Micro-injection 1 \ Target vesicle
D-glucose®
Micelles 1

Bulk solution
GUVs
Aniline®
HRPC¢, GODf
Sucrose?

in NaH,PO, solution?
(pH=4.3)

)

Micro-injection 2
Aniline®
HRPC¢

in NaH,PO, solution?

(PH=4.3)

or
Micro-injection 2
H2OZa
Micelles 2

Micro-injection 2
D-glucose®
Micelles 2

Figure 5-3-1. Scheme of double micro-injection setup used in 5.3.1 (reference

system) and in 5.3.1 (cascade system). For the composition of GUVs and micro-

injected micelles, see Table 5-3-1 below. For the detailed configuration of the micro-

injection system, see Fig.2-5-1.

[H202] = 2 M, P[aniline] = 4.0 M, ([HRPC] = 0.92 pM, NaH,PO4 + H3PO4] = 20
mM, °[D-glucose] = 100 mM, TGOD] = 1.0 uM, £[sucrose] = 100 mM.
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Table 5-3-1. Reaction components and their concentrations used in double micro-
injection setup, especially on the combination of the target GUV composition and
micro-injected micelles. See also Fig.5-3-1. The micro-injected amphiphiles are also

shown below.

Micro-injected Reference
Condition Target GUVs Micelles or Cascade
#1 AOT 100 mM SDBS Ref
AQOT/Chol
#2 /1) 20 mM AOT Ref
100 mM SDBS
43 AOT /0.5 mifl Chol Ref
20 mM AOT
100 mM SDBS
44 AOT/Chol /0.5 mM Chol Cas
(9/1) +
20 mM AOT
cl)e
0=S=0
Sl 0
o s
A
0
0
\)J\\ R1 R2
AOT SDBS Cholesterol

(R'+R2 = CyqHyy)
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5.3.2 Osmotic Inflation System.

Osmotic inflation of vesicles by transfer.

An osmotic pressure difference is applied between the inside and outside of the GUV
membrane to make vesicle volume grow by using the water inflow across the membrane.
In this context, a certain concentration of osmolyte is usually encapsulated inside a GUV,
then the GUV is transferred into the solution that contains a lower concentration of
osmolyte. However, such a system leads to the cessation of the osmotic swelling
immediately due to the dilution of the GUV encapsulating solution. Therefore, for the
sustainable volume increase of GUVs, it is necessary to keep the total concentration of
osmolytes in the GUVs constant to the volume increase. In addition, the external solution
of GUVs needs to contain sufficient free membrane molecules to be incorporated into the
membrane. Otherwise, the membrane tension caused by the volume increase will cause
the membrane fracture [Mally et al. 2013].

Here we show the mechanism of osmotic inflation in our minimal cell. AOT GUVs
encapsulating sucrose solution (orange) were brought into the solution containing
fructose and AOT (green) (Fig.5-3-2(a)). The AOT membrane is permeable to fructose
but almost impermeable to sucrose (Fig.5-3-2(b)). This asymmetrical permeation
maintains the osmotic pressure difference over time, resulting in the long-term inflation
of the AOT GUVs. In addition, the external solution of AOT GUVs contains sufficient
free AOT molecules to be incorporated into the vesicle membrane since AOT has high
cve (~1.5 mM) in 20 mM NaH,POj4 solution (pH=4.3). The experimental setup is as
follows: AOT GUYV suspension (20 mM AOT) was prepared in 20 mM NaH2>POj4 solution
containing 100 mM sucrose (pH=4.3) by the gentle hydration method. The 20 mM AOT
GUYV suspension was diluted to 3.0 mM AOT with the same NaH>PO4 sucrose solution
and then transferred into the first microscope sample chamber, a hole in silicone rubber
sheet placed on a glass slide. The hole had a diameter of 12 mm and a depth of 1 mm.
The GUVs with the diameter of ~15 pm in the first chamber were trapped in a micro-
pipette VacuTip II (inner diameter of 60 pum) using a CellTram Vario (Eppendorf,
Germany) and then carefully transferred into the second microscope sample chamber
filled with 2.0 mL of 20 mM NaH>POs solution (pH=4.3) containing 100 mM D-fructose
and 3.0 mM AOT (cve~1.5 mM). The second sample chamber was a glass-bottom dish
DI11130H (Matsunami, Japan), and the original NaH>PO4 solution containing 3.0 mM
AOT in the second chamber was sonicated for 5 min at room temperature using a Branson
Sonifier model 150 (Emerson, USA) and pressed through a 0.2 pm polypropylene filter
Puradisc 25 PP (GE Healthcare, UK) before use. After the transfer, the second chamber
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was quickly covered by a plastic slip to prevent water turbulence induced by airflow. The
transferred GUVs containing 100 mM sucrose were located at the bottom of the chamber
due to the difference in the specific gravity and then started swelling. The osmotic
inflations of GUVs were recorded at room temperature (7 ~ 25°C) with phase-contrast
light microscopy.
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Figure 5-3-2. Experimental setup for the osmotic inflation of vesicles and for the
reproduction cycles of vesicles coupled with volume recovery.

a, Schematic of the experimental setup for osmotic swelling of AOT GUVs. The
sample chamber for microscope observation was filled with the AOT GUV suspension
prepared in 20 mM NaH>POj solution (pH=4.3) containing 100 mM sucrose and 3.0
mM AOT. AOT GUVs with a diameter of ~15 um were trapped in a micro-pipette
(inner diameter ~60 pm) and then carefully transferred into the second sample
chamber filled with 2.0 mL of 20 mM NaH>POy solution (pH=4.3) containing 100
mM D-fructose and 3.0 mM AOT.

b, Schematic of osmotic inflation of vesicles using two types of osmolytes (fructose
in green and sucrose in ) with asymmetric membrane permeability. The AOT
membrane is permeable to fructose but almost impermeable to sucrose. The osmotic
drag couples the inflow of fructose with the inflow of water, while sucrose is
encapsulated in the GUV. This asymmetrical permeation maintains the osmotic
pressure difference over time, resulting in the long-term inflations of the AOT GUVs.
In addition, the external solution contains sufficient free AOT molecules (cve~1.5
mM) to be incorporated into the vesicle membrane to relax the membrane tension
caused by the volume increase.

c, Scheme of double micro-injection setup used for the "reproduction cycle" of
AOT/Chol binary GUVs (i.e., growth, deformation, division, and inflation) coupled
with enzymatic cascade synthesis of PANI-ES. The experimental setup is almost
identical with entry #1 in Table 3-3-4, and the only difference is that the AOT/Chol
binary GUV encapsulates 100 mM sucrose solution, whereas the bulk solution
contains 100 mM D-fructose instead of sucrose.

b[aniline] = 4.0 M, <[HRPC] = 0.92 uM, [NaH>PO4 + H3PO4] = 20 mM, ¢[D-glucose]
= 100 mM, TGOD] = 1.0 uM, ¢[sucrose] = &[fructose]=100 mM, "[AOT]=3.0 mM
(cve~1.5 mM).
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5.3.3 Reproduction of Synthetic Minimal Cell

Reproduction of AOT/Chol (9/1) binary GUVs coupled with information polymer

synthesis under osmotic inflation system.

To realize recursive vesicle reproduction, the enzymatic cascade polymerization of
aniline on the GUVs using the micro-injection system (growth —> deformation -
division) was performed under the osmotic swelling condition (inflation). First,
AOT/Chol (9/1, 5 mM amphiphiles) binary GUVs were prepared in 20 mM NaH>PO4
solution (pH=4.3) containing 100 mM sucrose (osmolyte) by using the gentle hydration
method. Then, the polymerization components (75 uL of 267 mM sucrose solution, 50
pL of 40 mM aniline solution, 25 pL of 18.4 uM HRPC solution, and 50 puL of 10 uM
GOD solution; all these solutions were prepared in 20 mM NaH>PO4 solution (pH=4.3))
were added to 300 pL of the AOT/Chol GUV suspension. After gentle mixing, the GUV
suspension was dropped into the hole in the silicone sheet chamber for microscope
observation, and then a selected GUV was carefully transferred into the 2.0 mL of 20 mM
NaH>POj4 solution (pH=4.3) containing 3.0 mM AOT, 4.0 mM aniline, 0.92 uM HRPC,
1.0 uM GOD, dissolved oxygen, and 100 mM D-fructose in the glass bottom chamber.
The bulk solution in the glass chamber was passed through a 0.2 pm polypropylene filter
Puradisc 25 PP (GE Healthcare, UK) before use. The main difference in components
between inside and outside the AOT/Chol (9/1) GUV was the osmolytes (100 mM
sucrose inside the GUV and 100 mM D-fructose outside the GUV). It should be noted
that D-fructose easily penetrates from the external solution through the membrane inside
the vesicle, whereas sucrose is hard to pass through the membrane (see Fig.5-3-2(b)).
Then, the osmotic drag couples the inflow of D-fructose with the inflow of water, causing
the vesicle to swell, while AOT molecules in the external solution increase the membrane
surface area by incorporating into the membrane. After transferring the AOT/Chol (9/1)
GUYV, the polymerization was triggered by the micro-injection of 100 mM D-glucose
solution containing micelles (20 mM AOT and 100 mM SDBS/0.5 mM Chol) (Fig.5-3-

2(¢)). The configuration and injection pressure were the same as described above.
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5.3.4 Result 1: Growth and Division of Vesicles

Growth and deformation to limiting shape of AOT GUVs supplied with SDBS
micelles, entry #1 in Table 5-3-1.

By feeding spherical AOT GUVs with AOT molecules from the external solution coupled
with the surface-localized synthesis of PANI-ES, the AOT GUVs grow to a prolate shape.
However, they never show any vesicle reproduction (Fig.2-5-2(b)), i.e., they never show
a deformation to the limiting shape (a pair of spherical vesicles connected by a narrow
neck, see Fig.5-2-1(b)) and fission of the neck. Thus, the shape and topology of the
growing vesicles have to be controlled by other means. The deformation and division of
vesicles are well described by the elastic theory of membranes [Seifert 1997; Sakashita
et al. 2012]. Most importantly, the membrane elasticity model shows that vesicle division
is hard to observe in one-component vesicles [Seifert 1991; Fourcade et al. 1994], which
agrees well with experimental observations [Dobereiner et al. 1993]. Then, first of all, we
simply extend our previous one-component AOT GUV growth system with direct
addition of H>O, (energy currency molecules) in chapter 2 to the two-component system
by feeding AOT GUVs with other sulfonated amphiphiles, such as SDBS (see Table S-
3-1). SDBS works as a template for the PANI-ES synthesis (see Fig.2-3-7(a)), and by
supplying SDBS micelles to AOT GUVs coupled with the synthesis of PANI-ES, 1
confirmed that the incorporation of SDBS molecules from the external solution is
promoted, then the AOT GUVs show growth (see Table 2-5-3 and Fig.2-5-4). The
chapter 2 focused only on the time-dependent changes in vesicle surface area. Here we
focus on the time-dependent changes in the morphology of AOT GUVs with the feeding
of SDBS micelles, and the results are shown in Fig.5-3-3 below. As already observed in
the quantitative membrane growth experiment (plot D in Fig.2-5-4), the AOT GUV
started showing membrane growth after the induction period (~ 38 sec). The difference
in morphology from the AOT one-component system is that the GUV grows not to the
prolate shape but grows and deforms to the limiting shape (at "64 sec"). The AOT
molecules are almost cylindrical (symmetric) shape in vesicle membrane [Pan et al. 2015].
In contrast, SDBS molecules are cone-shaped surfactants with a large hydrophilic head
and small hydrophobic tails (i.e., positive molecular spontaneous curvature), which are
considered to prefer to stay in outer layer, resulting in the generation of membrane
spontaneous curvature and the deformation to the limiting shape with the progress of
incorporation of SDBS molecules. However, the observed neck structures were very
stable (see "101 sec" and "113 sec" in Fig.5-3-3 and Appendix 5-A), and no fission of the

neck was observed in more than twenty times experiments.
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Figure 5-3-3. Phase-contrast light microscopy images AOT GUVs, taken in the
"reference condition" with the supply of 100 mM SDBS micelles (entry #1 in Table
5-3-1), coupled with PANI-ES synthesis. The initially spherical GUV showed growth
and deformation to a limiting shape (at "64 sec”), but the neck is stable and not
divided. The time-dependent changes are shown after starting the micro-injection for
t=0, 38, 43,47, 56, and 64 sec to show the deformation to limiting shape, and for ¢ =
64, 101, and 113 sec to show the neck is not divided. The length of the scale bar: 10

pum.

Reproduction of AOT/Cheol binary GUVs supplied with AOT micelles, entry #2 in
Table 5-3-1.
Next, the shape and topology for the growing vesicles should be controlled by other

means. The promising way is to introduce a second amphiphile having a negative
molecular spontaneous curvature (i.e., with a small polar head group and bulky
hydrocarbon part) [Sakuma & Imai 2011; Jimbo et al. 2016]; whereby the coupling
between the membrane curvatures and the local amphiphile composition is responsible
for the deformation and division of the vesicle [Jimbo et al. 2016; Urakami et al. 2018;
Chen et al. 1997]. Cholesterol with its small polar head group (—OH) and bulky
hydrocarbon part (i.e., negative spontaneous curvature property) maybe suited as the
second amphiphile. To test this, we prepared binary GUVs composed of AOT and
cholesterol (at a molar ratio of 9:1, 2.7 mM AOT, 0.3 mM cholesterol) in 20mM NaH>POj4
solution (pH = 4.3) containing 4.0 mM aniline and 0.92 pM HRPC, and micro-injected
to individual binary GUVs a micellar solution consisting of 20mM AOT and 2.0 M H20»
(see entry #2 in Table 5-3-1.). Immediately after injection, the targeted GUVs started to
deform to the limiting shape (at "7/ s") and then spontaneously divided into two daughters
GUVs in about 20 s (Fig.5-3-4). The vesicle reproduction was confirmed by more than
20 identical experiments where the binary AOT/Chol GUVs almost always showed the
first division and rarely showed the second division of daughter vesicles when the micro-
injections continued. The vesicles showed no more division with further micro-injection,
and the morphologies were not obvious. For example, sometimes the vesicle deformed to
tube-like shapes after the first or second division, and sometimes multiple tubes are

formed from the daughter vesicles, which are considered to be caused by the depletion of
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cholesterol in the target vesicle membrane. We analyzed the vesicle division processes (n
= 4) induced by the simultaneous micro-injection of AOT micelles and H>O>. When the
mother GUV with initial surface area A(0) and volume V(0) showed growth and
division, the surface area and volume of the GUV increased to (1.25 + 0.05)A(0) and
(1.05 £ 0.05)V(0), respectively.

A suggested molecular interpretation consistent with the microscopic observations is
the following: AOT molecules present in the external solution bind to the formed PANI-
ES through electrostatic interactions or hydrogen bonding. This binding decreases the
hydrophilicity of the AOT molecules, which promotes the incorporation of the bound
AOT molecules into the outer monolayer of the AOT/Chol GUVs. The incorporated AOT
molecules increase the area of the outer monolayer. Flip-flop motions of the AOT
molecules coupled with the negative molecular spontaneous curvature of cholesterol
relax the initially spherical vesicle shape to a prolate shape and then to the limiting shape
[Jimbo et al. 2016]. In the limiting shape, cholesterol molecules are excluded from the
neck due to the coupling between the molecular shape and the membrane Gaussian
curvature, which destabilizes the neck and causes vesicle division [Urakami et al. 2018].

For further detailed discussions, see below.
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Figure 5-3-4. Phase-contrast light microscopy images AOT/Chol (9/1) binary GUVs,
taken in the "reference condition" with the supply of 20 mM AOT micelles (entry #2
in Table 4-1), coupled with PANI-ES synthesis. The time-dependent changes are
shown after starting the micro-injection for # = 0, 4, 7, 11, and 20 sec. The initially
spherical GUV showed growth, deformation to limiting shape (at "// sec"), and then
the neck is spontaneously divided (at "20 sec”). The length of the scale bar: 10 pm.

Discussion 1: Growth and division of AOT/Chol binary GUVs based on the ADE
model.

As we briefly mentioned in section 5.2.1, vesicle shapes are obtained by minimizing the
membrane elastic energy with the ADE model [Heinrich et al. 1993; Miao et al. 1994;
Jimbo et al. 2016], given by:

1 K
_[* 2 Kr
Wi K[zfdA(zH) T

where k and k, are local bending constant and the nonlocal bending modulus,

(A4 — AA,)? (5.11)

respectively, H = (C; + C,)/2 is the mean curvature, d is the distance between the
neutral surfaces of the two leaflets, and AA, and AA are a preferred area difference and
a geometrical area difference, given by Eq. (5.5) and Eq. (5.6), respectively. Typically,
K,-/k = 3 is used to describe phospholipid vesicle shape [Sakashita et al. 2012]. The first
term expresses the bending energy of the membrane, and the second term is the nonlocal
elastic energy due to the deviation of the geometrical monolayer area difference, AA,
from the preferred value, AA,. The shape of a vesicle with the surface area, A, and the
volume, V, is determined by two geometrical parameters, the reduced volume, v =
3V /4nR3 (R, = \/m) (Eq. (5.3)), and the normalized preferred area difference of
the two monolayers given by:
AA,

= W

When a vesicle incorporates additional amphiphiles from the external solution into

Aa, (5.12)

the outer leaflet of the vesicle membrane, the amphiphiles in the outer monolayer undergo
flip-flop motions to relax the elastic energy. Then, the growing vesicle changes the
normalized preferred area difference, Aa,, and the reduced volume, v, which causes

vesicle deformation if the equilibration of the water molecules across the vesicle bilayer
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is slow.

Here, we map the observed vesicle growth trajectory by using two geometrical
parameters, the reduced volume, v, and the normalized preferred area difference,
Aa. The reduced volume and the normalized area difference were calculated from the
reproduced vesicle images using the Surface Evolver software package [Brakke 1992;
Jimbo et al. 2016] (Fig.5-3-5). The observed vesicle growth trajectory in the (v,Aa)
plane with the stable vesicle shape types for oblates (line O), prolates (line P), and budded
limiting shapes (line L) (called "vesicle branches") is shown in Fig.5-3-6, whereby the
minimum of the ADE energy determines the location of each branch. The observed
growth trajectory (pathway 1, 2 in Fig.5-3-6) agrees with the stable prolate branch,
indicating that the ADE model describes the vesicle growth well. In the vesicle growth
stage, AOT molecules in the external solution incorporate into the outer monolayer of the
vesicle, which increases the normalized preferred area difference, Eq. (5.12). Since in the
region of 0.652 < v < 1.0, the most stable vesicle branch is the prolate branch [Jimbo et
al. 2016; Seifert 1997], AOT molecules in the outer monolayer undergo flip-flop motions
to relax the vesicle shape to the stable prolate shape (Aay(v) = Aay,,(v), whereby
Ay, (v) is the normalized geometrical area difference of the stable prolate shape with
reduced volume v). Thus, the observed growth trajectory indicates that AOT molecules
in the bilayer readily undergo flip-flop motions from the outer to the inner monolayer of
the AOT bilayer. This is in qualitative agreement with the high fluidity of AOT bilayers
[Kashima et al. 2018; Iwasaki et al. 2017]. The observed deformation pathway strongly
supports that the targeted vesicles are "giant unilamellar vesicles" and not "giant multi-
lamellar vesicles." In this experiment, we supplied membrane molecules from the external
solution, which means that the outermost bilayer shows growth with the aid of PANI-ES.
If the targeted giant vesicle only consists of one single bilayer (i.e., if it is a GUV), the
deformation pathway is well described by the ADE model [Jimbo et al. 2016; Sakashita
et al. 2012; Ddobereiner et al. 1997] as shown in Fig.5-3-6. On the other hand, if the
targeted giant vesicle is composed of multi-bilayers, all inner bilayers cannot grow due
to the lack of PANI-ES. This geometrical constraint — growth of only the outermost
membrane and constant vesicle volume — prevents the vesicle from transforming along
the standard vesicle deformation pathway (e.g., formation of a tubular membrane). The
observed deformation pathway shown in Fig.5-3-5(a) and Fig.5-3-6 supports that the
targeted vesicles were unilamellar.

A simple way to attain AOT vesicle reproduction (deformation to the limiting shape
and fission of the neck) is to add to the AOT vesicles a second amphiphile with a negative

molecular spontaneous curvature. When the vesicle is composed of two types of
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amphiphiles, e.g., one amphiphile having a zero spontaneous curvature (AOT) and the
second amphiphile having a negative spontaneous curvature, Hg,(< 0), the second
amphiphile prefers to stay in the inner monolayer of the spherical vesicle due to simple
geometrical preference. This asymmetric distribution of the second amphiphile in the
bilayer causes spontaneous curvature of the binary membrane, ¢, = Hg,A¢p where
Ap = p°¥t — ¢p™ is the difference in the second amphiphile's area fraction between
outer leaflet ¢°%t and inner leaflet ¢™. This modifies the normalized preferred area
difference. The renormalized preferred area difference modified by ¢, is given by:
K Rycy
2K,

which encourages the vesicle deformation to the limiting shape (Fig.5-3-6) [Jimbo et al.
2016; Sakashita et al. 2012]. In addition, the amphiphile geometry modifies the
monolayer Gaussian curvature modulus, k™, through a geometrical relationship,

2K™ = K+4KkMHg,d (5.14)

where K is the bilayer Gaussian curvature modulus, k™ is the monolayer bending

Ado = Aao + (5.13)

modulus, and Hy, is the molecular spontaneous curvature of the amphiphile [Urakami
et al. 2018; Siegel & Kozlov 2004]. The limiting shape vesicle consists of two spherical
regions having a positive Gaussian curvature and a neck region having a negative
Gaussian curvature. Then, if the second amphiphile with Hg,(< 0) has a smaller
monolayer Gaussian curvature modulus than the one of AOT, ie, Ky <Kjipr,
the second amphiphile will be excluded from the neck region. This segregation increases
the free energy and destabilizes the neck, which results in vesicle division [Urakami et al.
2018; Chen et al. 1997]. In fact, the binary AOT/Chol (9/1) GUVs showed vesicle
reproduction (Fig.5-3-4 and Fig.5-3-5(b)). The observed vesicle reproduction pathway is
illustrated with the (v, Aa) phase diagram (pathway 1, 3 in Fig.5-3-6). The mother AOT
GUYV is initially deformed with an increase in Aa as v decreases, following line P, i.e.,
the line for stable prolates (prolate branch). At v =0.78, the GUV hopped to the limiting
shape branch (line L) discontinuously through a pear-like intermediate shape, which
agrees well with the prediction of the ADE model. When a mother GUV with initial
surface area A(0) and volume V(0) deformed to the limiting shape, the limiting shape
GUYV had the surface area ~1.30 A(0) and the volume ~1.05V(0). Thus, the reduced
volume, v, decreased from 0.94 to 0.74. The limiting shape GUV spontaneously divided
into two independent GUVs as predicted by the neck destabilization model.
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Figure 5-3-5. Phase-contrast microscopy images and reconstructed vesicle shapes
during GUV growth coupled with PANI-ES synthesis. For each figure, the upper line
shows the experimental microscopy images, the middle line shows the reconstructed
images using the Surface Evolver software package [Brakke 1992], and the bottom
line shows the reduced volumes, v (see Eq. (5.3)), and the normalized geometrical
area differences, Aa = § dA H/(4mR,) (H: local mean curvature), calculated from
the reconstructed images.

a, Growth of an AOT GUYV in "reference condition" (identical to the data shown in
Fig.2-5-2(b)) induced by micro-injection of H20O2 (2.0 M) and AOT micelles (20 mM,
prepared in pure water). The GUV suspension (3.0 mM AOT in 20 mM NaH,POs, pH
= 4.3) contained aniline (4.0 mM) and HRPC (0.92 uM). The length of the scale bar:
20 pm.

b, Growth of an AOT/Chol (9/1) binary GUV in "reference condition" (entry #2 in
Table 5-3-1) induced by micro-injection of H>O> (2.0 M) and AOT micelles (20 mM,
prepared in pure water). The GUV suspension (3.0 mM total amphiphile, 9:1 molar
ratio, in 20 mM NaH»PO4, pH = 4.3) contained aniline (4.0 mM) and HRPC (0.92
uM). The length of the scale bar corresponds to 5 pm.
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Figure 5-3-6. Pathways for the growth of AOT GUVs plotted in (v, Aa) space.
Pathway indicated with hollow arrows (1 and 2) is for the AOT vesicles coupled with
the synthesis of PANI-ES without cholesterol system (Fig.5-3-5(a)). Pathway
indicated with hollow arrows (1 and 3) is for the reproduction of binary AOT/Chol
(9/1) GUVs coupled with the synthesis of PANI-ES (Fig.5-3-5(b)). Lines O, P, and L

represent the oblate, prolate, and limiting shape (LP*") branches, respectively.
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Tube formation of AOT GUVs supplied with SDBS/Chol micelles, entry #3 in Table
5-3-1.

In the AOT/Chol (9/1) binary GUV system, we showed that Chol having a small polar
head and a bulky hydrocarbon part works as the second component of the membrane

molecule to attain the deformation and division of vesicle. When we supplied AOT
micelles to binary GUVs, GUVs showed deformation to the limiting shape, and then the
neck was spontaneously broken to form completely separated two daughters GUVs.
However, the reproduction of vesicles ceases after the division due to the dilution of
initially contained Chol. To attain the recursive vesicle growth and division, Chol must
be externally supplied to the vesicle membrane.

Here, we adopted SDBS micelles as the Chol carrier since SDBS molecules have
sulfonate head group and can be incorporated into AOT membrane. When we supplied
2.0 M H20; solution containing 20 mM AOT micelles from one side, and SDBS/Chol
mixed micelles from another side to an AOT single component GUV under the reference
reaction condition (entry #3 in Table 5-3-1), the GUV showed protrusion and then divided
into the spherical mother vesicle and a prolate daughter vesicle (Fig.5-3-7). This
observation contrasts with the GUV growth without Chol (Fig.5-3-5(a)). Thus, the
supplied Chol was incorporated into the AOT GUV membrane and induced the vesicle
division, although the target AOT GUV with no initial content of Chol in the bilayer does
not show the nice reproduction pathway as observed by using GUV containing Chol from
the beginning (Fig.5-3-5(b)). Then, we tested this Chol carrier SDBS micelles to the
AOT/Chol (9/1) binary GUV under the "cascade system" to realize the reproduction of

vesicles under the condition of artificial metabolism.
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Figure 5-3-7. Phase-contrast light microscopy images AOT GUVs, taken in the
"reference condition" with the supply of 100 mM SDBS/0.5 mM Chol micelles (-
#3 in Table 5-3-1), coupled with PANI-ES synthesis. The time-dependent changes are
shown after starting the micro-injection for # = 0, 50, 60, 67, 81, and 90 sec. The
initially spherical AOT GUV showed growth and formation of a tubular structure (at
"60 s"), and the tubular structure is spontaneously cut from the mother AOT GUV (at
"81 s" and "90 s"). The length of the scale bar: 10 um.
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5.3.5 Result 2: Growth and Division of Vesicles Coupled with

Artificial Metabolism System

Recursive reproduction of AOT/Chol binary GUVs, entry #4 in Table 5-3-1.

To realize recursive growth and division system, we adopted the Chol carrier system,
shown above, to the AOT/Chol (9/1) binary GUV which can grow and divide once, rarely
twice, with the feeding of AOT micelles. To test this, we prepared binary GUVs
composed of AOT and cholesterol (at a molar ratio of 9:1, 2.7 mM AOT, 0.3 mM
cholesterol) in 20mM NaH>POys solution (pH = 4.3) containing 4.0 mM aniline and 0.92
uM HRPC, 1.0 uM GOD, and 100 mM sucrose, and then micro-injected to individual
binary GUVs a micellar solution consisting of 20mM AOT and 100 mM D-glucose from
one side, and 100 mM SDBS/0.5 mM Chol and 100 mM D-glucose from the other side
(see entry #4 in Table 5-3-1.).

When we supplied AOT micelles and SDBS/Chol mixed micelles to binary GUVs
composed of AOT/Chol (9/1), the GUVs repeated the growth and division cycles as
shown in Fig.5-3-8. Here, the GUV started growth and deformation just after starting
micro-injections, then completed the first cycle at "28 s” (black arrows: formation of 2
generation). A similar growth and division cycle is achieved at "58 s” (red arrows:
formation of 3" generation), but as we can see, the size of vesicles becomes smaller by
generation, especially in the 4™ generation (blue arrows) at "67 s”. In the end, multiple
small vesicles are observed (at "83 s"). It should be noted that the total surface area of
vesicles increased with time, whereas the total volume of vesicles kept constant (Fig.5-
3-9), which seems to be one of the leading causes of the decrease in size by generations.
Thus, finally, the size of offspring GUVs should be recovered to the size of their parent

GUYV by coupling the vesicle volume growth mechanism.
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Figure 5-3-8. Phase-contrast light microscopy images AOT/Chol (9/1) binary GUVs,
taken in the "cascade condition" with the supply of 20 mM AOT micelles and 100
mM SDBS/0.5 mM Chol micelles (entry #4 in Table 5-3-1), coupled with PANI-ES
synthesis. The time-dependent changes are shown after starting the micro-injection
for t=0, 13, 20, 28, 38, 49, 58, 63, 67, and 83 sec. The initially spherical AOT/Chol
GUV showed growth, deformation to limiting shape, and then the division (the first
cycle, indicated by black arrows, from "0 s” to "28 s"). Then, the vesicle showed the
second cycle (indicated by red arrows, from "28 5" to "58 s"), the third cycle (indicated
by blue arrows, from "58 s” to "67 s"), and the further growth and divisions to form
multiple small vesicles (from "67 s” to "83 s"). The length of the scale bar: 10 pm.
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squares) of all vesicles originated from the initial mother GUV observed in Figure 5-

3-8 above. The lines between the data points are drawn for guiding the eyes.
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5.3.6 Result 3;: Osmotic Inflation of Vesicles

Osmotic inflation of AOT GUYV.

To achieve a recursive reproduction system with volume recovery, we firstly test the
simple osmotic inflation system of AOT GUVs where AOT GUV encapsulating 100 mM
sucrose prepared in 20 mM NaH»PO4 solution (pH=4.3) containing 3.0 mM AOT
(cve~1.5 mM) are transferred into the 20 mM NaH>POys solution (pH=4.3) containing 100
mM D-fructose and 3.0 mM AOT (cve~1.5 mM) (Fig.5-3-2(a) and (b)). No chemical

reaction and other reaction components are added.

The phase-contrast microscopy image of an AOT GUV immediately after the transfer
("+ 0 sec") is compared with that after 600 sec in Fig.5-3-10(a), which clearly shows the
volume increase of the AOT GUV. The volume increase of three AOT GUVs with initial
diameters of 14.6+0.1 pm is plotted in Fig.5-3-10(b). The volume of AOT GUVs
increased almost linearly with time up to ~700 sec (which is enough to realize the
recursive vesicle reproductions) while keeping their spherical shapes and the volume at
600 sec is approximately 1.7V(0), where V(0) is the initial GUV volume. The observed
volume increase of the AOT GUVs is described by the simultaneous differential

equations as follows:

_ ny (t)
FTa PfA(t) (Cf,ext - m) (5.15)

dVv(t) B dn,,(t) B ne(t) + ng
dt - UWT - PwA(t)vw (W - Cf,ext)

(5.16)

where we assume that AOT molecules in the external solution are instantly incorporated
into the vesicle membrane to relax the membrane tension. Here ng,n,, and n, are the
concentrations of D-fructose (permeable), water (permeable), and sucrose (impermeable)
molecules encapsulated in the AOT GUYV, respectively. Pr and P, are the permeability
of D-fructose and water against AOT membrane, 4 and V" are the surface area and the
volume of the spherical AOT GUV, ¢ ¢ (= 0.100 mol L™1) is the concentration of D-
fructose in the external solution, and v,,(= 1.8 * 1072 L mol™1) is the molar volume of
water molecules. The observed volume growth profile is fitted (red line) by the
simultaneous differential equations Eq. (5.15) and (5.16) with the fitting parameters
P,=23%10"*ms™' and P =3.0+10"°ms~'. These permeability values are
considerably larger than those of phosphatidylcholine (PC) membranes, usually
P,~107°>ms~1, and fructose is almost impermeable. One of the main reasons is the thin
AOT membrane thickness (shorter hydrophobic path across the membrane) of ~2 nm,

whereas the typical thickness of PC membranes is ~4-5 nm.
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Figure 5-3-10. Osmotic inflation of AOT GUVs encapsulating 20 mM NaH>PO4
solution (pH=4.3) containing 100 mM sucrose, surrounded by 20 mM NaH>PO4
solution (pH=4.3) containing 100 mM D-fructose. The experimental setup is shown
as Fig.5-3-2 (a) and (b).

a, Phase contrast light microscope images of an AOT GUV swollen by osmotic
pressure difference, just after (0 sec) and 600 sec after the transfer. The initial
composition of the internal and external solutions just after the transfer was as follows:
(internal solution) 20 mM NaH;POj4 solution (pH=4.3) containing 100 mM sucrose
and 3.0 mM AOT (cve~1.5 mM), and (external solution) 20 mM NaH,POj4 solution
(pH=4.3) containing 100 mM D-fructose and 3.0 mM AOT (cve~1.5 mM). The
elapsed time after starting the observation is indicated in each image. Length of the
scale bars: 10 pm.

b, Time dependence of the volume of AOT GUVs caused by the asymmetric swelling,
where AOT GUVs encapsulating 100 mM sucrose was transferred into the solution
containing 100 mM D-fructose. The three plots represent the three independent
observations. The initial diameter of the AOT GUVs was 14.6+0.1 pm. The red line
is the fitting curve obtained from the simultaneous differential equations (4.15) and
(4.16), yielding the permeability of water and D-fructose against the AOT membrane
of B, =23+10"*ms~" and Pr = 3.0 * 107° m 5", respectively.
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5.3.7 Result 4: My Synthetic Minimal Cell.

Osmotic inflation-introduced recursive vesicle reproduction system coupled with

artificial metabolism system.

The final experimental step for constructing our synthetic minimal cell is introducing a
volume recovery mechanism (Fig.5-3-10) into the recursive growth and division vesicle
system (Fig.5-3-8). We prepared AOT/Chol (9/1) binary GUVs in 20 mM NaH>PO4
solution (pH=4.3) containing 100 mM sucrose, then transferred a GUV into the reaction
mixture in 20 mM NaH;POs solution (pH=4.3) which contains 100 mM D-fructose as
osmolytes, 4.0 mM aniline, 0.92 uM HRPC, 1.0 uM GOD, and dissolved oxygen as
reaction components. Towards the target GUV, we micro-injected two solutions: 100 mM
D-glucose solutions containing 20 mM AOT micelles, and 100 mM D-glucose solutions
containing 100 mM SDBS/0.5 mM mixed micelles. Then, the energy currency molecule,
H>Oz, is in situ formed in the reaction mixtures from D-glucose and dissolved oxygen
with GOD (R1), which triggers the PANI-ES synthesis reaction domains (R2 — R8). The
PANI-ES formed on the vesicle surface will promote the GUV growth (R9), then the
GUV obeys the deformation pathway explained by the ADE model and show the
spontaneous division. The daughter vesicles will recover their volume to their original
mother's size by using osmotic difference continuously generated by asymmetric
permeation of osmolytes inside/outside the membrane. This is the design principles of
our synthetic minimal cell.

Phase-contrast light microscopy images of AOT/Chol (9/1) binary GUV after the
transfer to induce osmotic difference and after starting the micro-injection to trigger the
PANI-ES synthesis and to feed amphiphiles with GUVs are shown in Fig.4-12. Here, the
GUYV started growth and deformation after starting micro-injections (at "+ 37 sec”),
deformed to limiting shape at around "+ 44 sec”, and then spontaneously divided into
two daughter vesicles (at "+ 70 sec"”). During deformation and division, the volume of
two daughter vesicles continuously showed growth (from "+ 44 sec” to "+ 100 sec”) and
finally recovered to (correctly, exceed) their mother's size in 100 sec. This is the complete
reproduction cycle of vesicles that we designed initially (Fig.1-2). Unfortunately, this
system has been realized only by a single cycle in the present stage. Since the membrane
growth and volume growth are independent of each other in our system, we need to
elaborate more detailed conditions to synchronize them, i.e., no excess membrane growth

and no excess volume growth.
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Figure 5-3-11. Experimental establishment of my synthetic minimal cell showing a
complete reproduction cycle. Coupled with the artificial metabolism system (Fig.3-2-
1) which realizes the coupling between vesicle surface-confined information polymer
(PANI-ES) synthesis and vesicle membrane growth. The morphology of the
AOT/Chol (9/1) binary GUV follows the deformation pathway (Fig.5-3-6) described
by the membrane elasticity model. The “A;—¢;,” and “V;—q1,” represent the
normalized surface area and volume of mother vesicle (i = 0), and two daughter

vesicles (i = 1,2).
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5.4 Conclusion

This chapter focused on the morphological regulations on our synthetic minimal cell.
Based on the membrane elasticity model, I demonstrated the control of the vesicle growth
pathway; tubular growth, deformation to limiting shape, or spontaneous division. To
attain these controls, there is no external mechanical force (e.g., membrane contraction
by using specific proteins). According to the molecular geometrical shapes and the
asymmetry in the bilayer membrane, these pathways are spontaneously appeared, while
I design the appropriate initial states and the surrounding conditions. In the course of
morphological control of vesicles, I made clear the subsequent problem after recursive
divisions: the volume growth problem. Finally, I experimentally realized the complete
reproduction cycles of vesicles; membrane growth = deformation = division = volume
recovery (Fig.1-3-1). To the best of the author's knowledge, this is the first example to
realize the complete reproduction cycle.

To attain the single cycle of reproduction system starting from the very simple
molecular assembly, not only the design principles on the chemical system, (R1 —R9) in
Fig. 3-2-1, but also one another design principles related to soft matter physics, the
control principle on the pathways to restrict the growth, was required. I should emphasize
that, although I supply the specific molecules to the system with appropriate
concentrations and chemical potential gradients, and although I prepare the ideal initial
conditions, the experimental results I demonstrate in this chapter appear in the self-
organization way coupling the chemical and soft matter physics aspects. These two
aspects will be the wheels of a cart to investigate "What is Life?" from the standpoint of

physical sciences.

The contents in this chapter are partially based on the following original paper:
Minoru Kurisu, Harutaka Aoki, Takehiro Jimbo, Yuka Sakuma, Masayuki Imai, Sandra
Serrano-Luginbiihl, and Peter Walde "Reproduction of vesicles coupled with a vesicle

surface-confined enzymatic polymerization.", Communications Chemistry, 2:117 (2019).
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5.5 Appendix
5.5.1 Appendix 5-A: Neck Stability of Limiting Shape.

The neck of the limiting shape observed by feeding SDBS micelles with AOT GUVs
(condition #1 in Table 5-3-1) was very stable (Fig.5-5-1). After the neck formation, even

when we applied strong water flow by micro-injection, the tubes elongated and never

showed division.

Figure 5-5-1. Phase-contrast light microscopy images of vesicles, obtained by a
further supply of amphiphiles after the vesicle reaches the limiting shape. Both images
were obtained in the condition of entry #1 in Table 5-3-1. Red and blue arrows
indicate the stable neck structures connecting two vesicles. Please note that the
contrast of both images were emphasized to make the presence of neck structures

clear.
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Chapter 6

Conclusion and Outlook

In this thesis, I firstly focused on the artificial information polymer in chapter 2. Based
on the consideration to the essence of information polymer on the thermodynamical
entropy loss and the enthalpy gain, I focused on the template polymerization system by
using vesicle membrane as a template. Due to the specific interaction between vesicle
forming molecules and monomers, the polymerization process was restricted to forn
regular sequence structure of polyaniline, PANI-ES. PANI-ES encodes the property
(sulfonated/sulfated polar head group) of vesicle forming molecules as its regular
sequence structure, which selectively promote the incorporation of the corresponding
membrane molecules, resulting in vesicle membrane growth (decode). Thus, PANI-ES
was confirmed to work as information polymer for vesicles. In chapter 3, based on the
knowledge of recent molecular biology and the well-known protocell model, I designed
artificial metabolism system which conceptually mimics the three essential reaction
domains for biological systems: energy currency production domain, information
polymer synthesis domain, and membrane growth domain. Then, I introduced a new
reaction domain to produce energy currency molecule, H>O;, from D-glucose and
dissolved oxygen with enzyme GOD. After the optimization of the reaction condition, the
synthesis of information polymer and vesicle membrane growth were successfully
achieved with the artificial metabolism system involving energy currency production
domain. In chapter 4, I constructed reduced model reaction system which extract the
essence from the actual metabolism system, and then I developed the kinetic model to
describe the system. Our artificial metabolism system has simple and clear reaction
network, therefore, I could finally reproduces the experimental system without no
adjustable parameters. That means the artificial metabolism system works well according
to my design. For the synthetic minimal cell system, the vesicles should show not only
membrane growth, but also show the deformation to the limiting shape, the division of
the neck, and volume recovery to their original sizes. Biological systems adopted very
complex molecular mechanism to attain this reproduction cycle, but such mechanism is
not appropriate for the “minimal” cell system. Therefore, in chapter 5, I controlled the
morphology of vesicles based on the knowledge of the membrane elasticity theory, and I
also designed the sustainable osmotic inflation system. Then, finally, I succeeded in

realizing complete vesicle reproduction cycle coupled with artificial metabolism system.
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All in all, my synthetic minimal cell system conceptually the three major characteristics
of biological system: gene, metabolism, and reproduction.

Comparing my synthetic minimal cell design and biological systems, there are some
significant differences. First, while genetic information flows from DNA to proteins in
one-way in biological systems, my synthetic minimal cell has the two-way genetic
information flow, i.e., I have called PANI-ES as information polymer for the sake of
convenience, but the information of vesicles are encoded in PANI-ES, and at the same
time, the sequential information of PANI-ES is also encoded as vesicle membranes. When
we consider the very beginning stage of the emergence of living systems, such difference
in the direction of genetic information flow may affect the stability and evolvability of
the system. Second, the membrane molecules are not synthesized in my artificial
metabolism design. In any biological systems, they synthesize membrane molecules and
then incorporate them into cell membrane. When we consider the universal essence of
any living systems, we will need to discuss the necessity of mechanisms to synthesize the
compartment-consisting molecules. Finally, my synthetic minimal cell does not contain
the reaction system inside the membrane, but exposes it on the outer surface of vesicle
membrane. Here, we need to discuss the essence of compartment for living systems. My
minimal cell can prevent dissociation of information polymer through the specific
interaction between the membrane, so the minimal cell keeps reaction field on its surface.
Recently many protocell / minimal cell model have been proposed, and some of them
uses droplet or coacervate as template. When we will succeed in mimicking biological
behavior by such membrane-less compartment, how can we define such systems? All in
all, the bottom-up constructive approaches to understanding of universal essence of any
possible living systems will have the possibility to capture the living systems from various
field of science, including physical sciences. My synthetic minimal cell will be one of the
pioneering systems to contribute to open up a new road for the physical understanding of

living systems.
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Central Dogma Our Synthetic Minimal Cell
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Figure 6-1-1. Comparison with the central dogma of molecular biology with our
synthetic minimal cell.
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