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Coacervates are condensed liquid-like droplets formed by liquid—liquid phase separation of molecules
through multiple weak associative interactions. In recent years it has emerged that not only long polymers,
but also short peptides are capable of forming simple and complex coacervates. The coacervate droplets they
form act as compartments that sequester and concentrate a wide range of solutes, and their spontaneous
formation make coacervates attractive protocell models. The main advantage of peptides as building blocks
lies in the functional diversity of the amino acid residues, which allows for tailoring of the peptide’s
phase separation propensity, their selectivity in guest molecule uptake and the physicochemical and catalytic
properties of the compartments. The aim of this tutorial review is to illustrate the recent developments in the
field of peptide-based coacervates in a systematic way and to deduce the basic requirements for both simple

Received 8th November 2020 and complex coacervation of peptides. We review a selection of peptide coacervates that illustrates the

DOI: 10.1039/d0cs00307g essentials of phase separation, the limitations, and the properties that make peptide coacervates biomimetic

protocells. Finally, we provide some perspectives of this novel research field in the direction of active
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Key learning points

droplets, moving away from thermodynamic equilibrium.

(1) Liquid-liquid phase separation dictates the formation of coacervates and holds the key to control coacervate-based protocells.
(2) We offer design rules and guidelines for the construction of peptide-based coacervates that mimic cellular life, based on an overview from recent literature.

(3) Peptide coacervates offer promising routes to bio-inspired control over compartmentalization, sequestration and catalysis.
(4) Active, dissipative systems enable further advancing peptide coacervates towards moving, growing and self-dividing protocells.
(5) Insights from peptide coacervates can help to better understand phase separation in biology.

1. Introduction

Living systems are characterized by a multitude of functionalities,
including compartmentalization, metabolism, replication, and
adaptation." How such complex, life-like behaviour could
emerge from a mixture of molecules remains one of the most
fundamental questions in science. Endeavours to elucidate what
physical and chemical principles underlie such an emergence
typically begin with an outline of the hallmarks of living systems.
Of those hallmarks, compartmentalization is one of the most
elemental ones: a container in which all vital reactions can take
place helps to define the boundaries of a living system, it
separates and protects the “self” from the outside world, and it
is required to maintain concentrations and the state of essential
molecules.” Compartments likely also played an important role
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in bringing together the chemical building blocks of life. Without
a way to contain and concentrate these scarce molecules, they
could have been too diluted in primordial ponds to allow for
reactions and complexation. This does not mean that other
hallmarks are of secondary importance to create life-like systems;
replication and adaptation are, for example, actively investigated
in a diverse set of systems. Nevertheless, the focus on compart-
mentalization offers a tangible goal, which makes it an appealing
starting point.

For a long time, researchers have thus been working on
designing and building increasingly plausible protocells, which
are the most rudimentary compartments from which living
cells could have emerged.® Protocells should ideally be made of
components that could have formed abiotically, and display or
mimic characteristics commonly present in living cells. Various
types of protocell models have been explored in recent years.
Due to the similarity to modern cells, compartments surrounded
by membranes made of lipids or fatty acids (liposomes)
have been proposed as obvious candidates for protocellular

This journal is © The Royal Society of Chemistry 2021


http://orcid.org/0000-0001-8474-8742
http://orcid.org/0000-0003-4530-270X
http://orcid.org/0000-0003-4793-9923
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cs00307g&domain=pdf&date_stamp=2021-03-24
http://rsc.li/chem-soc-rev
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cs00307g
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS050006

Open Access Article. Published on 22 February 2021. Downloaded on 12/4/2025 6:20:37 AM.

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

(cc)

Tutorial Review

compartments. Besides lipids, other types of molecules and
particles have the ability to form vesicles with a form of
membrane. These include amphiphilic proteins or peptides
(proteinosomes), block copolymers (polymersomes) or even
inorganic colloidal particles (colloidosomes). Apart from the
uncertainties regarding the prebiotic pathways to synthesize
some of the components, many of these protocells with a
membranous shell are difficult to form spontaneously and have
a limited permeability for nutrients.

An alternative type of protocell could have been formed by
membraneless compartments, such as coacervates, an idea that
was first proposed by Oparin in his work on the origins of life in
the 1930s, following the introduction of coacervates by
Bungenberg-de Jong in 1929. Coacervate droplets are formed
spontaneously through the physical phenomenon of liquid-
liquid phase separation, in which a liquid condensed phase
that is typically rich in macromolecules, separates from an
aqueous solution.” This is a spontaneous process, equivalent to
the separation of oil and water, with the main difference
between phase-separated coacervate systems and oil-in-water
emulsions being that water is the continuous phase both inside
and outside the coacervates (see Section 2 for details). Because
coacervates lack a membrane, they can easily take up and
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concentrate solutes from the surroundings due to different
affinity of molecules towards the coexisting phases.

The spontaneous formation and the ability of both selective
accumulation and dynamic exchange of cargo make coacervate
droplets attractive candidates for protocells. The potentially
enhanced concentration of building blocks and the chemically
distinct environment inside coacervates may further accelerate
reactions taking place inside, localize different reactions in the
same compartment, and endow coacervates with the properties
of a catalyst. However, the lack of a membrane also presents a
downside: coacervates and other membraneless model proto-
cells, such as oil droplets, are prone to coalescence and have a
limited stability. In addition, coacervation typically requires long
and highly charged macromolecules, such as polysaccharides,
synthetic polyelectrolytes or nucleic acids, which may have been
difficult to form spontaneously under prebiotic conditions. The
main challenge for coacervates as protocell models is therefore
to identify the simplest molecules capable of phase separating
under mild conditions and to strike a balance between their
tendency to fuse and their ability to sequester and exchange
solutes.

In search for molecules that are capable of forming coacervate
protocells, a multitude of synthetic polymers and natural
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polymers (proteins, polynucleotides, polysaccharides and their
derivatives) has been explored.” Recent discoveries in cell biology
have demonstrated that phase separation is also a prevalent
mechanism to create dynamic intracellular compartments in
many cell types. In particular, proteins with low-complexity
regions (LCRs) are prone to undergo phase separation.® These
findings have reinvigorated research into coacervates as protocells
and led to new insights for the design of simple peptides with
phase separating potential. Peptides and peptide derivatives seem
to be particularly promising molecules for the construction of
life-like coacervate protocells. They have a relatively simple
chemical structure (peptide backbone) and a multitude of
functional groups through different amino acid side chains. This
means that their structure can incorporate multiple moieties
responsible for intermolecular interactions leading to phase
separation, but also regions with, for example, a catalytic function.
At the same time a large variety of peptide building blocks could
be accessed abiotically using only one type of reaction: the
condensation of amino acids or peptide fragments into longer
sequences.

In this review we focus on liquid-liquid phase separation of
peptides, the unique properties of peptide-based coacervates
and their potential role in the emergence of life-like systems.
We first give a brief background of coacervates and describe the
basic driving forces for coacervation. Based on recent literature
reports, we then identify structural features in peptides and
peptide derivatives responsible for intermolecular interactions
leading to LLPS, both in artificially designed systems and in
sequences of natural phase-separating proteins, from which
minimal motifs for LLPS could be extracted. We divided the
discussion into complex coacervate systems comprising of two
peptide components or a peptide and a non-peptide component,
and simple coacervate systems, which require only a single type
of peptide. Most peptides that we discuss undergo liquid-liquid
phase separation in solution, but some are also found to
undergo liquid-to-solid transitions, or alternative self-assembly
and complexation with inorganic components. This leads to
reflections about possible influences of the protein-rich coacervate
environment on chemical reactions. Finally, we discuss examples
of active systems, in which compartmentalization is coupled to the
dissipation of energy, as probably the most advanced coacervate
protocell models developed to date. While a fully functional
synthetic cell remains out of reach and may require more than
only a coacervate compartment, active droplets with their ability to
divide and self-organise may be an important step towards the
development of artificial life.

2. Fundamentals of peptide phase
separation
2.1 Associative, segregative and simple phase separation

Three types of liquid-liquid phase separation are commonly
distinguished: segregative, associative and simple phase
separation (Fig. 1a). In segregative phase separation, two soluble
molecules (e.g., peptides, polymers, nucleotides) do not mix
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despite a favourable mixing entropy due to repulsive interactions
between them. As a result, they end up in two separated phases,
each enriched in one of the solutes. A classic example of
segregative phase separation is that of poly(ethylene glycol)
and dextran. A phase diagram is often used to summarise the
occurrence of phase separation and the composition of the
coexisting phases. A schematic phase diagram for segregative
phase separation is shown in Fig. 1b. The phase diagram depicts
the range of concentrations of the two soluble molecules (and
sometimes also temperature, pH) for which the mixed state (one-
phase region) and the demixed state (two-phase region) are
thermodynamically stable. The boundary between these regions
is called the binodal. Each point on the binodal represents a
possible composition of one of the phases formed upon phase
separation, and is connected to a second point corresponding to
the coexisting phase via a tie line. The phase diagram is most
often constructed by preparing mixtures at different relative
concentrations and reporting their state (mixed/demixed) after
equilibration. The approximate binodal is then drawn as the line
that separates the one- and two-phase regions. A more accurate
approach is to measure the concentration of both molecules in
the separate phases (e.g., by absorbance, fluorescence or NMR)
for different overall compositions in order to draw a series of tie
lines and reconstruct the binodal by connecting these points.

In associative phase separation, two soluble molecules end
up in the same phase, due to attractive interactions between
them. This condensed phase is called a (complex) coacervate; it
is enriched in both solutes, but still contains a significant
amount of solvent (typically more than 50% by weight). The
coexisting phase is depleted of both solutes, and contains
mostly solvent. A classic example of associative phase separation
is that of two oppositely charged polymers. A phase diagram of
associative phase separation often depicts the one- and two-
phase regions for a particular ratio between the two interacting
molecules (e.g., equimolar, or 1: 1 charge ratio), as a function of
the concentration of one of them and a tuning parameter, such
as temperature or salt concentration (Fig. 1b). Like for segregative
phase separation, the binodal separates the two regions and tie
lines connect two coexisting phases on the binodal. The tuning
parameter can be used to increase or decrease the width of
the two-phase region, and beyond a critical point, no phase
separation occurs. Depending on the tuning parameter, this
could be an upper or lower critical solution temperature (UCST/
LSCT) or a critical salt concentration.

Finally, we define simple phase separation here as the
situation in which the attractive interactions are present in a
single molecule, resulting in it becoming insoluble at certain
solution temperature, pH and salt concentration. This phase
separation also results in a condensed phase, called a simple
coacervate, which has very similar properties to the complex
coacervates formed by associative phase separation. Many
proteins with disordered regions have been found to undergo
simple phase separation, driven by a combination of n-r, cation-
n, hydrogen bonding, dipole-dipole and charge interactions
(Fig. 1c). From a theoretical point of view, simple coacervation
is usually modelled, for example using Flory-Huggins theory, as a

This journal is © The Royal Society of Chemistry 2021
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(a) Types of liquid—liquid phase separation and the formation of coacervates, (b) schematic phase diagrams of simple or complex coacervation

and segregative phase separation, (c) possible interactions involved in the formation of peptide-based coacervates.

segregation between a polymer and a solvent. However, to
highlight the analogy with associative phase separation, in which
all solutes are also concentrated in a single condensed phase,
we termed this simplest form of phase separation simple
coacervation.

2.2 Coacervates, (micro)gels and aggregates

Coacervates are formed by associative or simple phase separation,
and appear as the dense phase enriched in one or more solutes.”
Phase separation is usually induced by changes in solution
temperature, pH, salt concentration or composition (e.g., addition
of a second peptide), and can in theory proceed via nucleation
and growth of coacervate droplets when an energy barrier must
be overcome to nucleate the coacervate phase, or spinodal
decomposition when any coacervate formation is energetically
favourable. In many cases of protocell research involving
coacervates, phase separation takes place in relatively dilute
solutions by gradual increase of the concentration of, or the
attractive interactions between peptides, which is likely to occur
via nucleation of coacervate droplets and their growth.”

This droplet state of coacervates (Fig. 2) is of interest for
protocell research, but because the droplets are not stabilised,
coarsening of the coacervate emulsion occurs, predominantly
through coalescence and driven by a reduction of the total

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Pictorial formation of coacervates of poly-L-lysine and ATP,

(b) bright-field transmission and fluorescence image of coacervate droplets

in the poly-L-lysine/ATP system (taken from the left panel in a) and (c) an

example of a multiphase coacervate system with dual multiphase arrange-

ment (1/2 and 2/1) containing PLys/PLys(Me)s/poly(3-sulfopropyl metha-

crylate). Reproduced from ref. 23 with permission from the American
Chemical Society, Copyright 2020.

interfacial area. Ultimately, a macroscopically separated
coacervate phase is formed, which is difficult to redisperse
(Fig. 2). Coarsening can be slowed down in very dilute
conditions, or completely prevented by stabilising layers.*
While relevant for coacervates as protocells, these approaches
are beyond the scope of our review, as we focus primarily on
the chemical requirements of peptides as building blocks of
coacervate protocells.

Chem. Soc. Rev., 2021, 50, 3690-3705 | 3693
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Recent advances in phase separation of disordered proteins
have enhanced the understanding of the structural and thermo-
dynamic requirements for coacervation.® In general, multiple
weak attractive interactions, such as charge-charge, dipole-
dipole, hydrogen bonds, cation-t or m-m are required
(Fig. 1¢).>'® These interaction patches should be spaced by
regions of higher flexibility and solubility.'" Phase separation
does not occur if the line density of interacting residues is too
low or if the attractive interactions are too weak to overcome the
stronger repulsion and mixing entropy. On the other hand, a
too high local density of interacting residues has been found to
lead to kinetic trapping and the formation of solid, typically
amorphous aggregates. Associative phase separation that is
driven mostly by charge-charge interactions is an exception:
condensation into liquid coacervates is possible even for poly-
peptides or nucleic acids that consist of only charged residues if
the attraction forces between oppositely charged molecules are
weakened by charge screening upon addition of salt.*?

2.3 Molecular design rules for peptide coacervation

From the perspective of protocells, it is important to know to
what extent these design principles apply to peptide-based
coacervates. In the following sections, we discuss this question
in detail, based on recent literature on peptide-based coacervates,
but it is instructive to give some general guidelines here, which we
summarized in Fig. 3.

Firstly, the length of peptides plays an important role in
their phase separation propensity. Below a critical length,
peptides do not phase separate at a specific temperature or salt
concentration,">'* as the interactions are not strong enough to
overcome the mixing entropy. For charge-driven associative
phase separation of homopeptides, the critical length is around
5-10 amino acids'* similar to the minimal length of adjacent
similarly charged amino acids in peptides consisting of blocks
of oppositely charged residues."’

Simple coacervates
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The charge density is perhaps even more important than
length. Peptide/nucleotide coacervates form more readily with
nucleoside triphosphates than diphosphates, which in turn are
more stable than monophosphates.’® For peptides, the critical
charge density for coacervation at physiological conditions is
around 0.2 per amino acid.'”"'®

For simple coacervation driven by hydrophobic interactions,
the critical length and density appears to be even lower, as
compounds with as few as two adjacent aromatic residues have
been found to phase separate."®*® In contrast to charged
homopeptides in complex coacervation, a hydrophilic spacer
or flanking region is essential for aromatic-rich peptides in
simple coacervation to prevent kinetic trapping. However, the
precise sequence requirements of peptide-based spacers
remain elusive.

Finally, combinations of interaction motifs (Fig. 1c) could
either strengthen or weaken each other, depending on their
combination and relative positions, as illustrated by mixed
cationic-hydrophobic peptides.’* Also in this case, the
quantitative design rules for combining interaction motifs
are, however, still incompletely understood.

3. Coacervation involving peptides

It is not uncommon for proteins or peptides to become insoluble
when the pH, temperature, solvent quality or salt concentration
is changed. Usually, this leads to the formation of an
amorphous, solid precipitate. Similarly, protein aggregation
and self-assembly typically results in solid amyloid fibrils, or
nano- or micro-structures. However, recent research has shown
that there are also numerous examples of peptides and proteins
that separate from solution into a dense liquid phase under
certain conditions. The dense liquid phase can be a simple or a
complex coacervate (see Section 2), and take the form of small

Complex coacervates

C DA 8

-«

Increasing charge density, length, hydrophobicity

peptide-based simple coacervates (left) and complex coacervates (right):

increasing the sticker hydrophobicity, B-sheet density, charge density and total length, or decreasing the polar spacer length tends to lead initially to
coacervation, but upon further increase to the formation of solid-like assemblies, including gels. For more details, see the examples in Section 3.
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Table 1 Overview of peptides and peptide derivatives used to make complex and simple coacervates

Other coacervate components Ref.

Peptides Sequence/characteristic motifs
Complex coacervates

Poly-lysine K, (n > 10)

Poly-arginine R, (n > 5)

RP,/RP; (RRASL), (1 = 2/3)

GFP-K5, GFP-{GVGVP(GKGVP),],

KVR heptapeptide Fmoc-KVRVRVK-NH,

PRyo (PR)z0

RGG RG/RGG”

GXK tripeptide GHK/GFK

Simple coacervates

mfp-3S GYDGYNWPYGYNGY-RYGWNKGWNGY
HBP-1 GHGLY?

LARKS/PLD SYSSYGQS®

FF motif Z-FF-OH

FF motif (FF),-Ctm?

ATP/ADP/RNA/E,%/D,* 14, 16, 22 and 24
ATP/ADP/RNA/E,%/D,* 14
polyU/RNA 21 and 29
RNA 17

ATP 25

PO,* /CO5>~ 31

RNA 28

SiWy, 33

— 36

— 9

— 6 and 28
— 41

— 19

“ Formation of coacervates or aggregates depends on length and stereochemistry (see Fig. 3 and 5). ” Multiple repeats of the motif are required to
drive LLPS. ¢ Only one example of motifs characteristic for LARKS, multiple repeats can drive reversible gelation and may be involved in LLPS.
¢ Ctm = cystamine (2,2-dithiobisethanamine) linker. Other linkers that result in simple coacervates with FF dipeptides are 2,2’-diaminoethyl
sulphide, 2-(2-aminoethoxy)ethylamine, 2,2’-(ethylenedioxy)bis(ethylamine) and 1,4-bis 3-aminopropoxybutane.

droplets, which have properties that make them interesting as
protocells. Below we discuss different types of coacervates in
which peptides are one of the major components (Table 1).

3.1 Complex coacervates

Complex coacervates are formed as a result of non-covalent
interactions between (at least) two components. One of the
most classic examples of complex coacervation is phase separation
in water solution of alginate (a negatively charged polysaccharide)
and gelatin (a positively charged protein). However, from the point
of view of protocells and the origins of life, coacervates in which
the commonly used synthetic and large macromolecules are
replaced by low-complexity peptides are of particular interest.
3.1.1 Peptide-nucleotide coacervates. Inspired by the
partially disordered proteins and nucleic acids, which are
main components of membraneless organelles, structurally
similar compounds, such as polypeptides and nucleotides,
have been suggested as the basic components of model
membraneless organelles or protocells that can be recreated
in vitro. In 2011, Mann and co-workers proposed for the first
time that poly-L-lysine can form coacervate microdroplets with
ATP and other mononucleotides through phase separation
from aqueous solutions.'® These droplets were stable between
pH 2 and 10 and up to 90 °C, and they were able to accumulate
photoactive molecules, nanoparticles and enzymes without loss
of function of the guest molecules, making them promising
candidates for constructing synthetic cells and novel bioreactors.
Several years later, similar peptide-polynucleotide and
mononucleotide coacervates were shown to be dynamically
controlled by enzymatic reactions. Condensation of droplets
could be driven by dephosphorylation of phosphoserine
residues in an arginine-rich peptide or by phosphorylation of
ADP to ATP, while the reverse reactions led to droplet
dissolution.”"*> Interestingly, in the first system, composed
of the peptide (RRASL); and poly-U, a single phosphorylation
significantly changed the phase separation propensity of the

This journal is © The Royal Society of Chemistry 2021

peptide and resulted in coacervate dissolution. Similarly, in the
ATP/poly-L-lysine system, single dephosphorylation (conversion
of ATP to ADP) resulted in the dissolution of droplets. These
results illustrate that the charge density is critical for the
stability of coacervates: in the case of peptide phosphorylation
the net line charge density was decreased from 0.4 to around
0.2 (for a single phosphorylation).

Despite the simplicity of the building blocks, coacervates
formed by peptides and nucleic acids or nucleotides can give
rise to a complex organisation. Recently, it was shown that
mixing coacervates formed by nucleic acids (RNA or single
stranded DNA) or nucleotides and different cationic poly-
peptides (lysine-rich elastin-like polypeptide K, or poly-L-lysine)
could result in formation of multiphase droplets.**** From the
point of view of protocells, a container with multiple subcompart-
ments could provide a way to separate mutually incompatible
molecules or reaction pathways. Moreover, the engulfing observed
in some multiphase droplet systems could provide a way in which
small protocells grow and increase in complexity. Although the
exact nature of intermolecular interactions that drive multiphase
separation of polypeptide/nucleotide systems remains incompletely
explained, it is clear that even in relatively simple mixtures of
only charged peptides and nucleic acids, small differences in
chemical structure between the peptides can result in signifi-
cant changes in the ability to phase-separate.

Increasing the sequence complexity of peptide compounds
involved in coacervation can help to understand the conjunc-
tion of multiple interaction types (Fig. 1c). The peptide deriva-
tive Fmoc-VVVRRKK-NH, that contains in total four cationic
residues and three hydrophobic residues along with the hydro-
phobic Fmoc group, was used by Das and co-workers.>® In their
strategy, the peptide acts as a polycation and could be expected
to form a complex with a nucleotide ATP as a polyanion.
However, this amphiphilic peptide motif was unable to form
coacervates with ATP at any concentration; instead, the strong
association between the high charge density region on the
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peptide and the nucleotides, combined with the overall
amphiphilic architecture, resulted in the formation of solid
nanofibers (Fig. 4a). By scrambling the amino acid positions in
the peptide motif to Fmoc-KVRVRVK-NH,, the assembly was
drastically altered. The alternating charged-hydrophobic
peptide no longer has an amphiphilic character, and its local
charge density is decreased. As a result, this motif was found to
phase separate with ATP into apparent complex coacervates
(Fig. 4b). The coacervates were disassembled in the presence of
ATP-ase, showing the reversibility and accessibility of the
assembly.

These results indicate that an equal spacing of charged
residues is important for complex coacervation. Moreover, they
show that neighbouring non-charged residues influence the
minimal peptide charge or length required for phase separation:
while arginine or lysine-based homopeptides shorter than
10 amino acids do not phase separate with ATP,"* the mixed
peptide Fmoc-KVRVRVK-NH,, which has only 4 charged amino
acids, did phase separate, most likely due to the flanking
hydrophobic residues which strengthen the charge-charge
interactions. Like poly-L-lysine/ATP coacervates, these Fmoc-
KVRVRVK-NH,/ATP coacervates were able to encapsulate
proteins such as cytochrome ¢ (CytC), and catalyse redox reactions
in a spatiotemporally controlled manner under dissipative
conditions created by ATPase. This combination of controlled
assembly, localisation of catalysts and compatibility with redox
chemistry makes them interesting protocell candidates.

3.1.2 Peptide-peptide coacervates. Peptide-peptide complex
coacervates can be formed with at least two different, oppositely
charged peptide components. A classic example of a complex
peptide-peptide coacervate system consists of poly-lysine and
poly-glutamate where the charge-charge interactions are believed
to drive the formation of coacervates. However, the phase
behaviour of these homopeptides involves more than only
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charge-based attraction. Perry and co-workers found that mixing
monoenantiomeric homopeptides (all-. or all-p) of the same or
opposite handedness resulted in the formation of solid aggregates
instead of coacervates. The formation of liquid coacervates
required combining at least one polypeptide component with
mixed enantiomeric configuration (poly-p,i-lysine or poly-p,-
glutamate).’® This was explained by the importance of
interactions other than charge-charge interactions - particularly
hydrogen bonding forces that have a shorter range and result in
aggregation, due to formation of stable B-sheet structures.
A mixed configuration disturbs the regular pattern of the peptide
backbone that is required to from extensive p-sheet stabilised by
intermolecular H-bonds. As a result of this disturbance, liquid-
liquid phase separation can be observed (Fig. 5a). It is important to
note that a similar effect of stereochemistry was not observed for
shorter peptides: decamers of lysine, arginine, glutamate and
aspartate all formed liquid coacervates."* Only combinations
with poly-i-glutamate of length 20 and longer exhibited
aggregation (Fig. 5b). This can be explained by the fact that a
certain length of peptide backbone is required to form more stable
multistranded f-sheets.

The ability to undergo liquid-liquid phase separation is not
only dependent of stereochemistry, but it also on the polypeptide
length, and the charge density and the chemical nature of the
charged groups. Coacervate droplets can also be formed using
poly-L-aspartate instead of poly-L-glutamate and poly-r-arginine
instead of poly-L-lysine because of attaining the similar charge
balance/interactions. Keating and co-workers found that for
these combinations the minimal peptide length required for
peptide-peptide coacervates is around 10 amino acids. However,
in these mixtures, poly-L-arginine consistently seems to form
stronger interactions than poly-i-lysine and poly-i-glutamate
interacts stronger than poly-L-aspartate.'®'*?” Arginine not only
shows higher potency to interact with negatively charged

100 ym

Fig. 4 Chemical structures, assembly and complex coacervation of peptides containing both cationic and aromatic residues with ATP, (a) structure of
Frmoc-VVVRRKK-NH,, (b) transmission electron microscope (TEM) image of nanofibers due to strong amphiphilic nature of compound which does not
show any coacervation with ATP. (c) Structure of Fmoc-KVRVRVK-NH,, (d) TEM image of solution of monomers, (e) coacervates of Fmoc-KVRVRVK-NH,
and ATP. Reproduced from ref. 25 with permission from the Royal Society of Chemistry, Copyright 2019.
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a. Peptide stereochemistry

Fig. 5
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b. Peptide length
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(a) Optical micrographs showing that, depending on the stereochemistry, poly-lysine and poly-glutamate can form either solid aggregates or

liquid condensates. Reproduced from ref. 26 with permission from Nature publishing group, Copyright 2015. (b) Increasing peptide length results in
stronger interactions and formation of liquid droplets or (upon further increase in length) solid aggregates. Reproduced from ref. 14 with permission from

the Nature Publishing group, Copyright 2020.

peptides and nucleotides via charge-charge interactions compared
to lysine (due to its higher pkj), but it can also participate in
the formation of multiple hydrogen bonds with, for example,
phosphates, and it exhibits stronger stacking interactions with
n-systems-containing molecules, due to its aromatic nature.*®

3.1.3 Peptide-inorganic coacervates. Metal ions play an
important role in living cells as cofactors, coordination centres,
and catalysts. About one-third of all known enzyme are metal-
loenzymes with metal-organic active sites, and metal-ligand
coordination is largely responsible for protein and RNA folding.
Inspired by the prevalence of metal ions bound to proteins,
simple peptide-metal ion interactions have been explored as a
pathway to self-assembly and phase separation. Metal ions can
interact with a variety of peptide donor groups, including the
N-terminal amino group, C-terminal carboxyl group on the
backbone, and the functional nitrogen- and sulphur-
containing groups found on the side chain in histidine and
cysteine. In recent years, researchers have started to explore the
effect of metal ions on peptide-based coacervates. For example,
increasing the Mg®* or Ca** concentration in a mixture or
arginine-rich peptides and RNA can trigger a re-entrant phase
transition from complex peptide-RNA coacervates to divalent ion-
mediated RNA-RNA coacervates. With increasing concentrations
of divalent ions, the charge-charge interactions between peptides
and RNA are first screened, leading to dissolution of the peptide-
RNA coacervate. At even higher concentrations of divalent ions,
the electrostatic repulsion between the negatively charged RNA
chains is sufficiently screened for base pairing and stacking
interactions between uracil groups to drive phase separation into
homotypic RNA-RNA coacervate.”® Similarly, it has been shown
that Zn®" can induce phase separation of prion-related RNA
binding protein (TIA-1) into stress granules, possibly through
zinc-mediated bridging between proteins (Fig. 1c).*

Besides metal ions, small inorganic anions can also mediate
complexation by bridging positively charged residues in

This journal is © The Royal Society of Chemistry 2021

peptides, potentially leading to phase separation. Boeynaems
et al. found that arginine-rich peptides with proline-arginine
repeats (PRy,) can phase separate in presence of crowding agent
PEG and divalent anions, such as phosphate and carbonate
(Fig. 6a).>" Similarly, Yang et al. showed that large anionic
counterions like sulphate, phosphate, citrate and even
monoanionic nitrate with multiple binding sites can exhibit
strong ion pairing between positively charged arginine moieties,
which could trigger coacervation of a mussel-derived adhesive
proteins ((m)fp-3F) without crowding agent (Fig. 6b).*> Typically,
coacervates formed by peptides bridged by inorganic counterions
with multiple binding sites (Fig. 1c) are sensitive to charge screen-
ing by monovalent salt — a high salt concentration is expected to
prevent this type of phase separation. However, in other cases
where coacervation is driven by intramolecular n—r interactions,
addition of salt may enhance coacervation by reducing the repul-
sion between charged residues in the same molecule.

Short peptides can also complex with inorganic metal
clusters to form coacervates. Li et al. reported a new kind of

Q

PR20 + 30% PEG, unbuffered
+100mM K,HPO,
+100mM K,CO,

0.5

Turbidity (OD 600)

]

0 5'0 1(')0 1.;)0 2(')0 250
PR Concentration (uM)

Fig. 6 (a) PR-PEG LLPS is dependent on inorganic counterions and
correlated to anionic charge. Reproduced from ref. 31 with permission
from permission from the Wiley-VCH publishing group, Copyright 2017.
(b) The possible interactions within coacervates of mfp-3F.

o
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short peptide-based coacervate by condensation of cationic
tripeptides with inorganic anionic polyoxometalates (POM)
(Fig. 7).** The main driving force behind the phase separation
is thought to be the attraction between protonated amine
groups and the anionic POM. However, additional interactions
between the peptides and POMs play an important role in
phase separation. At pH 6.5, the tripeptide GVK could not form
coacervates with SiW;;, while GHK and GFK both could form
coacervates, due to hydrogen bonding between histidine and
the POM, and a more hydrophobic local environment created
by phenylalanine, which could strengthen the charge-charge
interactions. The presence of a histidine residue also enabled
control over the physicochemical properties of the GHK-based
coacervates through pH variation: at pH 4.5, the protonated
histidine residue contributed to an increased charge density,
leading to a lower water content and denser structure of the
coacervates than at pH 6.5.

Finally, some inorganic compounds, such as phosphate, can
form polymers that interact with oppositely charged peptides in
a similar manner as peptides or polynucleotides. From a
protocell point of view, inorganic polyphosphate (polyP) is a
particularly interesting molecule. It is one of the most ancient,
compact intracellular polyanions, consisting entirely of high-
energy phosphate diester linkages. It has been regarded as a
chaperone that stabilises unfolding proteins, and prevents
irreversible aggregation of proteins. Recently, Wang et al.
showed that endogenous inorganic polyphosphate can interact
with positively charged green fluorescent protein (GFP*°*) and
undergoes liquid-liquid phase separation near the poles of
bacterial cells.>® Remarkably, RNA, which is also present in
significant concentrations, did not undergo phase separation
with GFP**" under the same conditions, which was explained
by the higher linear charge density of polyP. Protein/polyP
phase separation is dependent on the chain length of polyP:
increasing the polyP length favoured coacervate formation
in vitro.

NH
H H
Sy @y
o /H o
HN\//N
GHK or
L
- - —L
Siw

Fig. 7 Chemical structures of tripeptides GHK, GFK, and GLK and the
packing model of the peptides GHK/GFK and polyoxometalates — SiWy,
coacervate and optical microscope image of coacervates. Reproduced
from ref. 33 with permission from the American Chemical Society, Copy-
right 2019.
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3.2 Simple coacervates

Unlike complex coacervates, simple coacervates contain a sin-
gle component that is responsible for phase separation. This
means that the coacervate (dense phase) is composed primarily
of this single component and water. The phase separation in
simple coacervate systems is also caused by weak, non-covalent
intermolecular forces, which can all be present in peptides
(Fig. 1c). However, contrary to complex coacervates, much less
is known about the design criteria for single peptides capable
of undergoing simple coacervation.

3.2.1 Mussel foot-derived peptides. Underwater organisms
are one of the sources of coacervate-forming proteins and
peptides. These peptides can be used as bioadhesives that work
in aqueous environments. For example, mussels use protein-
based coacervates, which are deposited and matured in a
reaction chamber created by the mussel foot, to attach to
diverse underwater surfaces. One mussel foot protein (mfp)
known as mfp-3S was studied in detail in vitro and found to
undergo phase separation by a combination of inter- and
intramolecular charge-charge interactions, interactions between
basic and aromatic residues and, hydrophobic interactions
between non-polar residues.*® Even though mfp-3S is a relatively
short protein (45 amino acids), Wei and co-workers managed to
design an even shorter peptide analogue, called mfp-3S-pep
(25 amino acids-GYDGYNWPYGYNGYRYGWNKGWNGY), which
expressed the ability to self-coacervate at similar conditions of
pH and salt as the protein.?® This shorter peptide mimic is easier
to obtain synthetically than the full protein and can potentially
be used as a biomedical adhesive in wet environments.

From the point of view of protocells these short peptide
analogues provide insight into the molecular fundamentals of
peptide-based simple coacervation. In case of mfp-3S-pep, LLPS
was observed to be dependent on the pH and ionic strength; a
higher ionic strength induced LLPS, as salt was found to screen
electrostatic repulsion between cations sufficiently to promote
cation-r interactions.’” Furthermore, the LLPS range was
also reduced by exchanging phenylalanine residues for 3,4-
dihydroxy-i-phenylalanine (DOPA). Presence of DOPA made
the peptide more hydrophilic and less prone to undergo LLPS,
but it improved the adhesive properties on metal oxides, due to
DOPA’s ability to form hydrogen bonds. The mussel foot-derived
peptides are one of the shortest non-derivatised peptides (and
polymers in general) capable of simple coacervation, and there-
fore, they are an interesting starting point for the design of
simple peptide protocells.

3.2.2 Histidine-rich peptides. Another interesting example
of a marine organism that exploits protein-based coacervates is
the jumbo squid. Its hard beak grows as a result of secretion of
histidine-rich proteins (histidine-rich beak proteins, HBPs) that
form coacervates in seawater. Protein-rich droplets accumulate
at the edge of the growing beak and gradually mature into stiff
B-sheet-rich structure.>” HBPs share some structural similarities
with elastin and elastin-like peptides. While coacervation ability
of elastin is attributed to pentapeptide repeats VPGXG (where X
can be any residue, except proline), HBPs contain repeats of a
GHGX;X, sequence (where X; is usually proline, valine or leucine

This journal is © The Royal Society of Chemistry 2021
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and X, is usually tyrosine). Two analogues of HBPs with multiple
repeats of GHGX;X, were developed to better understand the
interactions responsible for LLPS. Studies of these analogues
revealed the hydrophobic interactions play a significant role in
the self-coacervation, and, similarly to mfp-3S-pep, salt facilitates
coacervation, due to charge screening.*®

Gabryelczyk et al systematically explored the HBP-1
sequence to analyse the influence of characteristic peptide
motifs on LLPS. According to their study, GHGLY is the basic
sequence motif that drives phase separation and 4 repeats of
this sequence are the smallest number required to trigger LLPS.
Histidine and tyrosine are critical for phase separation: upon
increasing the pH histidine residues become deprotonated and
form H-bonds with tyrosine residues, thus stabilising the
condensed phase. Presumably, further increasing the pH until
tyrosine is also deprotonated (around 11) would destabilise the
interaction and lead to dissolution of the coacervates. They also
observed that peptides containing GAGFA in the centre of all
repeats instead of GHGLH did not phase separate into liquid
coacervates, but formed a dense, compact hydrogel (Fig. 8).°
This change of state was explained by the enhanced hydro-
phobic interactions of phenylalanine amino acid in the GAGFA
repeats, resulting in stronger intermolecular interactions.

3.2.3 Low-complexity aromatic-rich kinked segments. Many
proteins that form solid aggregates related to neurodegenerative
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diseases can also undergo LLPS under certain conditions.*® It
was suggested that low-complexity domains that can be found in
such proteins are responsible for both liquid-liquid and later
liquid-solid transitions. Hughes et al. studied aromatic-rich low-
complexity domains (termed LARKS for low-complexity
aromatic-rich kinked segments) from FUS and hnRNAP1 (both
of them are involved in amyotrophic lateral sclerosis pathology)
and observed that LARKS can form cross-f-sheets characteristic
of amyloids, but unlike the very stable B-sheets found in amyloids,
assemblies formed by LARKS were reversible.® While both short
fragments derived from natural low-complexity domains and
synthetic LARKS constructs separated from solutions in the form
of hydrogels rather than liquid droplets, they are most probably
involved in transient peptide-peptide and peptide-RNA inter-
actions that are crucial for LLPS of multiple proteins and for
the formation of membraneless organelles. This is supported by
the findings that low-complexity domains adopt similar structures
in hydrogels and in liquid condensates,*® and the fact that longer
polypeptides with similar amino acid composition to LARKS
(prion-like domain-containing peptides) can undergo LLPS.*®
3.2.4 Designer short peptide motifs. The ultimate goal for
peptide-based coacervate protocells would be a set of minimal
motifs that are capable, alone or in combination, to drive phase
separation of short peptides. These motifs could be based on
an analysis of sequences of low-complexity domains of proteins

GHGxY, x-L, P,V

Micro-droplets

=
GHGLH

Hydrogel

GAGFA

Fig. 8 Proposed model of HBP derived peptides of three different repeats (GHGxY, x — L, P, V, GHGLH and GAGFA) for the liquid—-liquid phase separation
resulted into three different morphology on the basis of arrangement of the peptide repeats. Reproduced from ref. 9 with permission from the Nature

Publishing group Copyright 2019.
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known to phase separate, or designed de novo based on
molecular insights or modelling results (Table 1). In search
for such minimal motifs, Chilkoti and co-workers designed
an octapeptide repeat inspired by the disordered protein
resilin from Drosophila. They produced 64 variants of this
repeat with different lengths and point mutations, which were
based on the most abundant interacting moieties found in a
proteomic analysis of 63 other disordered proteins that
undergo LLPS."® They found that, like in the case of mussel
foot-derived peptides, non-covalent interactions such as cation-n
interactions and hydrophobic forces are the main driving forces
of phase separation of these artificially designed disordered
proteins. The molecular weight (length) of the proteins and
aromaticity of the motifs were directly linked to the upper critical
solution temperature (UCST), which is the temperature above
which no more phase separation occurs, and can be used as a
measure for the strength of intermolecular interactions. Increasing
the length or aromatic content increased the UCST. While
these sequences are not short peptides (the shortest repeat
consisted of 160 amino acids and was 17 kDa), the relative
simplicity of the octapeptide repeat provides valuable insights
for the design of shorter peptides that can be used to build
coacervate protocells.

In an attempt to find shorter peptide fragments capable of
phase separation, other researchers started from motifs that
are well known for the self-assembling propensity. One of the
best studied examples is phenylalanine dipeptide (FF) motif,
which can form amyloid-like assemblies while its derivatives
can also form hydrogels or nanostructures of various morphologies.
One of the FF derivatives, N-carboxybenzyl protected (Z-FF), was
found to form a metastable liquid phase (coacervate), which
transformed in time into solid nanofibers (see Section 3.3).*'
The relative stability of the coacervate droplet state could be
enhanced by addition of silver ions to more than 10 hours at
10 mM Ag". Further extending the stability of the droplet state
by sequence variation or derivatisation could be interesting for
protocell research.

We have recently designed short peptide derivatives that are
able to undergo LLPS based on FF- and other hydrophobic
dipeptides, linked together via polar spacers. This motif is
based on a sticker-spacer arrangement, where the dipeptide
moieties serve as stickers, and the polar linker serves as spacer.
We constructed a small library of derivatives that could
separate as liquid droplets or solid aggregates."® The liquid
droplets were simple coacervates, which typically formed at
sub-mM concentrations of the peptide derivatives and which
could retain up to 75 wt% water (solvent). Our design permitted
chemical variations in both the hydrophobic sticker amino
acids and the spacer, providing a new route to the formation
of protocells with tuneable properties under prebiotically
relevant conditions. We showed that by including a disulphide
bond in the spacer, the coacervates reversibly formed dense,
liquid compartments, controlled by redox chemistry. Their
potential as protocells is illustrated by a variety of characteristics.
They sequestered a wide range of solutes, including nucleic acids
and porphyrins. They were found to facilitate melting of short

3700 | Chem. Soc. Rev., 2021, 50, 3690-3705

View Article Online

Tutorial Review

RNA hairpins that were taken up by partitioning. Moreover, they
acted as microreactors in which the rates of two types of addition
reactions (aldol and hydrazone formation) were significantly
increased by localising and concentrating the reactants and
lowering the energy barrier. In short, these short peptide
derivatives hold real promise as protocells due to their simple
but versatile design, and offer a range of possibilities to design
protocell variants with different properties.

3.3 Liquid-solid transition of peptide coacervates

Liquid-liquid phase separation of proteins into dense liquid
coacervates has originally been viewed as an independent path
from precipitation into solid aggregates. However, increasing
evidence suggests that there is a direct link between the liquid
condensed state and solid aggregate state. Studies of FUS or
hnRNAP1 show that disordered regions of these proteins are
responsible for both types of phase transition, and the coacervate
state could be a metastable state from which amyloids or other
ordered structures could nucleate.*> From the point of view of
peptide-based coacervate protocells, it is important to understand
if and under what conditions similar liquid-to-solid transitions
could occur in systems of simpler peptides. Mann and co-workers
described such a complex coacervate system of poly(diallyl-
dimethylammonium chloride) (PDDA) and an Fmoc-protected
p-Ala-p-Ala dipeptide.*> While at pH 8 the mixture was phase
separated into two liquid phases, upon gradually decreasing the
PH, the liquid coacervate droplets coarsened into fibrils, similar to
recent findings with the protein FUS. Re-assembly of droplets
from the obtained hydrogel could be achieved by deprotonation of
Fmoc-AA peptide upon increasing the pH (Fig. 9).

A liquid-solid transition has also been observed for simple
coacervates made of N-protected peptides. Droplets formed by
Z-FF and some Fmoc-protected amino acids promoted nucleation
of more stable fibrils (Fig. 10).*" Later, it was shown that
the liquid-solid transition of Z-FF can be induced by shear,
similar to silk proteins. Interestingly, the liquid-solid
transition into silk-like fibrils was observed for several proteins
containing low-complexity domains under shear conditions com-
parable to those found in cells, which suggests that cells must
employ some protective strategies to prevent formation of
aggregates.*’

As the liquid-solid transitions of disordered proteins are
only beginning to be studied in detail, this phenomenon is still
hardly looked at in peptide-based protocells. Current examples
of liquid-solid transitions in peptide-based coacervates appear
to rely on the stacking of aromatic protecting groups (Fmoc,
carboxybenzyl) and side groups (Phe). In the case of proteins,
formation of extensive -sheets nucleated in the liquid condensed
phase is believed to underlie the liquid-solid transitions observed
in biology. Similar B-sheet formation was suggested to play a
role in the direct formation of aggregates in mixtures of mono-
enantiomeric peptide complex coacervates (poly-i-lysine/poly--
glutamate).* It is unclear if such a structural transition can also
occur in a peptide coacervate phase and what role the peptide
length plays in facilitating such a transition.

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Chemical structures, schematic illustration and microscopic images for the metamorphosis of coacervates-protocells to hydrogel, (a) chemical
structures of dipeptide/polymer coacervate micro droplets prepared at pH 8.5, (b) schematic illustration of reconfiguration to aster-like core-shell
microstructure at pH 4.5, (c and d) PDDA/Fmoc-AA coacervates before and after addition of GDL and sequestered with Hoechst 33258 fluorescent. This
change from coacervates to nanofibers induced due to slow hydrolysis of GDL in the coacervates phase, (€) PDDA/Fmoc-AA coacervates core hydrogel
sequestered with 1 mol-% RITC-labelled PAH, (f) AFM images of nanofibrous gel. Reproduced from ref. 43 with permission from the Royal Society of

Chemistry, Copyright 2016.
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(a) Chemical structure of short peptide and amino acid derivative, (b) microscopic image of droplets, (c) free energy landscape with the

transformation of non-equilibrium to equilibrium state, Reproduced from ref. 41 with permission from the Wiley-VCH, Copyright 2019.

4. Sequestration and catalysis

One of the most important advantages of coacervates as proto-
cell models is their ability to sequester and concentrate a wide
variety of molecules on account of the lack of a membrane
barrier. By enhancing the concentrations of reactants, coacervate
protocells could accelerate reactions if the corresponding rate
equation remains unchanged. However, the distinct local
environment of some coacervates could also change the reaction
energy landscape, for instance resulting in a lowering of the
energy barrier of a rate-limiting step, or in a relative stabilisation
of the product compared to the reactants. The former is analogous
to the action of a catalyst, and it makes coacervates potentially
catalytic microreactors. There is evidence in the literature that

This journal is © The Royal Society of Chemistry 2021

coacervates can alter the energy landscape of, for example,
hybridisation between complementary strands of DNA, and
template-directed elongation of an RNA primer. In this section,
we discuss specifically the ability of peptide-based coacervates to
sequester guest molecules and to alter the rates of reactions
between them.

Stroberg and Schnell compared the confined volume of
coacervate droplets to the microdroplets generated using electro-
spray ionisation.** They propose that there are two types of
mechanisms underlying the reaction acceleration, as outlined
above: (i) increasing the local concentration of the reactants,
(ii) altering the reaction environment. Increasing the concentration
of reactants occurs through partitioning, largely driven by the same
interactions that underlie the formation of coacervates (Fig. 1c).”
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It should be mentioned that the distinction between host (i.e.,
peptides) and guest molecules is not always sharp, and high
concentrations of guest molecules can significantly alter the
properties of liquid condensates.

The main reason for accumulation of guest molecules
in coacervates is their reduced internal polarity. The polarity
inside coacervates is usually significantly lower than the
surrounding solution; in other words, coacervates provide a
more hydrophobic environment, which results in preferential
accumulation of many hydrophobic organic compounds, such
as Nile red, bromothymol blue or thioflavin-T dyes.'® When the
concentrations of these guests reach similar levels as the local
concentration of coacervate-forming peptides, the concentration
effect is no longer described by a simple partitioning equili-
brium but rather by an associative phase separation of peptides
and guest molecules, resulting in a hybrid coacervate.

The local hydrophobic environment is not the only factor
that can promote the accumulation of guest molecules inside
coacervates. Charge-charge interactions between patches of
positively and negatively amino acid residues and hydrogen
bonding have been found to play an important role. For
example, Ddx4 droplets accumulate both positively and
negatively charged proteins, while neutral proteins remain
excluded, and hydrogen bonding is responsible for differences
in partitioning coefficients of polynucleotides poly-A and poly-N
in poly-U/spermine coacervates.

Finally, large guest molecules are often sequestered into
coacervates at the expense of smaller molecules that were
involved in the original phase separation, even if they have
the same intermolecular interactions. Polynucleotides, for
example, can achieve partitioning coefficients as high as 10°
in polyamine/ATP coacervates, while the local ATP concen-
tration is about 500 times higher than the dilute phase.*® This
process is primarily driven by an increase in entropy: a single
polynucleotide can replace multiple small molecules, which are
released from coacervate environment into the dilute phase.”
A similar effect has been observed for short peptide/peptide
complex coacervates.*®

The distinct local environment with a reduced polarity
inside coacervate droplets not only leads to increased concen-
trations of certain guest molecules, it can also impact reaction
energies. The ‘“solvent” properties of coacervates might be
closer to organic solvents like DMSO than to water, leading to
altered energy levels of guest molecules or their products (e.g.,
conformation of guest polypeptides). In a very simplified view,
favourable interactions between the coacervate environment
and a reaction intermediate or its product would stabilise these
species and result in an acceleration of a compartmentalised
reaction.” It should be mentioned here, that similar mechanism
could also lead to more stable conformations of the sequestered
reactants and result in reaction inhibition rather than
acceleration.

One way in which the relative stability of an intermediate
complex or a product can be stabilised inside coacervates is
through crowding. Excluded volume interactions induced by
crowding agents can favour compact or complexed states of
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macromolecules. It has been suggested that the high local
concentration of peptides and other phase separating molecules
in coacervates can have the same effect on macromolecular
guests. For example, the binding between an RNA polymerase
enzyme and its promotor site on a DNA plasmid was found to be
2-3 orders of magnitude stronger inside PEG-based coacervates,
and the subsequent rate constant associated with transcription
was six-fold higher.*” However, the chemical nature of the
coacervates can play a much more important role in determining
the overall reactivity than crowding alone: while transcription
was possible inside poly-i-lysine/CMDex coacervates,*® overall
gene expression rates were slower and the overall yield reduced,
compared to PEG-based coacervates.

A combined effect of reactant concentration and an
increased rate constant has recently been observed for reactions
between small molecules as well. In the presence of simple
coacervates of FF dipeptides linked via polar spacers, two
basic condensation reactions, aldol condensation and hydrazone
formation, occurred almost 50- and 12-fold faster, respectively.*®
These moderately hydrophobic coacervates were found to
concentrate the reactants between 2 and 5-fold, and they effected
a lowering of the apparent energy barrier by up to 6 k] mol™ .
Although examples of similar rate enhancements in peptide-
based coacervates remain scarce, results obtained with coacervates
of synthetic polymers and nucleotides, harbouring ribozymes,*® or
Ru-polyoxometalate catalysts,>® show promising results for the role
of (peptide-based) coacervates as protocells with sequestration and
catalytic properties.

Finally, surface catalysis, a phenomenon also observed in
electrosprayed microdroplets used in the analogy by Stroberg
and Schnell, could also act to enhance reactivity in coacervate
droplets. Although the characterization of the surface properties
of coacervates is limited, it is likely that the solution-condensate
interfaces may concentrate specific molecules and aid their
reaction by imposing a preferred orientation, or by their inter-
action with surface-adsorbed catalysts, similar to observations in
microdroplets, vesicles and micelles. In summary, peptide-based
coacervate hold great promise as protocellular compartments to
concentrate and localise reactants, and to potentially catalyse
reactions between them, but a detailed molecular understanding
of the influence of the coacervate environment on reaction
kinetics is still lacking, and requires a more systematic investi-
gation of reactions in model coacervates in the future.

5. Active coacervates

To make the step from passive compartments to a plausible
protocell that exhibits life-like behaviour, coacervates must
move away from thermodynamic equilibrium. Living cells
move, grow, divide and maintain homeostasis via a continuous
turnover of chemical energy. In order to develop coacervate
protocells with similar capabilities, they must be endowed with
activity, and be able to use or convert chemical energy into
potential mechanical work or kinetic energy. In this section we
discuss how fuel-driven assembly and disassembly of coacervates
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can be achieved and how it could constitute a first step towards
active growth and division of coacervates.

Supramolecular chemistry has led the way in recent years by
exploring the role of chemical reactions in out-of-equilibrium
assembly. Fuel-driven molecular assemblies with spatiotem-
poral control behave fundamentally different from non-active
in-equilibrium assemblies. They are programmable and can
exhibit phenomena like motion, bistability and oscillatory
responses. Similar principles of dissipative assembly can also
be used in designing active coacervate-based protocells.
Moreover, peptides as building blocks for coacervates offer a
wide array of possibilities for the implementation of fuel-driven
modifications, for example, by phosphorylation, acetylation,
esterification, anhydride formation, and thiol oxidation.

Boekhoven and co-workers pioneered the use of fuel-driven
chemical reaction networks to create dissipative assemblies,
including compartments, with diverse morphologies. They first
described a series of active fibrous and colloidal systems that were
not coacervates, based on the self-assembly of Fmoc-modified
acidic amino acids and tripeptides upon transformation to the
anhydride.”® More recently, Donau et al exploited the same
strategy of the fuel-driven assembly to form dissipative peptide/
RNA complex coacervates. They used arginine-rich peptides with a
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C-terminal aspartic acid, which could be converted into an
anhydride by the condensing agent EDC.>> The anhydrides were
found to phase separate into coacervate droplets with long
polynucleotides, such as poly-U (Fig. 11). The coacervate droplets
dissolved again upon hydrolysis of the anhydrides, but at higher
concentrations of fuel (3x excess compared to precursor), the
coacervates persisted beyond the lifetime of the anhydrides,
which could indicate a side reaction or a liquid-solid transition
taking place inside the coacervates. At near-stoichiometric fuel
concentrations, the coacervates were dynamic and dissolved
completely, through a process of vacuolisation and occasional
fragmentation into satellite droplets. Interestingly, these active
coacervates were found to transiently encapsulate a range of
functional and folded RNA molecules, which is of importance
for their potential as active protocells.

Finally, Nakashima et al. developed an alternative strategy to
create dissipative peptide-based complex coacervates, in which
the formation and dissolution is controlled by two enzymatic
reactions and two orthogonal small molecules as fuel.>* Their
system is based on poly-t-lysine and either ADP or ATP as
second component, which have distinctly different phase
separation propensity at physiological salt concentrations. By
converting ADP to ATP using pyruvate kinase fuelled by the
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Fig. 11 The formation of complex coacervates from a peptide and RNA driven by a chemical fuel, (a) The transformation of peptide precursors by
removing the two negative charges to transient cationic anhydride as a product in the chemical reaction cycle that changes the chemical fuel EDC to
waste EDU, (b) the formation of complex coacervates with RNA (poly-U). The chemical cycle controlled the influx and out flux of droplet materials.
(c) Confocal images of dynamic droplets at 2 minutes after the addition of fuel. (d) The encapsulation of SunY into dynamic droplets. Reproduced from
ref. 52 with permission from the Nature Publishing group Copyright 2020.
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phosphate donor phosphoenolpyruvate (PEP), coacervates were
formed in a previously homogeneous solution. The lifetime of
coacervates could be programmed by adding a second enzyme,
hexokinase, together with glucose as penultimate phosphate
acceptor. While enzymatic networks were unlikely to have been
present in a protocellular setting, active coacervates controlled
by enzymes can offer more control over the independent rates
of condensation and dissolution, and are therefore useful as
model systems to gain a better understanding of the requirements
for dissipative protocells.

6. Conclusion

Compartmentalization is a fundamental property of living
systems, and primitive compartments could help understand
how protocells with life-like properties can emerge from mixtures
of molecules. The spontaneous formation of complex or simple
coacervates from peptides provides an attractive route to
biomimetic protocells. Such coacervates formed by phase
separation offer important advantages over other protocellular
architectures, the most important of which is their ability to
take up and concentrate a wide range of solutes for further
reactions. In addition, it has recently emerged that coacervates
can be formed from much simpler molecules (e.g., Z-FF or
PR,/PO,*7) than many other types of compartments, and they
could thus have provided a way to concentrate building blocks
and organise the assembly of a surrounding lipid shell. Instead
of long, synthetic polymers, coacervates can now be made from
short peptides by themselves, or combined with (oligo) nucleo-
tides or small inorganic ions.

Peptides are the ideal building blocks to create biomimetic
protocells. Their diverse side group functionalities allow careful
tuning of the interactions driving phase separation, the selectivity
for guest molecules, and the physicochemical properties of the
internal liquid phase. Moreover, they offer handles to build
active systems that require or utilise the energy dissipation for
functional behaviour. Even though the full range of known phase-
separating peptides is still relatively modest, it is possible to
deduce several core principles for phase separation that will help
design the next generations of peptide-based coacervates, which
have been summarized in Fig. 3.

The interactions that underlie peptide coacervation also
govern the properties that make these coacervates interesting
as protocells. Charge neutralisation, hydrogen bond formation
and n-n stacking make the condensed interior of coacervates
relatively hydrophobic and lead to the concentration of many
organic guest molecules. Going a step further, the first studies
have now shown that coacervates can enhance the rates of
reactions of small and large molecules by either concentrating
reactants, lowering the reaction barrier or stabilising inter-
mediates or products. It can be expected that different
coacervates may be tailored for different substrates and
reactions. If those reactions can be driven by chemical fuel,
they result in dissipative coacervate protocells, which may
become capable of life-like behaviour, such as active growth,
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motion, and division.>” In addition, more sophisticated proto-
cells could be made by combining coacervates with other types
of compartments in a hybrid approach, or by using external
(electric) fields to push coacervate-based protocells out of
equilibrium, as discussed in other reviews.'™ Overall, recent
developments in peptide-based coacervates have shown that
short peptides hold great promise as prebiotically plausible
building blocks for (hybrid) protocells that mimic living cells.
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