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Living and proliferating cells undergo repeated cycles of growth, replication and division, all orchestrated
by complex molecular networks. How a minimal cell cycle emerged and helped primitive cells to evolve
remains one of the biggest mysteries in modern science, and is an active area of research in chemistry.
Protocells are cell-like compartments that recapitulate features of living cells and may be seen as the
chemical ancestors of modern life. While compartmentalization is not strictly required for primitive,
open-ended evolution of self-replicating systems, it gives such systems a clear identity by setting the
boundaries and it can help them overcome three major obstacles of dilution, parasitism and
compatibility. Compartmentalization is therefore widely considered to be a central hallmark of primitive
life, and various types of protocells are actively investigated, with the ultimate goal of developing a
protocell capable of autonomous proliferation by mimicking the well-known cell cycle of growth,
replication and division. We and others have found that coacervates are promising protocell candidates
in which chemical building blocks required for life are naturally concentrated, and chemical reactions
can be selectively enhanced or suppressed. This feature article provides an overview of how growth,
replication and division can be realized with coacervates as protocells and what the bottlenecks are.
Received 25th June 2022, Considerations are given for designing chemical networks in coacervates that can lead to sustained
Accepted 13th September 2022 growth, selective replication and controlled division, in a way that they are linked together like in the cell
DOI: 10.1039/d2cc03541¢c cycle. Ultimately, such a system may undergo evolution by natural selection of certain phenotypes,
leading to adaptation and the gain of new functions, and we end with a brief discussion of the
rsc.li/chemcomm opportunities for coacervates to facilitate this.
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Introduction

The division of a cell in two virtually identical copies is one
of the most captivating processes in biology and a distinctive
sign of living organisms." Without reproduction, Darwinian
evolution would not be possible and life could never have
reached the degree of complexity we see today.”™ In modern
cells reproduction consists of copying (replication) of the cell’s
genetic code concurring with an increase in size (growth),
followed by actual division of the cell into two. These steps
are intimately coupled in all cell types: cells grow in volume
before and during replication of the genetic information, and
completion of the replication process initiates a complex
cascade of highly evolved processes that ultimately leads to cell
division.>® Because the processes of information copying and
division are never truly perfect, living organisms evolve and
slowly gain new functions. In fact, the machinery that regulates
replication of the genetic information and cell division was
itself formed and developed by evolution. However, exactly how
these fundamental features of life could have emerged in
mixtures of non-living molecules remains one of the biggest
mysteries in modern science and is an active area of research in
chemistry.

To facilitate research into the chemical origins of life,
the defining features of modern cells are often divided into
hallmarks, such as growth, division, information processing,
and compartmentalization." In recent years, many chemical
systems have been reported in which one or more of these
hallmarks have been reconstituted, as steps on the way to
creating a living, viable protocell (a primitive cell).” It is not
known what the initial chemical systems or protocells precisely
looked like, but they must have originated from the abiotic
molecules that were likely present on early Earth,®® and they
must have been able to undergo a primitive form of open-ended
evolution in order to increase in complexity and gain new
functions.” This implies that a chemical ancestor of modern
life should have been capable of autonomous proliferation and
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thus mimic the cell cycle of growth-replication-division
described above. Moreover, the mechanisms for growth, repli-
cation and division should have been reliable enough to permit
evolution.! Natural variation between the protocells, which
could originate from random mutations, must be heritable,
that is, they must be transmitted to the next generation. Natural
selection by the environment, for instance through competition
for resources, will then ensure that the fittest protocell has the
highest survival probability. In other words, if these mutations
are beneficial for the system and the environment it is currently
in, they will survive and be transmitted to the next generation.
If not, a new protocell carrying a mutation will, in the
worst case, die. This selection process, in which a population
gradually changes because certain mutations are passed on and
others not, is what is known as Darwinian evolution.
Compartmentalization is commonly thought of as one of the
most central hallmarks of life. A compartment serves as a
container to keep all ingredients of a living system together
and it helps to define the boundaries of a living system, thereby
providing it with an “identity’”’. The compartment and its
contents together form a protocell, which is separated from
the outside world (the environment) by a membrane or an
interface. In theory, compartmentalization is not required
for Darwinian evolution: self-replicating chemical systems,
consisting of RNA,”'® peptides,'™"* amyloid fibers'® or
supramolecular stacks of macrocyclic rings'*" are widely
investigated. However, the reaction networks underlying these
self-replicating systems face three major challenges: dilution,
parasitism and compatibility. Compartmentalization by the
right type of compartments could help overcome all three
challenges, and is therefore, arguably, an essential element of
even the earliest life-like chemical systems. Here, we demon-
strate that coacervates, which are droplets formed by liquid-
liquid phase separation (LLPS), have the characteristics to
enable chemical systems capable of self-replication to over-
come dilution, parasitism and problems with compatibility
between reactions. At the same time, coacervates are well suited
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to undergo controlled growth and division, thereby opening the
way for evolution of protocells.

The first problem of dilution involves the concentration of
replicators and their building blocks that are required for the
replication reaction to proceed. Model replicators may function
well when prepared at relatively high concentrations in a test
tube, but in the primordial soup the replicators and molecules
required to form them were most likely so rare and dilute, that
replication reactions were prohibitively slow. Without a means
to concentrate them, degradation would happen faster than
replication.*'® To overcome this, the system needs a way to
concentrate the molecules involved in replication. In modern
cells, essential molecules such as proteins, ribosomes and RNA
are compartmentalized by the outer cell membrane, and in
some cases also in smaller subcompartments within the cell,
leading to effective local concentrations that can exceed the
global concentration by several orders of magnitude.'”"®
Inspired by membraneless organelles that form subcompart-
ments in many types of living cells, coacervates have been
proposed as compartments that can help overcome dilution
of replicators and their building blocks, as they have been
found to concentrate nucleic acids, nucleotides, peptides and
many types of small molecules."®*° Here, we will discuss the
relevance of this property of coacervates for growth, replication
and division.

The second problem is the formation of parasites during
reproduction. Parasitism occurs when a mutation that is in
principle disadvantageous for the fitness of the population,
because it has a decreased complexity or functionality, is
replicated faster than the ‘“healthy” species. Parasites can
replicate faster by profiting from functionalities of other spe-
cies, while having a reduced genome size. As they compete for
resources for the replication reaction with the healthy species,
parasites can overtake a population of replicators in numbers,
and if nothing is done to contain the parasites, a population
infected by parasites will ultimately become extinct. To over-
come this, compartments have been shown to play an impor-
tant role, either by a stochastic corrector model, or through
transient compartmentalization. Here, we will highlight the
role of compartments in overcoming parasitism during replica-
tion, and discuss the advantages of coacervates as compart-
ments in particular.

Finally, the third problem that protocells may face is the
compatibility of chemical reactions. Growth, replication and
division are ultimately governed by chemical reactions, such as
phosphorylation reactions, template-directed polymerization,
and hydrolysis, that operate under specific conditions. In many
cases, these conditions are not compatible, as products of one
reaction can inhibit another reaction (toxicity), or they undergo
side reactions with another reagent (orthogonality). In modern
cells, this issue is often circumvented by creating intracellular
compartments, such as lysosomes or biomolecular conden-
sates, which separate biomolecules from each other, thereby
making it possible that reactions occur simultaneously or can
be selectively turned on or off. On early Earth, compartments
could have played a similar role. It has recently been shown
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that coacervates can spontaneously form multiphase droplets,
with up to three coexisting phases, which can all localize a
distinct set of molecules, while allowing other molecules to be
shared between each compartment.>**> Here, we will focus on
the chemical reactions underlying growth, replication and
division, and highlight situations in which incompatibility of
some processes is expected. We will discuss how compartmen-
talization by coacervates can be exploited to circumvent these
situations.

All three challenges can thus be overcome by introducing
compartments, and thereby creating a protocell. As discussed,
these protocells should be able to grow, facilitate the replication of
information they contain, and divide, in order to proliferate and,
ultimately, evolve. Coacervates are a promising class of proto-
cellular compartments that are capable of concentrating reagents,
hosting chemical reactions, and protecting sequestered molecules
from the outside environment.”>** These properties make it
possible for coacervates to grow, facilitate replication, and divide,
with the ultimate aim to undergo open-ended evolution.

In this feature article, we will highlight recent advances in
coacervate protocell research aimed at achieving growth, repli-
cation of information and division in coacervates, in such a way
that the protocell cycle (Fig. 1) is sufficiently robust and reliable
to eventually enable their primitive evolution. We will first give
a brief introduction of coacervates and the physicochemical
properties that make them promising as protocell candidates.
We also discuss some alternative types of compartments, of
which liposomes are the most important, because strategies,
such as the division of liposomes could serve as a blueprint for
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Fig. 1 A minimal protocell cycle that can give rise to evolution: a system
should be able to grow, replicate its information, divide, and be susceptible
to selection by the environment.
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the investigation scope of realizing division of coacervates in
the near future. Then, we discuss the three key steps depicted
in the protocell cycle in Fig. 1: growth, replication of informa-
tion and division. For each step, we will discuss the main
requirements, the chemical strategies recently reported to
achieve it, and advantages and limitations. We end with a brief
discussion of how the systems could be adapted and integrated
to show that they are able to evolve, and their opportunities and
bottlenecks.

Cell-like compartmentalization

Compartments used for protocells or artificial organelles are
commonly divided in two main classes: membrane-enclosed
compartments and membraneless compartments. Both types
of compartments are present in modern cells. Examples of
membrane-enclosed compartments include mitochondria, the
nucleus, the Golgi apparatus, lysosomes and transport vesicles
in the cell.”® Moreover, the cell cytoplasm is also enclosed by
the plasma membrane, which forms an outer boundary of the
entire cell.

Besides membrane-bound compartments, many cells con-
tain a plethora of membraneless compartments, which are
often referred to as biomolecular condensates or membrane-
less organelles. Well-known examples include nucleoli, Cajal
bodies, nuclear speckles, P-granules and processing bodies.>®
Membraneless organelles have been proposed to form through
LLPS, a process that occurs spontaneously above a certain
threshold concentration. Inspired by these biomolecular con-
densates, liquid-like droplets that form through phase separa-
tion are also investigated in protocell research. These droplets
are usually called coacervates, a term that originates from
colloid science and that was adopted by Oparin and used in a
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protocell context,>* but that denotes the same state of matter as
most biomolecular condensates.

Here, we will mainly focus on coacervates as membraneless
protocells, as the lack of a membrane offers some important
advantages for growth, replication and division. However,
coacervates also have some drawbacks, and other, membrane-
enclosed protocells (vesicles) could offer an advantage, for
example in effectively separating groups of replicators. In
addition, we can take inspiration from strategies developed,
for instance, to induce division of vesicles. Therefore, we will
also include some examples from research into growth, replica-
tion and division in liposomes where appropriate in this article.
For a detailed account of the properties and advantages of
different protocell types, we refer the reader to several recent
reviews.”®?4272% Interestingly, it is becoming increasingly
clear that coacervates can interact strongly with membranes,
and that this interaction may have a functional role in modern
cells.*** As a consequence, it may be plausible that hybrid
protocells with a coacervate core and a lipid-based membrane
formed at some point during the emergence of cells.

Coacervates are droplets or macroscopically separated
phases that form through a type of LLPS and that are more
dense than their surrounding solution because they are
enriched in one or more solute species.*** In general, three
types of LLPS are distinguished: segregative, associative, and
simple phase separation (Fig. 2). Segregative phase separation
involves two soluble polymers or other macromolecules in a
common solvent that do not mix due to repulsive interactions,
which results in their phase separation in two phases with the
same solvent that are both enriched in one of the polymers. The
prototypical example of segregative phase separation is the
demixing of aqueous solutions of polyethylene glycol (PEG)
and dextran. Because both phases are enriched in a polymer,
they are not considered to be coacervates. Associative and
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Fig. 2 Two common protocellular compartments: coacervates and vesicles. Coacervates shown in purple are formed through liquid—-liquid phase
separation (LLPS). Their membraneless nature enables solute uptake by partitioning or surface adsorption, but also makes them unstable against fusion.
Liposomes shown in orange have a lipid bilayer as membrane, which can bind certain solutes, but has a low permeability for large and polar solutes.
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simple phase separation do result in the formation of a
coacervate phase that is selectively enriched in (macro)-
molecules and denser than the surrounding solution.

Associative phase separation involves two soluble molecules
that phase separate into one phase (a complex coacervate)
due to attractive interactions between them. The best-known
examples of associative phase separation involve oppositely
charged polymers or small molecules, such as polylysine
(pLL) and ATP. Simple phase separation involves one type of
solute, which self-associates via intermolecular attractive inter-
actions, leading to phase separation into a simple coacervate.
Simple coacervation is different from precipitation of poorly
soluble proteins or polymers in the liquid nature of the con-
densed phase: a simple coacervate is a strongly hydrated, dense
liquid, and sometimes gel-like phase. It typically contains a
significant amount of solvent (as much as 90%), and is there-
fore in a different state from the pure compound. The interactions
that underlie the formation of coacervate protocells are charge-
charge, dipole-dipole, cation—n interaction, n-n stacking,
hydrophobic effect and ligand-bridging.>*

The membraneless nature of coacervates makes it possible
for a range of small molecules to easily exchange between the
coacervate droplets and the dilute phase. The inside of a
coacervates can be slightly more hydrophobic than the dilute
phase, depending on the composition, which makes it a pre-
ferred environment for hydrophobic solutes. Simple and
complex coacervates can be formed from a wide array of
molecule types, ranging from long polymers, like complex
coacervates formed by polycations and polyanions,** but also
small molecules, like simple coacervates formed by a short
peptide conjugate bearing a minimal sticker-spacer-sticker
motif,?**¢ and complex coacervates formed by metabolites and
short oligopeptides.*” For protocells, the coacervates composed
of the smallest and simplest molecules possible are most
interesting, but all types of coacervates can be relevant to
understanding the general principles for growth, replication
and division.

Liposomes are spherical vesicles that contain at least one
lipid bilayer and therefore resemble the lipid membrane of a
cell.*® They are generally classified depending on the number of
lipid bilayers (Fig. 2): multilamellar vesicles (MLV) consist of
multiple lipid bilayers in an onion-like arrangement, while
unilamellar vesicles (UV) consist of only one lipid bilayer. UVs
are further classified into three types depending on their size:
giant unilamellar vesicles (GUV, >1 pm), large unilamellar
vesicles (LUV, 100 nm-1 pm), and small unilamellar vesicles
(SUV, 10-100 nm). The lumen and outside of a liposome both
contain water but are separated by a hydrophobic layer formed
by the hydrophobic tails in the lipid bilayer which typically
gives liposomes a low permeability. The cell handles this
by pore-forming proteins incorporated into the membrane.
Studies have shown that small molecules and even ions can
actually cross this membrane without the help of membrane
proteins,® but the osmotic pressure differences created by ions
for example can also lead to a flux of water causing a change in
size, or create pores in the membrane to equilibrate the

This journal is © The Royal Society of Chemistry 2022
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osmotic pressure.*' Finally, fatty acid vesicles have a similar
bilayer structure as UVs, but they are typically much more
permeable owing to their lower hydrophobicity.*® Fatty acid
vesicles have attracted significant interest as protocell models,
as their components have been found on meteorites.*> However,
they are only stable in a relatively small pH window.** Phospho-
lipid based liposomes are significantly more stable than their fatty
acid counterparts, but prebiotic synthesis of phospholipids
remains largely elusive.**

Protocell growth

An important feature of all cell cycles and a hallmark of living
systems is their ability to grow. Growth is often linked with
division, as cells grow by a combination of metabolic activity
and osmotic regulation before they divide in order to maintain
a stable size.*> For protocells, this process is not intimately
linked to division yet, and it translates to an increase in the
contents and thereby volume of the compartment. If self-
replicating molecules are present inside the protocell, influx
of replicator building blocks and formation of new replicators
will be directly linked to growth. Ideally, protocell division
should then be initiated at a certain protocell size or replicator
concentration. In this section, we will first focus on growth as a
separate aspect. By studying growth in protocell models with
varying complexity, such as coacervates with small metabolites
or macromolecules like RNA, or in the presence of fatty acids
and phospholipids, physical and chemical principles that
govern this process could be identified, thus helping us under-
stand how growth of the first generation of cells could have
emerged.*®

Passive and active growth

Growth of protocells can be defined as an increase in average
size or volume over time. Such an increase in volume could
occur either passively or actively. While very primitive cells may
have relied on passive mechanisms, active growth is required
for sustained growth and proliferation. Passive growth occurs
naturally and is driven by a system’s convergence towards
thermodynamic equilibrium, while active growth requires a
reaction that keeps the systems away from equilibrium.*” Phase
separated droplets, such as coacervates, coalesce over time to
form larger droplets, which decreases the total surface energy
of the system (Fig. 3a). Additionally, these droplets can undergo
Ostwald ripening, a process during which large droplets grow at
the expense of smaller droplets. Small droplets have a relatively
high internal pressure compared to large droplets, resulting in
an enhanced surface concentration and a flow of droplet
material from small droplets towards large droplets.*®

The previously mentioned processes of coalescence and
Ostwald ripening occur spontaneously and are driven by a
minimization of the system’s free energy. In contrast, (proto)-
cellular growth is an active process that requires energy to be
sustained. Moreover, in the previously mentioned cases of
passive growth, the total number of protocells decreases as

Chem. Commun., 2022, 58, 11183-11200 | 11187
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Fig. 3 Passive and active growth of coacervates. (a) Coacervates can
passively grow by coalescence and Ostwald ripening. Fusion events cause
the droplet radius to increase in a stepwise manner, while ripening results
in a gradual increase. During passive growth, the number of protocells
decreases, which is not desired when sustaining a population. (b) Active
growth is initiated by a reaction that converts precursor molecules to
protocell material after input of energy. During active growth, the droplet
radius gradually increases while the number of protocells remains stable or
increases.

the average size increases, which is not desired for protocells
that need to survive and replicate. For active growth, where
single protocells can grow without the need of sacrificing other
protocells, the system needs to be maintained away from
equilibrium, which can be achieved by an external energy
input, such as a chemical reaction or concentration gradient
(Fig. 3b)."” This would enable coacervate protocells to grow
without a decrease in the total number of compartments.**>°
However, the question remains how controlled growth can be
achieved in coacervate protocells. Are chemical reactions
required for active growth, or can other processes be used?
Does active growth need to compete with passive growth or can
both work in synergy, and should growth be controlled in
some way?

Chemistry leading to growth

Living systems need energy to sustain themselves and grow.
Protocells have this energy available in the form of chemical
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reactions and gradients. When comparing reactions in coacer-
vates to other protocell systems like liposomes, the presence of
the membrane has a significant effect. Coacervates are open
systems and allow for free exchange of reactants between the
compartment and its surroundings. Liposomes contain a phy-
sical barrier that separates their content from the environment,
which is desired when containing genetic information like RNA
and DNA, but could hinder chemical reactions, as fuel runs out
and waste builds up. Chemical reactions that produce protocell
material inside or in the presence of coacervates and liposomes
are the prime candidates for active growth.*’

Reactions that produce coacervate components usually
involve functionalization reactions that add an interaction
motif to a molecule or elongation reactions that increase the
number of interaction motifs, such as phosphorylation and
(RNA) polymerization.®" As these reactions increase the number
of interaction sites of a molecule, such as the number of
charged or aromatic groups, they typically increase the ten-
dency for phase separation. The first report of coacervate
formation driven by such a reaction was by Aumiller and
Keating.”” In this system, peptide/RNA coacervates could be
formed by dephosphorylation of phosphoserine residues of an
arginine-rich peptide by lambda protein phosphatase (Fig. 4a).
Removal of the negatively charged phosphate groups unmasks
the positive charge of arginine, which enhances the charge-
charge interactions between RRASLRRASL and RNA, and
induces coacervation. A similar phosphorylation-based system
developed by our group uses pyruvate kinase to convert ADP
and phosphoenolpyruvate (PEP) to ATP, which can form
coacervates with pLL (Fig. 4b). A second enzyme hexokinase
was used to convert ATP with glucose back to ADP to dissolve
the droplets, and by varying the PEP/glucose ratio at the start of
the reaction the onset of coacervation could be controlled.>

Although both these systems fulfill the requirements of a
reaction that keeps producing droplet material, growth of
individual droplet protocells was not investigated. A reason
for this is the need to follow individual dispersed droplets over
time by microscopy. In recent years, many groups have reported
the use of passivated glass surfaces, for example with polyvinyl
alcohol (PVA) and PEG, to image coacervate droplets without
them wetting the glass.”® Another platform to track single
coacervate droplets is by encapsulating them in isolated envir-
onments such as water-in-oil droplets®® or liposomes.”> These
systems offer high spatial control over coacervates, though one
drawback is the limited flow of reagents. Deshpande et al.
added o-hemolysin pores to their coacervate-in-liposome plat-
form to allow diffusion of UDP into the liposomes, following
conversion by PNPase to polyU, which then forms coacervates
with spermine (Fig. 4c).”> The formation of coacervates is
taking place exclusively inside liposomes, as both PNPase and
coacervate material cannot leave the liposomes. However, when
analyzing the droplet size over time, it became clear that after
nucleation, coacervate growth is still dominated by fusion
events: after the reaction was initiated, the number of coacer-
vates decreased steadily. When studying the same reaction in
an ‘open’ system, Spoelstra et al. found that active coacervates

This journal is © The Royal Society of Chemistry 2022
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Adapted from ref. 37.

adopt nonspherical shapes, and that the degree to which
coacervates are driven away from their spherical equilibrium
shape is correlated to both enzyme and substrate concen-
trations.>® Recently, Donau et al. showed that the number and
average volume of droplets increased in peptide coacervates
formed by a chemical reaction that removes two negative charges,
which is indicative of active coacervate formation.”” However,
tracking individual coacervate droplets in order to elucidate the
mechanisms and limitations underlying active growth and to
assess the competition with passive processes, remained elusive.

Growth of single coacervate protocells directly correlated to
chemical conversion was reported for the first time by our
group.®® Over the course of the reaction, where ATP is synthe-
sized from ADP by pyruvate kinase, radial growth rates of single
droplets could be analyzed and connected to the ATP-forming
reaction (Fig. 4b). The coacervate growth is limited by diffusion
of substrates and proteins into the droplet, and growth rates
could be controlled by adjusting their concentrations. The
protocells grow in size without dilution of their contents and
without decrease of the population size. Moreover, passive
events like coalescence and Ostwald ripening could be differ-
entiated from active growth, which is valuable when analyzing
the growth as a result of the reaction. This system is the first
step to an actively growing protocell, although it still consists of
complex components such as proteins and enzymes.

The next steps in active growth of coacervate protocells
should focus on designs with smaller molecules, such as
peptides and sugars instead of enzymes. Matsuo et al. reported
on a system in which coacervates are generated by native
chemical ligation (NCL) of peptide building blocks. Dipeptide

This journal is © The Royal Society of Chemistry 2022

building blocks with a disulfide linker are reduced with DTT
and subsequently oligomerize by NCL to form di-, tri- and tetra-
peptides (Fig. 4).°° The hydrophobic interactions that drive
phase separation are likely similar to the sticker-spacer coacer-
vates developed in our group,*® however additional associative
interactions between the oligopeptide and benzyl mercaptan
are crucial to induce LLPS in this system. Although growth of
individual coacervates was not shown here, the generation of
relatively hydrophobic coacervates controlled by a nonenzy-
matic reaction is promising, as these droplets could serve as
microreactors for chemical reactions that are not efficient in
water.”°

The most recent work of our group showed how an aldol
addition reaction that converts a dicarboxylic acid to a tri-
carboxylic acid is able to fuel actively growing coacervates
(Fig. 4e).*” Similar to the ATP-based system, droplets grow by
chemical conversion of fuel to droplet material, however, in
this system no large proteins were used. Both these systems
show how droplet material producing reactions can lead to
active growth in more prebiotically plausible coacervate proto-
cells, though further improvements like control over size dis-
persity of the population are desirable next steps.

The importance of controlled protocell growth

After having achieved growth of single coacervate protocells, a
next challenge would be to have a better control over protocell
growth rates. Inducing growth by a reaction already offers some
control over the rate, as the concentrations of substrates
or catalysts can be tuned, although droplet sizes can vary
substantially depending on the preparation, as seen by large
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standard deviations of the average droplet radii.’”*® A higher
level of control can be achieved by introducing an additional
reaction that breaks down protocell material.*® If this reaction
is localized within the protocell, large droplets may be expected
to degrade faster than smaller ones. By having both the ana-
bolic (droplet forming) and catabolic (droplet degrading) reac-
tion taking place at the same time and tuning reaction rates, a
so-called steady state of droplet size can be achieved (Fig. 5a).>°
Moreover, theoretical studies have predicted that a reaction
cycle like this could induce droplet division as a result of
a shape instability for certain combinations of interfacial ten-
sion, reaction rates and diffusivities.*®"*°

For a practical implementation of reaction networks that
form and eventually dissolve coacervates, we can take another
look at the examples discussed above of actively growing
coacervates, as they can in principle combine reactions that
produce and break down droplet material. The system devel-
oped by Aumiller and Keating presents both a droplet forming
and dissolving reaction. However, the reaction cycle cannot run
continuously because protein kinase A does not function in
presence of Mn”*, an essential cofactor for the second enzyme
lambda protein phosphatase (Fig. 5b).>*> The enzymatic network
developed by our group uses two enzymes which are compa-
tible, allowing for subsequent cycles of coacervate formation
and dissolution under the same conditions.”® After formation
of coacervates by pyruvate kinase, hexokinase can dissolve the
coacervates by converting ATP to ADP with glucose as substrate
(Fig. 5c). It was found that after six cycles, the system lost its
ability to generate new coacervates, as a result of the build-up of
waste products from the reactions. This issue could possibly be
solved by introducing a flow in the system that feeds new
reactants and subsequently removes waste,®' or introduction
of additional enzymes that convert waste to new substrate.
However, both of these options introduce additional experi-
mental challenges, as flow of reactants requires some sort of
immobilization of coacervate droplets, and additional enzymes
would greatly complicate the network.

The reaction driven coacervate generation reported by
Donau et al. is a reaction cycle that does not require enzymes.>”
The negatively charged C-terminal aspartate in an arginine-rich
peptide precursor is converted to an anhydride by EDC, removing
two negative charges from the peptide (Fig. 5d). The anhydride is
able to phase separate with RNA and form coacervate droplets,
similar to the system by Aumiller and Keating.>* A distinctive
characteristic of this system is that the anhydride is slowly
hydrolyzed in water and forms the precursor again, completing
a reaction cycle and also dissolving the droplets. The hydrolysis
of these anhydrides was intensively studied by the Boekhoven
lab in other fuel-driven assemblies before its application to
coacervate growth.®>®® This research showcases some of the
additional control that can be gained over a system by introduc-
ing a reaction that breaks down droplet material. By varying
the initial concentration of EDC fuel, the behavior of the
formed droplets ranges from metastable to dynamic, where
dynamic droplets form vacuoles and fragment into smaller satellite
droplets that eventually decay completely. Because the backward
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Fig. 5 Coacervate formation and dissolution cycles. (a) Active droplet
model described by Zwicker et al. Stable droplets and division were
predicted for such a system. Adapted with permission from ref. 49.
Copyright (2017) Springer Nature Limited. (b) (De)phosphorylation cycle
of (RRASL), by lambda protein phosphatase (green) and protein kinase A
(orange). Adapted from ref. 52. (c) Enzymatic control over LLPS by ATP
formation and hydrolysis, with both enzymes operating under the same
conditions. Adapted from ref. 53. (d) Coacervation by EDC-fueled anhy-
dride formation of peptide RD* to form RA*, which phase separates with
RNA (blue). Adapted from ref. 57. (e) Redox controlled coacervation
by ferricyanide reduction with pLL (red). (f) Turbidity measurement of
chemically controlled coacervate formation and dissolution. Adapted from
ref. 64.

reaction is initiated by water, which is present in large amounts
inside the complex coacervate droplets, control of the dissolution
reaction is limited. Recently, our lab developed redox-active
coacervates consisting of pLL or oligoarginine with the redox
pair ferri- and ferrocyanide (Fig. 5e).°* Coacervates can be
generated when ferricyanide with three negative charges is
reduced to ferrocyanide with four negative charges, and dis-
solved again when ferrocyanide is oxidized. This cycle can be
repeated more times than the pyruvate-hexokinase system and
does not need enzymes to function, showing more signs of
prebiotic plausibility (Fig. 5f). Moreover, the oxidation reaction
that dissolves the coacervates could be driven by an oxidizing
agent that is concentrated in the coacervates. The extent to
which this could result in a stable size of active coacervates
remains to be seen. These advances in constructing coacervate
generating and dissolving networks could enable further steps
in developing a protocell division cycle, as discussed later.

This journal is © The Royal Society of Chemistry 2022
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Replication of information

In order to create a protocell that can undergo Darwinian
evolution, the protocell needs to be able to store hereditary
information, in addition to growth and division. In biological
systems this information is plain to see, as the DNA sequence
relates to properties of the organism such as anatomy, size and
colour. This information gives the species a unique “identity”,
distinguishing it from similar species and creating phenotypic
differences on which natural selection can act. In simple
prebiotic systems, however, this storage of information is less
obvious, but the molecular structure or specific sequence of
subunits of a molecule can be seen as a form of information.*

In order to maintain the identity of the species across
generations, the hereditary information has to be transmitted
from the parent to the offspring, which requires its replication
followed by distribution among the offspring. In modern-day
organisms, the hereditary information that is stored in the DNA
is passed on to future generations by a highly coordinated
replication process involving numerous enzymes. It is unlikely
that such advanced biomolecules were present during the
emergence and early development of life. Therefore, scientists
have shown great interest in the development of self-replicating
systems that replicate without enzymatic aid. Such systems are
based on autocatalysis: they can selectively catalyze their own
formation through specific recognition between a catalytic
template product and the reactant building blocks. Because
of this selectivity, information in the form of molecular struc-
ture or subunit sequence can be transferred from the original
molecule to its copy.®>*® Additionally, a self-replicating system
contains all the necessary information for replication. It can
thus autonomously catalyse its own copying, without a need for
external (enzyme) catalysts that the system does not encode
for.*%”

Chemistry leading to replication

The self-replicating systems that have been developed to date
can be divided into two groups according to the mechanism of
replication: template-directed ligation and template-directed
polymerization (Fig. 6). In template-directed replication
(Fig. 6a), a template T catalyses its own formation from two
building blocks, A and B, that are complementary to the
template.*®*®® A and B first react via an uncatalyzed bimole-
cular reaction to generate template T. A new pair of building
blocks A and B then binds to the template via non-covalent
interactions, bringing them in close proximity and in the right
orientation for bond formation. In other words, their effective
molarity is increased by the template. This leads to acceleration
of the reaction between A and B, forming a new copy of the
template molecule within the product duplex [T-T]. Dissocia-
tion of this complex yields two identical T molecules. In most
template-directed self-replicating systems, however, this disso-
ciation is slow, as for entropic reasons the template duplex is
usually more stable than the termolecular [A-B-T] complex.®®
This is called product inhibition, and is an important limiting
factor in many self-replicating systems.*®>%®
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Several systems have been developed based on template-
directed ligation, including purely synthetic, peptide-based and
nucleic acid replicators.®® ®° Here, we will focus on peptide and
nucleic acid replicators, as they bear the largest similarity to
extant life, and have the strongest similarity to the most
common ingredients of coacervates. Peptide replicators are
typically based on secondary structure formation in which the
template and building blocks coordinate to each other, instead
of on direct recognition between the template and building
block sequences. In 1996, Ghadiri and co-workers developed a
self-replicating system based on the leucine-zipper motif, where
recognition between the o-helical peptide template and its
building blocks is based on hydrophobic interactions, which
drive the formation of a coiled-coil structure in which the
hydrophobic groups are shielded."* The building blocks are
then ligated through NCL, which yields a copy of the original
template peptide. A similar peptide replicator system has been
developed by Ashkenasy and co-workers, which is based on
anti-parallel B-sheet formation.""*”° Short peptides with alter-
nating hydrophobic and hydrophilic residues can form B-sheets
in water. Two short peptide fragments can coordinate to these
B-sheets by hydrogen bonding, which catalyses their coupling
via NCL. The newly formed template does not dissociate, but
instead stacks on the B-sheet to form fibrillar structures which
catalyse replication. This way, product inhibition is avoided.
The self-replicating system based on stacking macrocyclic rings
that was developed by the Otto group avoids product inhibition
in a similar way."*"> They use a dynamic combinatorial library
of building blocks consisting of an aromatic core that
is functionalized with two thiol groups and an amphiphilic
peptide chain. Through oxidation, these building blocks can
reversibly form macrocyclic rings of different sizes, which
subsequently stack due to self-assembly of the peptide chains

Chem. Commun., 2022, 58, 11183-11200 | 11191


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cc03541c

Open Access Article. Published on 13 September 2022. Downloaded on 3/11/2026 7:20:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

into B-sheets. Information in terms of macrocycle size can then
be transferred from one generation of stacks to the next.

The first nucleic acid-based replicator was developed by Von
Kiedrowski in 1986, and made use of a hexadeoxynucleotide
template, to which two complementary trinucleotide building
blocks could coordinate via Watson-Crick-Franklin base pair-
ing interactions.’ Ligation was achieved through carbodiimide
activation, resulting in formation of a phosporamidate
bond.”"”? In this system, product inhibition was a significant
limiting factor, which could only be overcome by tethering the
template to a solid support, dissociating the product template
by heating after replication, and tethering the newly formed
template before entering the next replication cycle.”® The
replicating R3C ligase ribozyme system that was developed by
Joyce is not limited by product inhibition.’®”* In this system, two
variants of the ribozyme can bind each other’s building blocks and
promote their ligation to form the other ribozyme variant, in a
cross-catalytic manner. When several cross-catalytic ribozymes and
their building blocks were combined, this system was able to select
and amplify the most efficient ribozymes, thus exhibiting a
rudimentary form of evolution. In addition, the R3C ligase repli-
cator was shown to encode functional information. Modification
of the stem loop region resulted in encoding of aptamer binding
functionality, creating an aptazyme replicator that only functions
in the presence of a specific ligand.”” Introduction of functions
beyond the ability to replicate is an essential step in evolution of
self-replicating systems, as it allows for a partial decoupling of
genotype and phenotype, which significantly increases the varia-
tion within the replicator population, as one genotype can result in
a range of different phenotypes.**7®

Replication through template-directed ligation of building
blocks is distinctly different from the replication of genetic
information in extant biology. In an attempt to bridge this gap,
template-directed polymerization was developed (Fig. 6b), in
which a primer P is elongated on a template sequence T by
activated monomers A*. Following pioneering work by Orgel,””’®
the Szostak lab developed a prebiotic replication mechanism
capable of template-directed addition of mononucleotide building
blocks.”®®® In their system, a copy of the template is formed by
primer extension on the nucleic acid template, using imidazole-
activated nucleotides that form an imidazolium-bridged dinucleo-
tide intermediate, which then binds to the template. Subsequent
attack of the 3’-hydroxyl of the primer displaces an activated
nucleotide as the leaving group and results in extension of
the primer by one nucleotide. The reaction is catalysed by Mg**
or Fe**®" and can be made more efficient by the use of
2-methylimidazole- or 2-aminoimidazole-activated nucleotides.”®*>
Although the system is still hindered by the low rate of extension,
due to strand reannealing and hydrolysis of activated monomers,
and by low copying fidelities,**®* it can replicate both DNA and RNA
segments of up to 25 nucleotides long, which is long enough to
encode for simple active ribozymes and/or aptamers.®**

Dealing with parasites in replication

In order for these self-replicating systems to undergo evolution
towards greater complexity, they need to overcome product
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inhibition and be amplified (close to) exponentially, but also
be able to mutate and show dynamic kinetic stability, as was
reviewed by Duim and Otto.* Another important hurdle that
self-replicating systems have to overcome eventually to prolif-
erate and gain new functions is to deal with the emergence of
parasites during the replication process. As the most elemen-
tary selection of replicators is based on replication efficiency,
shorter sequences that replicate more quickly will be selected
over slower replicating longer sequences. Replicators that are
simpler in construction can therefore come to dominate the
reaction mixture, as was made painfully clear by Spiegelman’s
experiments on the QP replicase, an RNA-dependent RNA
polymerase from the Qf bacteriophage that specifically repli-
cates its own genome.®>®” By creating a selection pressure for
faster replicators, due to 75 rounds of serial transfer of the Qf
replicase into fresh mixtures of nucleoside triphosphates
(NTPs) after ever shorter incubation times, a replicator was
created that had a replication rate 15 times as high as that of
the original QB RNA, while the size was reduced by 83%.
Although these shortened RNAs were still a valid template for
the replicase, they were no longer infectious and no longer
encoded any genes.®® The evolution experiment had thus
created parasites for the original Qf replicase. Even though
this biological system is more complex than the simple self-
replicators we discuss here, it provides a clear example of how
Darwinian evolution of a replicator does not necessarily result in
complexification and spontaneous emergence of new function.

Compartmentalization is an important step in overcoming
the formation of parasites. Theoretical models such as the
stochastic corrector model and transient compartmentalization
model predict that through compartmentalization, cooperative
groups of replicators that all aid a common metabolism can be
protected from parasites overtaking the population.®**°
Because parasites that might be formed in the replication
process do not contribute to the metabolism while they do
use up resources, groups of replicators that contain parasites
have a less efficient metabolism, leading to a lower growth rate
or even extinction. Groups of replicators that do not contain
parasites will replicate more efficiently and can therefore
survive, while the local groups that are infested with parasites
vanish.®” This selection on group level can be realised by
(transient) compartmentalization of the replicator groups
(Fig. 7). When the compartments divide or when they are
dissolved and reformed, e.g. through coacervate compartment
formation and dissolution,*”*® replicators are randomly
grouped in compartments, leading to variation between the
compartments on which natural selection can act.®°' The
Yomo and Griffiths group managed to show that this theo-
retical prediction also holds in practice.”>** When revisiting
the Spiegelman experiment in water-in-oil droplets that were
manually divided or dissolved and reformed, they observed that
it is possible to avoid parasite take-over in the QP replicase
system. In addition to overcoming parasitism, compartmenta-
lization of replicators can help to concentrate the replicator and
enhance the rate of reactions that might be prohibitively slow
in dilute solution.>*>*>*

This journal is © The Royal Society of Chemistry 2022
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Achieving replication in coacervates

In order to create self-replicating systems that evolve towards
greater complexity, compartmentalization and division of the
compartment are thus important steps. Therefore recently, the
functioning of self-replicating systems, related to the ones
discussed above, has started to be investigated inside coacer-
vate (and liposome) protocells. In order for self-replicating
systems to function inside coacervate protocells, each step of
the replication process has to remain functional: selective
template recognition by the building blocks, ligation/polymer-
ization and template duplex dissociation (Fig. 8). The ligation/
polymerization reaction is likely the easiest step to function
inside coacervate protocells, as it was recently shown by several
groups that reaction rates can be significantly enhanced inside
coacervates if the reagents are enriched inside the droplets (see
above).”®?” Recently, Fraccia and Martin also showed that
ligation of DNA segments functionalized with a 3’ terminal
phosphate group to produce phosphodiester bonds upon acti-
vation by EDC, is efficient inside liquid crystalline coacervate
droplets, and still functions in isotropic coacervate droplets
(Fig. 8b). The DNA ligation also had a direct effect on the
coacervate morphology, forming more solid-like or multiphase
structures as the reaction progressed.’® In addition to effi-
ciently supporting DNA ligation, our group has also shown that
coacervates can significantly increase the rate of peptide bond
formation through amino thioacid oxidation by ferricyanide,
which forms coacervates with pLys(Me);.** Furthermore,
coacervates were shown to enhance the activity of ribozymes,
opening the door towards enhancement of ribozyme self-
replicating systems.”>™%”

Getting both efficient template recognition and template
duplex dissociation in coacervates will, however, likely be a
larger challenge. Coacervates have been reported to melt DNA
double helices, due to competitive interaction of the coacervate
material with the DNA, disrupting DNA base-pairing (Fig. 8c),”®

This journal is © The Royal Society of Chemistry 2022

although this depends on the specific coacervate material.”®
Compartmentalization of DNA replicators into coacervates
can therefore likely help to overcome product inhibition by
weakening the template duplex. However, since weakening of
template-template interactions will inevitably also weaken
template-building block interactions, this means template
recognition will be less efficient. The outcome of this deli-
cate balance will be highly dependent on the nature of the
coacervate. Poudyal et al. investigated the template-directed
polymerization reaction developed by the Szostak lab inside
coacervates.”® They observed a strong dependence on the
charge density and interaction strength of the polycation that
is used to form coacervates. Polyallylamine, oligoarginine and
to a lesser extent also oligolysine inhibited template-directed
polymerization, while the quaternary ammonium polymer poly-
diallyldimethylammonium chloride (PDAC) that has weaker
ion-pairing interactions and a lower charge density was able
to support the reaction, and even allowed for a more efficient
reaction at low Mg®" concentrations than in buffer. They
further showed that RNA diffusion is significantly faster in
PDAC/RNA coacervates than in the coacervates that inhibited
template-directed polymerization, indicating that coacervates
used to compartmentalize self-replicating systems should be
dilute enough to not disrupt template-recognition interactions
too much.

Iglesias-Artola et al. elaborated on this by investigating the
R3C ligase replicator that was developed by the Joyce lab inside
coacervates.'®® When comparing oligoarginine and oligolysine
homopeptides with charge-interspaced (RGG), and (KGG),
heteropeptides, they too observed a strong dependence on the
charge density, RNA diffusion rates and replicator-peptide
interaction strength for the functioning of template-directed
replication inside coacervates. Replication only took place in
the (RGG), and (KGG), coacervates, while it was strongly
inhibited in oligolysine and oligoarginine coacervates. Even
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Fig. 8 For self-replicating systems to function inside coacervate protocells, each step of the replication process has to remain functional: selective
template recognition by the building blocks, ligation/polymerization and template duplex dissociation. Additionally, coacervates can give selective
enrichment of certain replicator sequences. (a) Template recognition between building blocks and the template. Iglesias-Artola et al. showed by
Fluorescence Recovery After Photobleaching (FRAP) that the R3C ligase replicator template and building block have similar diffusion coefficients in
coacervates made from Kg and the replicator RNA. Adapted from ref. 100. (b) Efficient ligation/polymerization. Fraccia and Martin observed efficient
ligation of dsDNA inside both liquid crystalline and isotropic coacervate droplets. Adapted from ref. 94. (c) Dissociation of the template duplex to release
the copied template. Nott et al. observed melting of 12-mer DNA duplexes inside Ddx4 coacervates using Forster Resonance Energy Transfer (FRET).
Adapted with permission from ref. 98. Copyright (2016) Springer Nature Limited. (d) Selective enrichment of replicator sequences inside coacervates. Lu
et al. showed that in coacervates of polylysine with different nucleoside triphosphates (NTPs), polynucleic acid sequences that can form Watson—Crick—
Franklin base pairs with the NTP are selectively enriched, while partitioning is less selective in coacervates made with all four NTPs. Adapted from ref. 101.

though in both oligolysine and heteropeptide coacervates strong
template-building block complexes were formed (Fig. 8a), the
difference in reactivity was explained by ITC experiments that
showed a strong binding of oligolysine and oligoarginine to the
RNA, which leads to competitive replacement of the Mg?*, that
is required for (template-directed) ribozyme ligation, from the
coacervates. In (RGG), and (KGG), droplets, however, enough
Mg>* remains present for the ribozyme ligation to function.
Although in both of these papers, the self-replicating systems
do not yet function as well as in buffer, these results show that
self-replicating systems can function inside coacervate proto-
cells, but that their efficiency is highly dependent on a delicate
balance of interaction strength between the coacervate materials
and the replicator.

In addition to having an effect on ligation/polymerization
rates and template-building block recognition and disso-
ciation, the coacervate environment can also impose selectivity
on the replicator sequences that are taken up and replicated.
Our group has previously shown that in coacervates formed
from pLL with NTPs, certain polynucleic acid sequences can
be selectively enriched depending on the NTPs that form the

11194 | Chem. Commun., 2022, 58, 11183-11200

coacervates, with polyC and polyT partitioning strongly into
coacervates made with ATP and GTP, while in coacervates made
with all four NTPs partitioning was less selective (Fig. 8d)."%"

Such a difference in uptake of different RNA sequences was
also observed by Wollny et al., who analysed the partitioning
of the different RNA sequences in total RNA from human
induced pluripotent stem cells by single-cell RNA sequencing
technologies.'®> They too observed that for certain RNA
sequences, the enrichment inside coacervates depended on
the nature of the coacervate material. RNAs with high sequence
complementarity within or across RNA sequences were signifi-
cantly enriched in single coacervates. A similar observation was
made by Aumiller et al., who saw that polyA,5 partitions around
50x more strongly into polyU/spermine coacervates than other
polynucleotides of the same length.'*®

Through this bias for uptake of certain RNA sequences,
different types of coacervates can localize different RNA repli-
cators to create a population of genetically different protocells,
on which natural selection can act. Furthermore, we have
observed that not only longer polynucleic acid sequences are
selectively enriched in coacervates, but also single nucleotides
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show differences in partitioning. The extent of partitioning of
NTPs depends on the nucleobase, with GTP and ATP - which
have a higher base stacking free energy — partitioning signifi-
cantly more than CTP, UTP and TTP.'*>*% Such a difference in
partitioning can have important consequences for replication:
different partitioning of activated nucleotides can bias which
sequences are most efficiently replicated, and implies that it
is favourable to colocalize the template and building
blocks inside a coacervate. Additionally, such a preference for
complementary sequences could give the system a certain
resistance towards mutants, which would have a lower com-
plementarity to the building blocks. Taken together, coacer-
vates can impose selectivity on which replicator templates and
building blocks are enriched, and can thereby affect the effi-
ciency of replication of different replicator sequences inside the
droplets. In this way, a population of genetically different
coacervate protocells can be created, which have a different
fitness level. Once these droplets can also divide, this would
allow for evolution of the coacervate protocells.

Division of protocells

The division of a protocell and its information is a crucial step
in the protocell cycle (Fig. 1), and essential for the production
of offspring and for evolution. At the same time, division is the
most elusive of steps in the coacervate protocell cycle, as it
involves overcoming the tendency of coacervate droplets
to relax to a spherical shape as a result of surface tension.
Moreover, division must be reasonably well controlled to make
sure that most or all offspring that is produced contains the
basic number of components to be viable. In this section we
use division to indicate the splitting of a single protocellular
compartment in two or more daughter compartments, which is
sometimes also called fission, splitting or fragmentation.

The same challenges surrounding the bottom-up engineer-
ing of a division mechanism play a role in research aimed at
building a synthetic cell, and it is helpful to take inspiration
from the strategies that have been proposed there.'®® The
mechanisms to induce protocell or synthetic cell division can
be divided into externally and internally driven division
mechanisms. In current-day cells the division and thereby the
multiplication of a cell occurs internally: it is controlled by the
cell’s internal state.'® Internally driven and controlled division
is also the ultimate goal for division of protocells. However, it is
possible that division was initially controlled and driven by
external factors, and therefore, we will discuss the possibilities
of both types in this section. In addition, we chose to discuss
both division of coacervates and liposomes, as it is possible
that a hybrid protocell with a coacervate core and a lipid or fatty
acid-based membrane was present or even required at the stage
of protocell division.>**%:1%7

Externally driven division

External factors that can drive cell division include osmotic
pressure,'%® light,'°®'°° temperature,’'® and shear force,"'* and
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these have all been used to induce division of liposomes.
Dreher et al. have designed a GUV that has a defined division
plane by segregation of lipids in the membrane (Fig. 9a).'*®
When the GUV is divided at the interface between the two
regions, it splits in precisely two GUVs. The actual division is
driven by a change in osmotic pressure, in this case due to
evaporation of water on the outside, which leads to an osmotic
flux of water out of the GUV and an increase of the GUV surface-
to-volume ratio. The GUV deforms and eventually divides at the
designated interface into two smaller GUVs. The same group
also showed that light induced local division of GUVs is
possible."®® Upon irradiation with UV-light their caged fluo-
rescein is uncaged, which causes an osmolarity change and
division is observed as a result of the removal of water. The
advantage of using light is that division only takes place in the
region that was irradiated, giving full spatiotemporal control
over which GUVs are divided. In both examples, the division is
asymmetric in the sense that the segregated lipids in the
membrane of the parent vesicle are unequally divided over
the daughter vesicles. Additionally, this division cannot be
repeated. To generate new parent GUVs, single-phased vesicles
were added, which fused with one of the daughter vesicles.

Another example of light-induced division is shown by the
group of Zhu et al.'® They showed that upon irradiation of a
fatty acid sample containing either fluorescent dyes or hydro-
Xypyrene, a reactive oxygen species is formed (Fig. 9b). This
reactive oxygen species can oxidize thiols that were present
inside the vesicles into disulfides, which then interacted
with the membrane to cause a change in surface tension and
subsequently division. Temperature changes have also been
shown to induce division of liposomes. On early Earth the
temperature changes might have been higher than in the
current environment, which could have influenced the early
division of protocells. Kudella et al. showed that upon heating a
vesicle above their main melting point a deformation of the
shape of the vesicle occurs (Fig. 9¢)."*® Upon cooling down
again the vesicles divided. An interesting variation on this
temperature-induced division of vesicles is the temperature-
induced phase transition between a vesicle solution and an oil
droplet phase.'***?

By heating and cooling, a vesicle population can be dis-
solved and reformed again, resulting in redistribution of the
vesicle content, and a potential increase in population size if
the nucleation occurs quickly. Such a mechanism could be
used to achieve transient compartmentalization, as proposed in
the previous section, to prevent parasites from taking hold.
Finally, shear force is the most frequently used to drive lipo-
some division (Fig. 9d).**"*!*

The same external factors that have been used to drive
division of liposomes can in principle also be used to divide
coacervate protocells. In general, coacervates are sensitive to
many different environmental factors, including salt concen-
tration, pH and temperature, which can lead to an unwanted
dissolution instead of division. Close to the critical point of
a coacervate dispersion, large size and shape fluctuations
are expected that could lead to fragmentation or division of
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Fig. 9 Research aimed at division of liposomes focusses both on externally driven division (a—d), and internally driven division (e and f). (a) GUVs with a
segregated lipid bilayer divide upon increasing the outside osmotic pressure either by an enzymatic reaction or by a light-driven reaction. Adapted from
ref. 108. (b) Division of fatty acid vesicles containing either a fluorescent dye or hydroxypyrene upon irradiation with light due to the formation of reactive
oxygen species (ROS) that react with thiols to form disulfides, which interact with and deform the membrane. Adapted from ref. 109. (c) Division of UVs by
heating and cooling. Adapted from ref. 110. (d) Division of GUVs in shear flow. Adapted from ref. 111 with permission from the Royal Society of Chemistry.
(e) GUVs can be deformed and divided by the use of an enzyme, urease, which causes an increase in the inner pH and deprotonation of the fatty acids.
Adapted from ref. 112 and 113. (f) Division of GUVs by membrane-anchored GFP proteins which induce a membrane curvature and in certain cases,

division. Adapted from ref. 114.

coacervates, although it can be difficult to avoid crossing the
phase boundary. Donau et al. showed that active coacervate
droplets that have run out of fuel and slowly become instable
indeed fragment into several small daughter droplets moments
before they completely dissolve (Fig. 10c).>” Lu et al. showed
that temperature can also be used to dissolve coacervates
composed of NTPs or RNA and cationic peptides.'®" In analogy
to examples with liposomes, temperature cycling could be used
to destabilize coacervates enough that they fragment. Alterna-
tively, this strategy could be used to realize transient compart-
mentalization required for robust self-replication.

One of the most straightforward methods to break up a
coacervate protocell into smaller daughter droplets is the
application of shear forces. Early work on the formation of
coacervate droplets in a microfluidic device illustrates that this
is indeed possible."*>''® Recently, Matsuo and Kurihara used
extrusion to fragment a population of peptide-containing co-
acervate droplets.>® Apart from shear forces, compression may
have resulted in deformation and potential destabilization of
coacervates, although this requires a stabilized coacervate inter-
face to avoid wetting. Fanalista et al. demonstrated that upon
squeezing a pLL/GTP coacervate solution between two slides,
the coacervate droplets became strongly deformed into flower-
like shapes to the extent that fragmentation becomes possible
(Fig. 10b).""” The coacervates were coated with FtsZ filaments,

11196 | Chem. Commun., 2022, 58, 11183-11200

which formed a rigid surface layer that stabilized the coacer-
vates. Interestingly, FtsZ is one of the key proteins involved in
cell division in bacteria where it forms a ring around the
dividing plane. Prebiotic analogues of this protein could have
played a role in guiding the division of coacervate protocells.
Finally, Ianeselli et al. showed how rock pores could have
facilitated coacervate division."'® Porous rocks are believed to
have been abundantly present on early Earth, and are a good
candidate to aid in the emergence and evolution of life. At the
interface of gas bubbles inside heated rock pores, a combi-
nation of capillary flows, perturbative fluxes after precipitation
of water and Marangoni flows results in accumulation of
coacervate droplets and shear-induced division (Fig. 10a).

Internally driven division

The ultimate goal of protocell division is to drive division by a
reaction or process occurring inside the protocell, which can
also be controlled internally. However, what a minimal intern-
ally driven division could have looked like is still a mystery.
Many researchers are focusing on the division of liposomes
with the use of either an enzyme or membrane-bound proteins,
for implementation in a synthetic cell. An enzyme that is
compartmentalized in liposomes can catalyze a reaction that
affects the surface charge or structure of the membrane com-
ponents. Miele et al. used urease to convert externally supplied

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 Research aimed at division of coacervates also explores externally driven division (a—f), and internally driven division (d and e). (a) Division of
complex polymeric coacervates is observed in rock pores with a temperature gradient. Adapted from ref. 121. (b) pLL/GTP coacervates coated with FtsZ
are pressed in between two glass plates, and deformed into shapes that resemble dividing cells. Adapted with permission from ref. 120. Copyright (2018)
John Wiley & Sons. (c) Peptide/polyU coacervates in a chemically fuelled reaction cycle reach an unstable state and fragment just before dissolving.
Adapted from ref. 58. (d) RNA/GFP-K72 coacervates are divided into fragments by FtsZ filament growth. Adapted from ref. 122. (e) Myosin proteins self-
organize into a ring in the middle of actin coacervates which eventually results in division. Adapted from ref. 123. (f) Asymmetric division of a pair of PEG/

dextran droplets in a liposome, which bud off due to an osmotic pressure difference. Adapted from ref. 124.

urea into ammonia, which resulted in a deprotonation of the
oleic acids located in the membrane.'*® Upon deprotonation,
the membrane started deforming and a mild shear force could
then complete the division of the liposomes (Fig. 9¢). In their
follow-up work they show they have control over this reaction
and can reverse the initial deformation.'*® Not only enzymes
can influence the membrane of liposomes, but also membrane-
bound proteins can have an effect. Steinkiihler et al. showed
that low densities of a membrane-bound protein can induce a
curvature and this can generate strains on the membrane that
lead to division (Fig. 9f)."*"

A complete cycle of growth, replication and internally driven
division of coacervates is to the best of our knowledge not
realized yet. Several studies show promising results on defor-
mation or even fission of coacervates driven by the assembly of
protein filaments inside coacervates. Te Brinke et al. used FtsZ
in coacervates composed of RNA and a disordered elastin-like
protein (Fig. 10d)."* FtsZ filaments form inside these coacer-
vates in the presence of GTP, and because of the local crowded
environment they form bundles that start deform the coacer-
vate phase into an elongated droplet. Because the influx of
the GTP fuel and FtsZ monomers is higher at the tips of the
elongated droplet, the filaments grow more easily near the ends
and become thinner and more fragile in the middle. Eventually,
this leads to a break-up of the filaments and the surrounding
coacervate phase. This process could be repeated several times,

This journal is © The Royal Society of Chemistry 2022

before the coacervate droplets had become too small to divide.
Another active protein that can be used to divide coacervates, is
the molecular motor protein myosin.">* Myosin filaments were
found to assemble at the midplane of a droplet of liquid
crystalline actin, and could deform and divide the droplet into
two daughter droplets (Fig. 10e).

A type of asymmetric division that has also been studied in
coacervate droplets is budding.'**'*®> In the case of Andes-
Koback and Keating the asymmetric division was governed by
an aqueous interface between a PEG-rich phase and a dextran-
rich phase inside the vesicles, and domains of a liquid ordered
and liquid disordered lipid phase in the membrane."** After
budding, which is driven by an osmotic pressure disbalance,
two chemically distinct daughter protocells are generated,
which could provide a route towards differentiation in protocell
populations (Fig. 10f). Similar budding could be realized with
coacervates. Our group and others have recently shown that
multiphase coacervates can be formed from mixtures of poly-
cations and polyanions.”™** For some systems, the coexisting
coacervates are partially wetted, and tuning of the interfacial
tensions could result in a transition to a non-wetting state and
budding.

Finally, an interesting and completely different mechanism
of internally controlled division was shown in theory by Zwicker
et al. They theoretically investigated the size and shape of active
droplets, in which a fuel-driven chemical reaction produces
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molecules that can condense as droplets, while a second
reaction taking place inside the droplets degrades these
molecules.*® Not only can such a reaction network produce a
population of droplets with a stable size, they can also undergo
division as a result of a shape instability if a constant energy
supply is present. The authors suggest that this energy supply
could be a chemical fuel, but could also originate from tides or
temperature gradients.

Taken together, coacervates can be divided by a variety
of external and internally driven mechanisms, although all
mechanisms appear to require a mild shear force for the final
abscission. Internally driven mechanisms for division could be
linked to replicator copying, for example by inducing multi-
phase separation above a certain concentration or length of
replicators. Once division has been completed, small variations
in the composition and size of the offspring protocells can give
rise to evolutionary advantages for some coacervates.

Towards evolution

Compartmentalization can help primitive life-like systems
increase local concentrations to survive in dilute conditions,
enable reactions that are not compatible with each other or
with the surrounding phase, and overcome parasitism. These
are essential to achieve a sustainable cell cycle that includes
growth, replication and division. In order for these protocells to
undergo a primitive form of evolution, they must also acquire
mutations, which should influence their survivability by selec-
tion pressure from the environment. Here, we explore the
possibility that the protocellular compartments themselves
could also provide selectivity for certain reactions. Can proto-
cellular compartments favor a certain reaction and thereby
guide evolution? A first step to answer this question is to
investigate if coacervates or vesicles can influence chemical
reactions. Our group and others have shown that coacervates
can increase the rate of a reaction that hardly works in a dilute
solution.>>'**™**® The reaction rate is increased due to a
combination of increased local concentrations of reactants
inside the coacervates and a lowering of the effective energy
barrier for the reaction caused by the different physicochemical
environment.

The next step is to see if this physicochemical environment
could induce selectivity for certain reactants or reactions. It has
been reported by many research groups that coacervates can
show selective partitioning of guest molecules, which in turn
can influence the rate of chemical reactions.”® Interestingly,
our group recently reported that the oxidative aminoacylation
of thioacids, which yields a peptide bond, occurs more readily
with some amino acids than with others, despite their small
size and comparable nucleophilicities.®* We found up to tenfold
higher yield of certain dipeptide products over the alternative
dipeptide, despite starting with equimolar concentrations of the
two amino acid building blocks. This preference was explained
by a stronger interaction of the less reactive species with the
coacervate matrix. It appears therefore that strong partitioning
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and high reactivity may be inversely related, as strong interactions
of solute species with the coacervate matrix can yield high local
concentrations, but also stabilize the reactants.””'** When the
apparent transition state energies remain unchanged, this sup-
presses their reactivity.

For liposomes there are a few examples that indicate that
these compartments can show selectivity for certain reactions.
Cornell et al. show that amino acids can increase the stability of
fatty acid vesicles against magnesium and sodium chloride."*°
This stabilization requires a high concentration of amino acids
present in the vesicles, but it also creates a positive feedback
loop. The bound amino acids stabilize the fatty acid vesicle,
which results in more binding of amino acids and thereby
further stabilization of the vesicle. This positive feedback loop
could have been a scenario in which the amino acids become
concentrated near a membrane and possibly form short
peptides which could have an even larger stabilizing effect.
Adamala and Szostak have created a similar positive feedback
loop, but combined it with selectivity."** In their system, a
catalyst is present inside the fatty acid vesicle that can form
dipeptides. These dipeptides will partition into the membrane
and enhance the uptake of fatty acids and thereby vesicle
growth. The fatty acid vesicles can grow by consuming vesicles
that do not contain dipeptides in their membrane, thereby
introducing a form of competition that could be the onset of
primitive evolution.

A further step towards true evolution of these protocellular
compartments would be to apply the substrate preference
and reaction selectivity to a replication reaction, as explained
before. Ultimately, such replicators should have evolved from
replicating a certain chemical sequence to replicating a
sequence containing crucial information that encodes a func-
tion, such as catalysis of another (metabolic) reaction.™?
By selecting for certain substrates or reactions, compartments
could enhance the emergence of mutations in the sequence,
and thereby the modulation of the function. This initial shift
could be the precursor for the uncoupling of genotype and
phenotype, in which encoded information (genotype) results in
a function (phenotype) that is subject to selection pressure.®”

One of the ultimate goals of research into coacervates and
other types of protocells is to combine growth, replication and
division into a single cell cycle that can repeat itself perpetually,
in order to create an evolving protocell. In this Feature Article,
we have analyzed the progress that has been made to date to
achieve this goal. We have discussed how the free exchange of
material between membraneless coacervate protocells and their
surroundings can be an advantage over membrane-bound
protocells such as liposomes and fatty acid vesicles. This free
exchange of material can be used to construct phase separating
systems based on chemical or enzymatic reactions that gene-
rate coacervate components. Careful tuning of the reaction
rates would allow for controlled, active growth of coacervate
protocells and keeps the system away from equilibrium.
In addition to being able to grow, the protocell should be able
to store (simple forms of) genetic information. A way to achieve
this is by uptake of self-replicating systems. Functioning of
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these systems inside coacervates depends on a delicate balance
of interaction strength between the coacervate material and
the replicator, but their compartmentalization would help to
solve problems like dilution and parasitism and could impose
selectivity on the sequences that are formed. In order for
coacervate protocells to undergo evolution, the droplets should
also be able to divide. We have discussed externally and
internally driven division of both liposome-based and coacer-
vate protocells and showed how coacervates can be divided by
several mechanisms, such as shear force or shape instabilities
resulting from reaction cycles. Once true controlled growth of
droplets, efficient replication of longer (encoding) sequences
of genetic information and controlled division into equal
daughter cells are realized, such a system can undergo evolution,
provided the replication or division is not perfect and there is a
natural selection of certain phenotypes. The encoded information
will not only be required to let the system grow and divide, but
also for other functions. A rudimentary form of evolution will
make this primitive self-sustained protocell adapt to changes in
its environment, and gradually gain new functions and increase in
complexity until it can be truly called alive.
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