
MINI REVIEW
published: 03 April 2019

doi: 10.3389/fmolb.2019.00021

Frontiers in Molecular Biosciences | www.frontiersin.org 1 April 2019 | Volume 6 | Article 21

Edited by:

Allen P. Minton,

National Institute of Diabetes and

Digestive and Kidney Diseases

(NIDDK), United States

Reviewed by:

Huan-Xiang Zhou,

University of Illinois at Chicago,

United States

George Martin Thurston,

Rochester Institute of Technology,

United States

*Correspondence:

Evan Spruijt

e.spruijt@science.ru.nl

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Cellular Biochemistry,

a section of the journal

Frontiers in Molecular Biosciences

Received: 01 November 2018

Accepted: 11 March 2019

Published: 03 April 2019

Citation:

Nakashima KK, Vibhute MA and

Spruijt E (2019) Biomolecular

Chemistry in Liquid Phase Separated

Compartments.

Front. Mol. Biosci. 6:21.

doi: 10.3389/fmolb.2019.00021

Biomolecular Chemistry in Liquid
Phase Separated Compartments
Karina K. Nakashima †, Mahesh A. Vibhute † and Evan Spruijt*

Institute for Molecules and Materials, Radboud University, Nijmegen, Netherlands

Biochemical processes inside the cell take place in a complex environment that is

highly crowded, heterogeneous, and replete with interfaces. The recently recognized

importance of biomolecular condensates in cellular organization has added new

elements of complexity to our understanding of chemistry in the cell. Many of these

condensates are formed by liquid-liquid phase separation (LLPS) and behave like

liquid droplets. Such droplet organelles can be reproduced and studied in vitro by

using coacervates and have some remarkable features, including regulated assembly,

differential partitioning of macromolecules, permeability to small molecules, and a

uniquely crowded environment. Here, we review the main principles of biochemical

organization in model membraneless compartments. We focus on some promising

in vitro coacervate model systems that aptly mimic part of the compartmentalized cellular

environment. We address the physicochemical characteristics of these liquid phase

separated compartments, and their impact on biomolecular chemistry and assembly.

These model systems enable a systematic investigation of the role of spatiotemporal

organization of biomolecules in controlling biochemical processes in the cell, and they

provide crucial insights for the development of functional artificial organelles and cells.

Keywords: coacervates, liquid-liquid phase separation, membraneless organelles, cytomimetic media,

artificial cells

CELLULAR ORGANIZATION BY LIQUID PHASE
SEPARATED COMPARTMENTS

Organization is a central theme in life across scales: from herds to individual organisms to
cells (Saha and Galic, 2018). Subcellular organization plays an important role in both eukaryotic
and prokaryotic cells: most cellular processes cannot be fully understood without taking into
account the spatial distribution of molecules. In eukaryotes, organelles encased by a lipid
membrane are key organizing elements, and they occupy a large fraction of the cellular volume
(Heald and Cohen-Fix, 2014). In addition, many organelles that lack a membrane have been
identified both in the nucleus and the cytoplasm of eukaryotic cells, suggesting that they offer
additional advantages as a compartmentalization strategy (Mitrea and Kriwacki, 2016; Banani et al.,
2017; Shin and Brangwynne, 2017). Examples include nucleoli, Cajal bodies and paraspeckles in
the nucleus, and processing bodies and stress granules in the cytoplasm. Interestingly, not all
membrane-free organelles are constitutively present, but assemble in response to the cell cycle
state or to oxidative stress (Anderson and Kedersha, 2006; Smith et al., 2016; Alberti, 2017).
However, much of their biological function, the factors that govern their assembly and their
effect on biomolecular chemistry remain poorly understood. Here, we examine how in vitro
models of membrane-free organelles can be used to address this blind spot in our knowledge of
cellular organization.
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The termmembrane-free ormembraneless organelles (MLOs)
refers to a wide variety of subcellular bodies that lack a lipid
boundary, with sizes in the order of 0.01–10µm (Mitrea and
Kriwacki, 2016; Aguilera-Gomez and Rabouille, 2017; Banani
et al., 2017; Gomes and Shorter, 2018). Many of those bodies
share other distinctive features: they are spherical, deform in
flow and show wetting, dripping, and fusion. These are all
characteristics of liquids, and increasing evidence suggests that
many MLOs are, in essence, liquid droplets dispersed in the
cytoplasm or nucleoplasm and formed through liquid-liquid
phase separation (LLPS), although some are also reported to
be gel-like solids (Brangwynne et al., 2015). In general, each
MLO is enriched in a particular set of proteins, many of
which contain intrinsically disordered regions (IDRs). Nucleic
acids also frequently take part in MLO assembly (Zhang
et al., 2017), or are taken up in already formed MLOs (Nott
et al., 2016). Multiple weak interactions between blocks of
charged or aromatic residues or between specific binding
domains drive the condensation (Banani et al., 2017; Gomes
and Shorter, 2018), while the lack of extensive secondary
structures in the MLO-forming biomolecules is believed to
be crucial in keeping the complexes dynamic, and thus
liquid-like (Darling et al., 2018).

COACERVATES AS MODEL
MEMBRANELESS ORGANELLES

In order to understand the functions of MLOs, systematic studies
of their assembly, their physicochemical properties and their
effect on biochemical processes are required. In cells, such studies
are hampered, as, under stress, multiple biochemical pathways
are activated, making it hard to determine for example whether
MLO formation is a cause or consequence of the stress response
(Alberti, 2017). In vitro models of MLOs offer an ideal platform
to address these challenges. Such models must be designed
to mimic two common aspects of most MLOs in cells: the
liquid nature and the overall chemical and macromolecular
composition. Both aspects can be realized in coacervates, which
have long received attention as potential protocells that simulate
the intracellular environment.

Coacervates are dense liquid droplets composed of
macromolecules that separate from the dilute phase through
LLPS either by segregation or association (van der Gucht
et al., 2011; Aumiller and Keating, 2017). Simple coacervates
are formed by maximizing favorable interactions between
identical macromolecules (often polymers or proteins), thereby
minimizing polymer-solvent interactions (segregation); complex
coacervates are formed by maximizing favorable interactions
between different types of macromolecules (association), such
as polyelectrolytes of opposite charge. In either case, de-mixing
produces droplets enriched in macromolecules that resemble the
compartmentalized and crowded environment of MLOs. A wide
range of macromolecules has been used to make coacervates,
including combinations of synthetic polyelectrolytes (Spruijt
et al., 2010; van der Gucht et al., 2011), polysaccharides (de
Kruif et al., 2004) and peptides (Perry et al., 2015), or individual

single-stranded nucleic acids (Jain and Vale, 2017; Merindol
et al., 2018) and partially disordered proteins that are purified
from MLOs in cells (Elbaum-Garfinkle et al., 2015; Feric et al.,
2016; Nott et al., 2016). In many cases, the coacervates formed
from proteins and/or RNA are so similar to MLOs that the latter
could be termed “coacervate organelles”.

In this review, we argue that a fundamental understanding
of MLOs and cellular organization calls for systematic studies
of coacervate-based cytomimetic model systems. In particular,
such studies should be used to shed light on three aspects of
MLOs that are still poorly understood: (1) how can the assembly
and dissolution of MLOs be controlled, (2) what rules govern
the partitioning of biomolecules into MLOs, and (3) how are
rates of reactions and other biochemical processes affected by
MLOs? Here, we focus on progress made in vitro to answer
these questions using cytomimetic model-MLOs, and we discuss
opportunities for future steps. These developments will not
only lead to a better understanding of living cells, but also
help further advance the bottom-up assembly of synthetic cells,
by providing them with internal organization and expanding
their chemistry.

BIOCHEMICAL CONTROL OF DROPLET
CONDENSATION AND DISSOLUTION

A cursory glance yields numerous similarities between MLO
formation in cells and coacervate formation in vitro. Cells
differ, however, in using active processes to achieve dynamic
control over MLO assembly and disassembly (Falahati and
Wieschaus, 2017). To understand these control mechanisms,
we first consider the framework of liquid phase separation
that underlies formation of coacervates and many MLOs. The
condensation of chain-like macromolecules, such as IDPs, into
a dense liquid phase in vitro is usually described by a mean-field
Flory-Huggins theory (Brangwynne et al., 2015):

F

kBT
=

φ

N
lnφ + (1− φ) ln (1− φ) + Fint (1)

where F is the free energy, φ is the volume fraction, N is the
chain length, and Fint is the interaction free energy. For simple
coacervation, Fint is expressed using an effective macromolecule-
solvent interaction parameter χ: Fint = χϕ(1 − φ). For
complex coacervation of polymers with an identical length and
charge density (σ), Fint can be expressed by a Debye-Hückel
approximation using an electrostatic interaction constant α:
Fint = α(σϕ)3/2.

When the interactions are sufficiently strong (large, negative
χ, large α, or large σ), a first-order phase transition is
predicted, resulting in two coexisting liquid phases: a dense
(coacervate) phase and a dilute phase (Figure 1A). The width
of the two-phase region is set by the relative interaction
strength (χ or ασ3/2), which is in general a function of
temperature, pH, salt concentration, and the chemical groups
in the macromolecules (van der Gucht et al., 2011; Brangwynne
et al., 2015). In vitro model MLOs are generally responsive
to changes in one or more of these parameters: they have
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FIGURE 1 | Schematic phase diagrams for: (A) simple and symmetric complex coacervates with coexistence between a saturated dilute phase and a concentrated

droplet phase. Condensation from the red cross can be induced by increasing the concentration (1c) or lowering the temperature (1T ), or salt concentration.

Frequently, only the low-concentration branch of the binodal, or coexistence curve is shown. (B) Non-symmetric complex coacervates. Condensation can be induced

by increasing the concentration of A, or reducing the concentration of B. (C) Cross-section through the two-phase region in (B) for varying mixing ratio, highlighting the

re-entrant phase transition from one phase, via soluble complexes to two phases and back to one phase. (D) Control over coacervation by reversible post-translational

modifications, like in Ddx4 and G3BP1. (E) RNA-dependent coacervation in FIB-1. (F) Effect of RNA on the density and viscosity of the coacervate phase of LAF-1.

been assembled and dissolved by temperature (Nott et al.,
2015; Quiroz and Chilkoti, 2015), pH (Kaibara et al., 2000;
Koga et al., 2011), cosolvents (Simon et al., 2017), and
salt (Spruijt et al., 2010; Nakashima et al., 2018).

The mean-field approach described above is highly simplistic,
and does not take into account many factors that can affect
coacervation, such as sequence specificity (Pak et al., 2016;
Dignon et al., 2018; Langdon et al., 2018), charge correlation
(Nott et al., 2015; Chang et al., 2017), and soluble complex
formation (Delaney and Fredrickson, 2017). More complex
theories of coacervation that account for many of these factors, as
shown by numerical simulations, have recently been developed
(Delaney and Fredrickson, 2017; Sing, 2017; Zhou et al., 2018).
However, none of these provides a quantitative explanation for all
types of liquid phase separating proteins and polymers, and the
relative simplicity of the classical mean-field model, which can
provide semi-quantitative agreement with experimental phase
diagrams based on a single effective interaction parameter (χ or
α), is therefore still attractive (Brangwynne et al., 2015; Nott et al.,
2015; Wei et al., 2017).

One common feature between most LLPS models is that
they describe the macromolecules as polymeric chains. Chain
flexibility is known to have a very large effect on LLPS in many
systems in vitro and in vivo (Harmon et al., 2017a). Coacervation
of globular proteins, such as lysozyme and crystallins, has
been reported, but is less common than coacervation of IDPs
and other chain-like biomolecules (Ishimoto and Tanaka, 1977;
Thomson et al., 1987; Thurston, 2006). Patchy colloid models
have been used to describe the phase behavior of various globular
proteins successfully (Vlachy et al., 1993; Lomakin et al., 1999;
Thurston, 2006; Liu et al., 2007; Kastelic et al., 2016; Nguemaha

and Zhou, 2018; Zhou et al., 2018). In general, the condensed
liquid phase formed by globular proteins is much denser
than coacervates formed by IDPs, and has distinctly different
physicochemical characteristics. As a result, the assembly and
partitioning behavior of globular protein coacervates, and their
impact on biochemical reaction are different from IDP-based
coacervates. This review focuses primarily on the assembly of
MLOs of chain-like biomolecules.

A feature of the phase diagram (Figure 1A) that plays a
prominent role in cells to control MLO formation is the
saturation concentration (φd) at which condensates start to
form. Many IDPs are believed to exist close to their respective
saturation concentration in the cell, and subtle changes in
concentration, mixing ratio or mutual interaction through
biochemical modifications or binding to regulatory proteins
can shift the binodal, and tip the balance to condensation
(Figures 1A–C). Post-translational modifications (PTMs) that
affect the charge or charge distribution of amino acid residues are
an obvious mechanism to control a biomolecule’s condensation
propensity (Figure 1D). Indeed, serine, threonine, and tyrosine
phosphorylation (Reineke et al., 2017; Rai et al., 2018), arginine
methylation (Nott et al., 2015), and lysine acetylation (Cohen
et al., 2015; Saito et al., 2019) have all been found to affect MLO
formation in vivo.

In vitro studies using coacervates allow for a more quantitative
investigation of these modifications. Phosphorylation of nephrin
decreases the saturation concentration for condensation with
signaling proteins N-WASP and NCK from the micromolar
to nanomolar regime (Li et al., 2012). In the case of Ddx4,
arginine methylation increases the saturation concentration at
a given temperature by two orders of magnitude, resulting
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in dissolution of droplets (Nott et al., 2015). Citrullination
converts arginine into neutral citrulline, which also inhibits
aggregation of various disordered proteins, such as FUS, EWS,
and TAF15 (Tanikawa et al., 2018). Based on these insights,
the first synthetic cytomimetic organelles have recently been
developed, in which kinase-mediated phosphorylation not only
controls the formation of droplets but also the rate of growth
(Aumiller and Keating, 2016; Nakashima et al., 2018).

More advanced control over MLO formation and
localization can be achieved through protein-RNA interactions
(Figures 1E,F). Nucleolus assembly, for example, starts with
condensation of numerous small droplets, which coalesce to
form nucleoli. However, rapid coarsening is not observed when
rRNA transcription is inhibited (Berry et al., 2015; Falahati
and Wieschaus, 2017). By using FIB-1 model coacervates,
rRNA, which is one of the key nucleolar components, was
found to expand the two-phase region toward higher salt
concentration by stabilizing FIB-1 interactions, which can
be interpreted as an increase of the effective interaction
parameter χ (Figure 1E) (Berry et al., 2015). This mechanism
of RNA-induced organelle formation has recently been
exploited in vitro to compartmentalize mRNA directly after
transcription in a cytomimetic environment by condensation
with cationic peptides, or to dissolve existing peptide/RNA
coacervates by overcharging them with mRNA (Figures 1C,E)
(Banerjee et al., 2017).

In the case of P-granules, condensation of the granule
component MEG-3 with RNA is suppressed locally in a gradient
of MEX-5, which binds competitively to RNA, and lowers the
RNA concentration to below the saturation level for granule
assembly (Smith et al., 2016). Formation of stable P-granules in
vivo not only requires RNA but also the helicase LAF-1, which
was found to phase separate in vitro without RNA (Elbaum-
Garfinkle et al., 2015). Paradoxically, RNA dilutes coacervates
of pure LAF-1, and reduces the viscosity without changing the
saturation concentration (Figure 1F). This is explained by an
increased three-body repulsion in the coacervate, an effect that
is not included in the simplified Flory-Huggins model above
(Wei et al., 2017).

Finally, the multitude of components in P-granules and other
MLOs has been found to lead to the formation of multiple phases
that display mutual affinity but do not mix, both in vivo and
in vitro (Feric et al., 2016; Smith et al., 2016). How the order
of condensation is controlled, how different phases influence the
phase behavior of others, and what the effect of macromolecular
crowding is on condensation, is still poorly understood. New,
multicomponent coacervate models are essential to address
these questions, and to corroborate modern theories for MLO
formation beyond the single-component mean-field models used
thus far.

PARTITIONING AND SEQUESTRATION OF
CLIENT MOLECULES

Besides the phase-separating biomolecules that “define” MLOs
(hosts), there is a wide range of additional molecules (clients)

that are spontaneously taken up into preformed MLOs by
partitioning or sequestration, like in P-granules. Although such
client molecules are not bound to the MLOs by a membrane, and
can freely move in and out, it is likely that partitioning affects
their availability to biochemical reactions outside the MLOs.
At the same time, the local polarity, crowding and presence of
other (host) biomolecules can affect client reactivity inside MLOs
as well (Elbaum-Garfinkle et al., 2015; Mitrea and Kriwacki,
2016) Understanding the principles that govern partitioning is
therefore essential to explain the function of MLOs (Ditlev et al.,
2018). The distinction between hosts and clients is not always
sharp, and clients that reach high concentrations inside MLOs
have been found to significantly affect the phase diagram of
the original hosts (Ditlev et al., 2018; Nguemaha and Zhou,
2018). Here, we focus on the case where client concentrations
remain sufficiently low, and investigate client distribution from
a partitioning point of view.

The distribution of a solute between two coexisting liquids,
like the cytosol and themembraneless organelles in the cell, or the
dilute phase and the coacervate droplets in a cytomimetic model,
is governed by the relative standard free energy of the solute in
the different phases (Figure 2A).

A(α) ⇄ A(β),
cα

cβ
= Kpart

∼= λe−1G0/RT (2)

where cα and cβ are the concentration of a solute A in
the coacervate and the dilute phase, respectively, Kpart is the
partitioning coefficient and λ is a correction factor that accounts
for differences in activity between both phases. The standard
molar Gibbs free energy difference of the solute between the two
phases (1G0) sets the degree of partitioning, and is generally
composed of multiple contributions: 1G0

= 1G0
hphob

+

1G0
charge

+ 1G0
Hbond

+ 1G0
mesh

+ . . ., which we will discuss

separately (Figure 2B).
The first term accounts for the fact that the local polarity inside

coacervates and MLOs is usually lower than the surrounding
aqueous solution. Models for the salt tolerance of coacervates
provide estimates of the relative permittivity of coacervates
between 45 and 60, which is explained by the presence of
hydrophobic elements (e.g., amino acids residues, polymer
backbone) and strongly bound hydration water (Spruijt et al.,
2012; Williams et al., 2012; Nott et al., 2015). The solvation free
energy in this environment (1G0

hphob
) is the principal driving

force for partitioning of most hydrophobic solutes, such as Nile
red and bromothymol blue (Kpart ≈ 102) (Zhao et al., 2017).
Interestingly, unfolded proteins, which have their hydrophobic
cores exposed, showed partitioning in PDDA-PAA coacervates
with Kpart > 1, as expected, but to a lower extent than native
proteins, suggesting that additional contributions also play a role
(Martin et al., 2016).

Many IDPs and coacervate-forming polymers contain
extensive charged regions. The interaction with these charged
regions (1G0

charge
) is likely to be the main driving force for

partitioning of the majority of biomolecules. The entropically
favored release of bound counterions upon complexation
accounts for a significant part of 1G0

charge
. In Ddx4 droplets,
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FIGURE 2 | (A) Schematic illustration of three scenarios for partitioning, depending on the relative free energy levels of the client molecule in both phases. (B)

Illustration of five contributions to partitioning. (C) Possible effects of coacervate-based compartments on reaction kinetics.

both positively and negatively charged proteins are selectively
taken up, while neutral proteins are excluded. Small, highly

charged proteins, such as lysozyme, are also readily incorporated
into PDMAEMA-PAA coacervates, reaching concentrations up
to 150–200 g/L (Lindhoud and Claessens, 2016), which is close

to the total cytosolic macromolecule concentration. Partitioning
does not seem to affect the secondary structure of globular

proteins (Black et al., 2014), or enzymatic activity (Lindhoud
et al., 2010; Martin et al., 2016; Kojima and Takayama, 2018),
although the precise effect of coacervates on reaction kinetics is

still not fully understood, as we discuss below.
Besides charge complexation, solutes can also interact

with the coacervate matrix through hydrogen bonding
(1G0

Hbond
). Nucleic acids in particular may form base pairs

with complementary sequences in model MLOs. Poly-U-
spermine coacervates, a simple model for nucleotide-protein

droplets, are able to selectively concentrate oligonucleotides and

oligopeptides. For such coacervates, poly-A has a partitioning
coefficient two orders of magnitude higher than poly-N or
poly-U, because of base-pairing interactions (Frankel et al.,
2016). However, a similar system, based on poly-U and the

peptide RRASLRRASL, does not distinguish between poly-A and
poly-N: both are highly concentrated inside coacervates, most
likely because charge complexation dominates this partitioning
(Aumiller and Keating, 2016).

To accommodate large and rigid biomolecules, including
base-paired nucleic acid duplexes, the mesh of IDP or
polymer chains must be deformed significantly, which disfavors
partitioning (1G0

mesh
) and destabilizes coacervates (André and

Spruijt, 2018). This effect of mesh deformation can result in
selectivity for small and flexible nucleic acids, and even in
forced melting of DNA duplexes. Ddx4 droplets were found
to concentrate single-stranded RNA and DNA (1G0

hphob
+

1G0
charge

), while excluding double-stranded DNA of the same

length and inducing strand dissociation of shorter DNA duplexes
(Nott et al., 2016). Whether a similar mechanism underlies
selectivity of certain RNA bodies in cells remains to be seen
(Langdon et al., 2018).

In some cases, client molecules are taken up by replacing other
species in the coacervates. Although this displacement no longer
qualifies as simple partitioning, it can have a very similar strong
concentrating effect. In PAH-ATP droplets, RNA is concentrated

Frontiers in Molecular Biosciences | www.frontiersin.org 5 April 2019 | Volume 6 | Article 21

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Nakashima et al. Biomolecular Chemistry in Coacervate Organelles

by a factor 105 (Frankel et al., 2016). As a single RNA chain
can replace multiple nucleotides, this exchange is driven by a
significant increase in entropy. The same mechanism accounts
for the uptake of many polymers and colloids in polylysine-ATP
droplets (Koga et al., 2011).

In cells, partitioning of biomolecules in MLOs is often more
selective than in vitro. Specific interactions between binding
domains in IDPs and client molecules, such as tubulin, may
partly explain this (Jiang et al., 2015). In addition, all interactions
discussed above cumulate in MLOs, and their balance is different
for every client. Finally, it is important to also look beyond
concentrations, and take into account the actual number of
molecules available inside or outside MLOs: for low-copy-
number biomolecules, stochastic effects come into play (Hansen
et al., 2016), and even weak partitioning can drastically alter the
cellular fate.

BIOCHEMICAL REACTIONS INSIDE
LIQUID COMPARTMENTS

With the dynamic assembly and selective partitioning in mind,
three prospects emerge for MLOs modulating biochemical
reactions: (1) they may catalyze reactions that are inefficient in
the cytosol; (2) they may sequester and protect key molecules
from undesired reactions; or (3) they have no function per
se, but are instead merely a consequence of the cytosolic
composition (Banani et al., 2017). Experimental evidence for
both enhanced reactivity (1), and reaction quenching (2) has
been found in specific cases (Aguilera-Gomez and Rabouille,
2017; Alberti, 2017), but a general picture of how chemical
reactivity is different inside MLOs and coacervate models
is still lacking.

For a bimolecular reaction (Equation 3), reaction rates
inside MLOs could differ from those in bulk solutions
for two main reasons: the local concentration of reactants
A and B inside MLOs may be different from outside,
and the rate constant k may be affected by their unique
environment (Equation 3, Figure 2C):

A (α) + B (α) → C (α) ⇄ C (β),

d[C]

dt
= k [A] [B] = k0(t,T) e−

1G‡

RT [A](t) [B](t) (3)

The concentration effect is straightforward and usually
contributes to higher reaction rates, as a wide range of solutes is
found to accumulate inside coacervates (see previous section).
The effect of k is less obvious and much more interesting, as
reactions may be either diffusion-limited (k0) or transition-state-
limited (1G‡) (Figure 2C). Moreover, in heterogeneous and
crowded environments, such as coacervates, k generally becomes
a time-dependent quantity and the distribution of reactants and
the tortuosity of the reaction path must be taken into account
(Minton, 2006; Bénichou et al., 2010; Tabaka et al., 2014).

A general limitation in elucidating fundamental principles
of reactivity inside coacervates is that concentrations of the
individual components are often not quantified, and kinetics is
not measured in both phases separately. Experiments suggest that

many enzymatic reactions involving small molecule substrates
are accelerated inside coacervates, primarily because of enhanced
substrate and cofactor concentration (Koga et al., 2011; Kojima
and Takayama, 2018; Stroberg and Schnell, 2018). Hexokinase
partitions inside polylysine-ATP droplets with Kpart ≈ 20, and its
activity is enhanced 2-fold, because of high local ATP and Mg2+

concentrations (Koga et al., 2011). Lipase activity is increased
about 2-fold in coacervate micelles, because of a combination of
substrate concentration and stabilization of the enzyme’s active
form (Lindhoud et al., 2010).

Hammerhead ribozyme activity has also been studied in
liquid compartments. In dextran droplets, substrate cleavage is
about 70 times faster than in solution, which was attributed
to an increased ribozyme (Kpart ≈ 3,000) and substrate
(Kpart ≈ 40) concentration (Strulson et al., 2012). A 60-
fold decrease of reaction rate was measured for the same
ribozyme in polylysine-CMDex coacervates, despite an enhanced
concentration, suggesting that the physicochemical details of the
coacervate environment also impact reactivity (Drobot et al.,
2018). The biphasic kinetics in the latter coacervates indicate that
catalysts, such as ribozymes or enzymes, may exist as distinct
populations in MLOs.

A more detailed analysis of the effect of the coacervate
environment on reactivity is complicated, because both diffusion
and the energy landscape can be affected by confinement in
MLOs, and in either direction. Macromolecular crowding and
strong interactions inside the droplets (Figure 2C) can lead to
anomalous, often reduced diffusion (Menjoge et al., 2008; Kausik
et al., 2009; Shakya and King, 2018), thus contributing to slower
kinetics. However, those same effects can also favor a more active
enzyme conformation or lower the energy barrier, resulting in
a higher rate constant, or they could trap an enzyme in an
inactive form, resulting in a vanishing reactivity. A point in case
is the cell-free gene expression and folding of fluorescent reporter
proteins: inside PEG-based coacervates, transcription was found
to take place with a two orders of magnitude higher polymerase
association constant and a 6-fold higher transcription rate
constant (Sokolova et al., 2013). However, in polylysine-CMDex
coacervates, gene expression appeared to be slower overall, and
the yield was reduced significantly by protein aggregation in
the coacervates (Dora Tang et al., 2015). Apparently, chemical
interactions sometimes have a larger effect than macromolecular
crowding, although a detailed analysis requires more systematic
studies using benchmark reactions.

For more complex processes, including multi-step reactions
and reaction networks, coacervates could further affect the
kinetics. The coacervate matrix can act as scaffold to spatially
organize enzymatic cascades, and enhance overall processivity
(Figure 2C) (Klingauf et al., 2006; Davis et al., 2015; Kastritis
and Gavin, 2018). Such a functional role has been proposed for
example for nucleoli and processing bodies. Finally, differential
partitioning of substrates and products of a reaction could
result in an effective rate acceleration (Figure 2C), akin to
what happens in phase transfer catalysis. The uptake of a
fusion protein with one or more LAF-1-derived RGG domains
and subsequent release of a cargo domain after cleavage from
the fusion protein inside coacervates provides a promising
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example, although rates have not been determined in this
case (Schuster et al., 2018).

OUTLOOK

This review has focused on cytomimetic approaches to address
three aspects of MLOs that are still poorly understood:
dynamic assembly, partitioning of client molecules and reaction
kinetics inside MLOs. Coacervates serve as model systems
to investigate these aspects systematically in vitro. However,
most coacervates are still far from resembling cellular MLOs,
and significant progress is needed to develop coacervate-
based cytomimetic systems that capture the full complexity
of spatiotemporal organization in cells. Multicompartment
coacervates have recently been developed based on ELPs with
different chain lengths (Simon et al., 2017), and different IDPs
derived from nucleoli (Feric et al., 2016), in an attempt to
better understand the hierarchical organization of the numerous
different components found in many MLOs. A related aspect
that has not been experimentally addressed yet, is how different
types of coacervates or MLOs could coexist in the same cytosol,

without mixing (Feric et al., 2016; Harmon et al., 2017b), as
has long been known for many other multicomponent liquid
mixtures (Mace et al., 2012; Torre et al., 2014). This could
be connected to amphipathic biomolecules that adsorb at the
liquid-liquid interface to stabilize it (Mason et al., 2017; Simon
et al., 2017), or to a continuous turnover of coacervate material,
away from thermodynamic equilibrium, in order to suppress
Ostwald ripening (Zwicker et al., 2015). Such aspects represent
the oncoming challenges on the road to artificial organelles
and cells.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

The authors acknowledge financial support from the Netherlands
Organization for Scientific Research (NWO), grant numbers
722.015.004 and 740.018.001.

REFERENCES

Aguilera-Gomez, A., and Rabouille, C. (2017). Membrane-bound organelles versus

membrane-less compartments and their control of anabolic pathways in

Drosophila. Dev. Biol. 428, 310–317. doi: 10.1016/j.ydbio.2017.03.029

Alberti, S. (2017). The wisdom of crowds: regulating cell function

through condensed states of living matter. J. Cell Sci. 130, 2789–2796.

doi: 10.1242/jcs.200295

Anderson, P., and Kedersha, N. (2006). RNA granules. J. Cell Biol. 172, 803–808.

doi: 10.1083/jcb.200512082

André, A. A. M., and Spruijt, E. (2018). Rigidity rules in DNA droplets:

nucleic acid flexibility affects model membraneless organelles. Biophys. J. 115,

1837–1839. doi: 10.1016/j.bpj.2018.09.023

Aumiller, W. M., and Keating, C. D. (2016). Phosphorylation-mediated

RNA/peptide complex coacervation as a model for intracellular liquid

organelles. Nat. Chem. 8, 129–137. doi: 10.1038/nchem.2414

Aumiller, W. M., and Keating, C. D. (2017). Experimental models for

dynamic compartmentalization of biomolecules in liquid organelles: Reversible

formation and partitioning in aqueous biphasic systems. Adv. Colloid Interface

Sci. 239, 75–87. doi: 10.1016/j.cis.2016.06.011

Banani, S. F., Lee, H. O., Hyman, A. A., and Rosen, M. K. (2017). Biomolecular

condensates: organizers of cellular biochemistry. Nat. Rev. Mol. Cell Biol. 18,

285–298. doi: 10.1038/nrm.2017.7

Banerjee, P. R., Milin, A. N., Moosa, M. M., Onuchic, P. L., and Deniz, A.

A. (2017). Reentrant phase transition drives dynamic substructure formation

in ribonucleoprotein droplets. Angew. Chem. Int. Ed. 56, 11354–11359.

doi: 10.1002/anie.201703191

Bénichou, O., Chevalier, C., Klafter, J., Meyer, B., and Voituriez, R. (2010).

Geometry-controlled kinetics. Nat. Chem. 2, 472–477. doi: 10.1038/nchem.622

Berry, J., Weber, S. C., Vaidya, N., Haataja, M., and Brangwynne, C. P. (2015).

RNA transcription modulates phase transition-driven nuclear body assembly.

Proc. Natl. Acad. Sci. U.S.A. 112, E5237–E5245. doi: 10.1073/pnas.15093

17112

Black, K. A., Priftis, D., Perry, S. L., Yip, J., Byun, W. J., and Tirrell, M. (2014).

Protein encapsulation via polypeptide complex coacervation. ACS Macro Lett.

3, 1088–1091. doi: 10.1021/mz500529v

Brangwynne, C. P., Tompa, P., and Pappu, R. V. (2015). Polymer physics of

intracellular phase transitions. Nat. Phys. 11, 899–904. doi: 10.1038/nphys3532

Chang, L. W., Lytle, T. K., Radhakrishna, M., Madinya, J. J., Vélez, J., Sing, C. E.,

et al. (2017). Sequence and entropy-based control of complex coacervates. Nat.

Commun. 8:1273. doi: 10.1038/s41467-017-01249-1

Cohen, T. J., Hwang, A. W., Restrepo, C. R., Yuan, C. X., Trojanowski, J. Q.,

and Lee, V. M. (2015). An acetylation switch controls TDP-43 function and

aggregation propensity. Nat. Commun. 6:5845. doi: 10.1038/ncomms6845

Darling, A. L., Liu, Y., Oldfield, C. J., and Uversky, V. N. (2018). Intrinsically

disordered proteome of human membrane-less organelles. Proteomics

18:1700193. doi: 10.1002/pmic.201700193

Davis, B. W., Aumiller, W. M., Hashemian, N., An, S., Armaou, A., and Keating,

C. D. (2015). Colocalization and sequential enzyme activity in aqueous

biphasic systems: experiments and modeling. Biophys. J. 109, 2182–2194.

doi: 10.1016/j.bpj.2015.09.020

de Kruif, C. G., Weinbreck, F., and de Vries, R. (2004). Complex coacervation

of proteins and anionic polysaccharides. Curr. Opin. Colloid Interface Sci. 9,

340–349. doi: 10.1016/j.cocis.2004.09.006

Delaney, K. T., and Fredrickson, G. H. (2017). Theory of polyelectrolyte

complexation—Complex coacervates are self-coacervates. J. Chem. Phys.

146:224902. doi: 10.1063/1.4985568

Dignon, G. L., Zheng, W., Kim, Y. C., Best, R. B., and Mittal, J. (2018). Sequence

determinants of protein phase behavior from a coarse-grained model. PLoS

Comput. Biol. 14:e1005941. doi: 10.1371/journal.pcbi.1005941

Ditlev, J. A., Case, L. B., and Rosen, M. K. (2018). Who’s in and who’s

out—compositional control of biomolecular condensates. J. Mol. Biol. 430,

4666–4684. doi: 10.1016/j.jmb.2018.08.003

Dora Tang, T. Y., van Swaay, D., deMello, A., Ross Anderson, J. L., and Mann, S.

(2015). In vitro gene expression within membrane-free coacervate protocells.

Chem. Commun. 51, 11429–11432. doi: 10.1039/C5CC04220H

Drobot, B., Iglesias-Artola, J. M., Le Vay, K., Mayr, V., Kar, M., Kreysing, M.,

et al. (2018). Compartmentalised RNA catalysis in membrane-free coacervate

protocells. Nat. Commun. 9:3643. doi: 10.1038/s41467-018-06072-w

Elbaum-Garfinkle, S., Kim, Y., Szczepaniak, K., Chen, C. C., Eckmann, C. R.,

Myong, S., et al. (2015). The disordered P granule protein LAF-1 drives phase

separation into droplets with tunable viscosity and dynamics. Proc. Natl. Acad.

Sci. U.S.A. 112, 7189–7194. doi: 10.1073/pnas.1504822112

Falahati, H., and Wieschaus, E. (2017). Independent active and thermodynamic

processes govern the nucleolus assembly in vivo. Proc. Natl. Acad. Sci. U.S.A.

114, 1335–1340. doi: 10.1073/pnas.1615395114

Frontiers in Molecular Biosciences | www.frontiersin.org 7 April 2019 | Volume 6 | Article 21

https://doi.org/10.1016/j.ydbio.2017.03.029
https://doi.org/10.1242/jcs.200295
https://doi.org/10.1083/jcb.200512082
https://doi.org/10.1016/j.bpj.2018.09.023
https://doi.org/10.1038/nchem.2414
https://doi.org/10.1016/j.cis.2016.06.011
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1002/anie.201703191
https://doi.org/10.1038/nchem.622
https://doi.org/10.1073/pnas.1509317112
https://doi.org/10.1021/mz500529v
https://doi.org/10.1038/nphys3532
https://doi.org/10.1038/s41467-017-01249-1
https://doi.org/10.1038/ncomms6845
https://doi.org/10.1002/pmic.201700193
https://doi.org/10.1016/j.bpj.2015.09.020
https://doi.org/10.1016/j.cocis.2004.09.006
https://doi.org/10.1063/1.4985568
https://doi.org/10.1371/journal.pcbi.1005941
https://doi.org/10.1016/j.jmb.2018.08.003
https://doi.org/10.1039/C5CC04220H
https://doi.org/10.1038/s41467-018-06072-w
https://doi.org/10.1073/pnas.1504822112
https://doi.org/10.1073/pnas.1615395114
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Nakashima et al. Biomolecular Chemistry in Coacervate Organelles

Feric,M., Vaidya, N., Harmon, T. S., Mitrea, D.M., Zhu, L., Richardson, T.M., et al.

(2016). Coexisting liquid phases underlie nucleolar, subcompartments.Cell 165,

1686–1697. doi: 10.1016/j.cell.2016.04.047

Frankel, E. A., Bevilacqua, P. C., and Keating, C. D. (2016). Polyamine/nucleotide

coacervates provide strong compartmentalization of mg2+, nucleotides, and

RNA. Langmuir 32, 2041–2049. doi: 10.1021/acs.langmuir.5b04462

Gomes, E., and Shorter, J. (2018). The molecular language of membraneless

organelles. J. Biol. Chem. doi: 10.1074/jbc.TM118.001192. [Epub ahead of

print].

Hansen, M. M., Meijer, L. H., Spruijt, E., Maas, R. J., Rosquelles, M. V., Groen, J.,

et al. (2016). Macromolecular crowding creates heterogeneous environments

of gene expression in picolitre droplets. Nat. Nanotechnol. 11, 191–197.

doi: 10.1038/nnano.2015.243

Harmon, T. S., Holehouse, A. S., and Pappu, R. V. (2017b). To mix, or to demix,

that is the question. Biophys. J. 112, 565–567. doi: 10.1016/j.bpj.2016.12.031

Harmon, T. S., Holehouse, A. S., Rosen, M. K., and Pappu, R. V. (2017a).

Intrinsically disordered linkers determine the interplay between

phase separation and gelation in multivalent proteins. eLife 6:e30294.

doi: 10.7554/eLife.30294

Heald, R., and Cohen-Fix, O. (2014). Morphology and function of

membrane-bound organelles. Curr. Opin. Cell Biol. 26, 79–86.

doi: 10.1016/j.ceb.2013.10.006

Ishimoto, C., and Tanaka, T. (1977). Critical Behavior of a Binary

Mixture of Protein and Salt Water. Phys. Rev. Lett. 39, 474–477.

doi: 10.1103/PhysRevLett.39.474

Jain, A., and Vale, R. D. (2017). RNA phase transitions in repeat expansion

disorders. Nature 546, 243–247. doi: 10.1038/nature22386

Jiang, H., Wang, S., Huang, Y., He, X., Cui, H., Zhu, X., et al. (2015). Phase

transition of spindle-associated protein regulate spindle apparatus assembly.

Cell 163, 108–122. doi: 10.1016/j.cell.2015.08.010

Kaibara, K., Okazaki, T., Bohidar, H. B., and Dubin, P. (2000). pH-

induced coacervation in complexes of bovine serum albumin and cationic

polyelectrolytes. Biomacromolecules 1, 100–107. doi: 10.1021/bm990006k

Kastelic, M., Kalyuzhnyi, Y. V., and Vlachy, V. (2016). Modeling phase

transitions in mixtures of β-γ lens crystallins. Soft Matter 12, 7289–7298.

doi: 10.1039/C6SM01513A

Kastritis, P. L., and Gavin, A. C. (2018). Enzymatic complexes across scales. Essays

Biochem. 62, 501–514. doi: 10.1042/EBC20180008

Kausik, R., Srivastava, A., Korevaar, P. A., Stucky, G., Waite, J. H., and Han,

S. (2009). Local water dynamics in coacervated polyelectrolytes monitored

through dynamic nuclear polarization-enhanced 1 HNMR.Macromolecules 42,

7404–7412. doi: 10.1021/ma901137g

Klingauf, M., Stanek, D., and Neugebauer, K. M. (2006). Enhancement

of U4/U6 small nuclear ribonucleoprotein particle association in cajal

bodies predicted by mathematical modeling. Mol. Biol. Cell 17, 4972–4981.

doi: 10.1091/mbc.e06-06-0513

Koga, S., Williams, D. S., Perriman, A. W., and Mann, S. (2011). Peptide–

nucleotide microdroplets as a step towards a membrane-free protocell model.

Nat. Chem. 3, 720–724. doi: 10.1038/nchem.1110

Kojima, T., and Takayama, S. (2018). Membraneless compartmentalization

facilitates enzymatic cascade reactions and reduces substrate inhibition. ACS

Appl. Mater. Interfaces 10, 32782–32791. doi: 10.1021/acsami.8b07573

Langdon, E. M., Qiu, Y., Ghanbari Niaki, A., McLaughlin, G. A., Weidmann, C. A.,

Gerbich, T. M., et al. (2018). mRNA structure determines specificity of a polyQ-

driven phase separation. Science 360, 922–927. doi: 10.1126/science.aar7432

Li, P., Banjade, S., Cheng, H. C., Kim, S., Chen, B., Guo, L., et al. (2012). Phase

transitions in the assembly of multivalent signalling proteins. Nature 483,

336–340. doi: 10.1038/nature10879

Lindhoud, S., and Claessens, M. M. (2016). Accumulation of small protein

molecules in a macroscopic complex coacervate. Soft Matter 12, 408–413.

doi: 10.1039/C5SM02386F

Lindhoud, S., Norde, W., and Cohen Stuart, M. A. (2010). Effects of polyelectrolyte

complex micelles and their components on the enzymatic activity of lipase.

Langmuir 26, 9802–9808. doi: 10.1021/la1000705

Liu, H., Kumar, S. K., and Sciortino, F. (2007). Vapor-liquid coexistence of patchy

models: Relevance to protein phase behavior. J. Chem. Phys. 127:084902.

doi: 10.1063/1.2768056

Lomakin, A., Asherie, N., and Benedek, G. B. (1999). Aeolotopic interactions

of globular proteins. Proc. Natl. Acad. Sci. U.S.A. 96, 9465–9468.

doi: 10.1073/pnas.96.17.9465

Mace, C. R., Akbulut, O., Kumar, A. A., Shapiro, N. D., Derda, R., Patton, M. R.,

et al. (2012). Aqueous multiphase systems of polymers and surfactants provide

self-assembling step-gradients in density. J. Am. Chem. Soc. 134, 9094–9097.

doi: 10.1021/ja303183z

Martin, N., Li, M., and Mann, S. (2016). Selective uptake and refolding of

globular proteins in coacervate microdroplets. Langmuir 32, 5881–5889.

doi: 10.1021/acs.langmuir.6b01271

Mason, A. F., Buddingh’, B. C., Williams, D. S., and van Hest, J. C. M. (2017).

Hierarchical self-assembly of a copolymer-stabilized coacervate protocell. J.

Am. Chem. Soc. 139, 17309–17312. doi: 10.1021/jacs.7b10846

Menjoge, A. R., Kayitmazer, A. B., Dubin, P. L., Jaeger, W., and Vasenkov, S.

(2008). Heterogeneity of polyelectrolyte diffusion in polyelectrolyte–protein

coacervates: A 1 H pulsed field gradient NMR study. J. Phys. Chem. B 112,

4961–4966. doi: 10.1021/jp711515h

Merindol, R., Loescher, S., Samanta, A., and Walther, A. (2018). Pathway-

controlled formation of mesostructured all-DNA colloids and superstructures.

Nat. Nanotechnol. 13, 730–738. doi: 10.1038/s41565-018-0168-1

Minton, A. P. (2006). Macromolecular crowding. Curr. Biol. 16, R269–R271.

doi: 10.1016/j.cub.2006.03.047

Mitrea, D. M., and Kriwacki, R. W. (2016). Phase separation in biology;

functional organization of a higher order. Cell Commun. Signal. 14:1.

doi: 10.1186/s12964-015-0125-7

Nakashima, K. K., Baaij, J. F., and Spruijt, E. (2018). Reversible generation

of coacervate droplets in an enzymatic network. Soft Matter 14, 361–367.

doi: 10.1039/C7SM01897E

Nguemaha, V., and Zhou, H. X. (2018). Liquid-liquid phase separation of patchy

particles illuminates diverse effects of regulatory components on protein

droplet formation. Sci. Rep. 8:6728. doi: 10.1038/s41598-018-25132-1

Nott, T. J., Craggs, T. D., and Baldwin, A. J. (2016). Membraneless organelles

can melt nucleic acid duplexes and act as biomolecular filters. Nat. Chem. 8,

569–575. doi: 10.1038/nchem.2519

Nott, T. J., Petsalaki, E., Farber, P., Jervis, D., Fussner, E., Plochowietz, A.,

et al. (2015). Phase transition of a disordered nuage protein generates

environmentally responsive membraneless organelles. Mol. Cell 57, 936–947.

doi: 10.1016/j.molcel.2015.01.013

Pak, C. W., Kosno, M., Holehouse, A. S., Padrick, S. B., Mittal, A., Ali,

R., et al. (2016). Sequence determinants of intracellular phase separation

by complex coacervation of a disordered protein. Mol. Cell 63, 72–85.

doi: 10.1016/j.molcel.2016.05.042

Perry, S. L., Leon, L., Hoffmann, K. Q., Kade, M. J., Priftis, D., Black, K. A., et al.

(2015). Chirality-selected phase behaviour in ionic polypeptide complexes.Nat.

Commun. 6:6052. doi: 10.1038/ncomms7052

Quiroz, F. G., and Chilkoti, A. (2015). Sequence heuristics to encode phase

behaviour in intrinsically disordered protein polymers. Nat. Mater. 14,

1164–1171. doi: 10.1038/nmat4418

Rai, A. K., Chen, J. X., Selbach, M., and Pelkmans, L. (2018). Kinase-controlled

phase transition of membraneless organelles in mitosis. Nature 559, 211–216.

doi: 10.1038/s41586-018-0279-8

Reineke, L. C., Tsai,W. C., Jain, A., Kaelber, J. T., Jung, S. Y., and Lloyd, R. E. (2017).

Casein kinase 2 is linked to stress granule dynamics through phosphorylation

of the stress granule nucleating protein G3BP1. Mol. Cell. Biol. 37:e00596–16.

doi: 10.1128/MCB.00596-16

Saha, T., and Galic, M. (2018). Self-organization across scales: from

molecules to organisms. Philos. Trans. R. Soc. B Biol. Sci. 373:20170113.

doi: 10.1098/rstb.2017.0113

Saito, M., Hess, D., Eglinger, J., Fritsch, A. W., Kreysing, M., Weinert, B. T.,

et al. (2019). Acetylation of intrinsically disordered regions regulates phase

separation. Nat. Chem. Biol. 15, 51–61. doi: 10.1038/s41589-018-0180-7

Schuster, B. S., Reed, E. H., Parthasarathy, R., Jahnke, C. N., Caldwell, R.

M., Bermudez, J. G., et al. (2018). Controllable protein phase separation

and modular recruitment to form responsive membraneless organelles. Nat.

Commun. 9:2985. doi: 10.1038/s41467-018-05403-1

Shakya, A., and King, J. (2018). Non-fickian molecular transport in protein–DNA

droplets. ACS Macro Lett. 7, 1220–1225. doi: 10.1021/acsmacrolett.8b00565

Frontiers in Molecular Biosciences | www.frontiersin.org 8 April 2019 | Volume 6 | Article 21

https://doi.org/10.1016/j.cell.2016.04.047
https://doi.org/10.1021/acs.langmuir.5b04462
https://doi.org/10.1074/jbc.TM118.001192
https://doi.org/10.1038/nnano.2015.243
https://doi.org/10.1016/j.bpj.2016.12.031
https://doi.org/10.7554/eLife.30294
https://doi.org/10.1016/j.ceb.2013.10.006
https://doi.org/10.1103/PhysRevLett.39.474
https://doi.org/10.1038/nature22386
https://doi.org/10.1016/j.cell.2015.08.010
https://doi.org/10.1021/bm990006k
https://doi.org/10.1039/C6SM01513A
https://doi.org/10.1042/EBC20180008
https://doi.org/10.1021/ma901137g
https://doi.org/10.1091/mbc.e06-06-0513
https://doi.org/10.1038/nchem.1110
https://doi.org/10.1021/acsami.8b07573
https://doi.org/10.1126/science.aar7432
https://doi.org/10.1038/nature10879
https://doi.org/10.1039/C5SM02386F
https://doi.org/10.1021/la1000705
https://doi.org/10.1063/1.2768056
https://doi.org/10.1073/pnas.96.17.9465
https://doi.org/10.1021/ja303183z
https://doi.org/10.1021/acs.langmuir.6b01271
https://doi.org/10.1021/jacs.7b10846
https://doi.org/10.1021/jp711515h
https://doi.org/10.1038/s41565-018-0168-1
https://doi.org/10.1016/j.cub.2006.03.047
https://doi.org/10.1186/s12964-015-0125-7
https://doi.org/10.1039/C7SM01897E
https://doi.org/10.1038/s41598-018-25132-1
https://doi.org/10.1038/nchem.2519
https://doi.org/10.1016/j.molcel.2015.01.013
https://doi.org/10.1016/j.molcel.2016.05.042
https://doi.org/10.1038/ncomms7052
https://doi.org/10.1038/nmat4418
https://doi.org/10.1038/s41586-018-0279-8
https://doi.org/10.1128/MCB.00596-16
https://doi.org/10.1098/rstb.2017.0113
https://doi.org/10.1038/s41589-018-0180-7
https://doi.org/10.1038/s41467-018-05403-1
https://doi.org/10.1021/acsmacrolett.8b00565
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Nakashima et al. Biomolecular Chemistry in Coacervate Organelles

Shin, Y., and Brangwynne, C. P. (2017). Liquid phase condensation in cell

physiology and disease. Science 357:eaaf4382. doi: 10.1126/science.aaf4382

Simon, J. R., Carroll, N. J., Rubinstein, M., Chilkoti, A., and López, G.

(2017). Programming molecular self-assembly of intrinsically disordered

proteins containing sequences of low complexity. Nat. Chem. 9, 509–515.

doi: 10.1038/nchem.2715

Sing, C. E. (2017). Development of the modern theory of polymeric

complex coacervation. Adv. Colloid Interface Sci. 239, 2–16.

doi: 10.1016/j.cis.2016.04.004

Smith, J., Calidas, D., Schmidt, H., Lu, T., Rasoloson, D., and Seydoux,

G. (2016). Spatial patterning of P granules by RNA-induced phase

separation of the intrinsically-disordered protein MEG-3. Elife 5:e21337

doi: 10.7554/eLife.21337

Sokolova, E., Spruijt, E., Hansen, M. M., Dubuc, E., Groen, J., Chokkalingam, V.,

et al. (2013). Enhanced transcription rates in membrane-free protocells formed

by coacervation of cell lysate. Proc. Natl. Acad. Sci. U.S.A. 110, 11692–11697.

doi: 10.1073/pnas.1222321110

Spruijt, E., van den Berg, S. A., Cohen Stuart, M. A., and van der Gucht, J. (2012).

Direct measurement of the strength of single ionic bonds between hydrated

charges. ACS Nano 6, 5297–5303. doi: 10.1021/nn301097y

Spruijt, E., Westphal, A. H., Borst, J. W., Cohen Stuart, M. A., and van der Gucht,

J. (2010). Binodal compositions of polyelectrolyte complexes. Macromolecules

43, 6476–6484. doi: 10.1021/ma101031t

Stroberg, W., and Schnell, S. (2018). Do cellular condensates accelerate

biochemical reactions? Lessons from microdroplet chemistry. Biophys. J. 115,

3–8. doi: 10.1016/j.bpj.2018.05.023

Strulson, C. A., Molden, R. C., Keating, C. D., and Bevilacqua, P. C.

(2012). RNA catalysis through compartmentalization. Nat. Chem. 4, 941–946.

doi: 10.1038/nchem.1466

Tabaka, M., Kalwarczyk, T., Szymanski, J., Hou, S., and Holyst, R. (2014).

The effect of macromolecular crowding on mobility of biomolecules,

association kinetics, and gene expression in living cells. Front. Phys. 2:54.

doi: 10.3389/fphy.2014.00054

Tanikawa, C., Ueda, K., Suzuki, A., Iida, A., Nakamura, R., Atsuta, N.,

et al. (2018). Citrullination of RGG motifs in FET proteins by PAD4

regulates protein aggregation and ALS susceptibility. Cell Rep. 22, 1473–1483.

doi: 10.1016/j.celrep.2018.01.031

Thomson, J. A., Schurtenberger, P., Thurston, G. M., and Benedek, G.

B. (1987). Binary liquid phase separation and critical phenomena in

a protein/water solution. Proc. Natl. Acad. Sci. U.S.A. 84, 7079–7083.

doi: 10.1073/pnas.84.20.7079

Thurston, G. M. (2006). Liquid-liquid phase separation and static light scattering

of concentrated ternary mixtures of bovine α and γB crystallins. J. Chem. Phys.

124:134909. doi: 10.1063/1.2168451

Torre, P., Keating, C. D., andMansy, S. S. (2014).Multiphase water-in-oil emulsion

droplets for cell-free transcription–translation. Langmuir 30, 5695–5699.

doi: 10.1021/la404146g

van der Gucht, J., Spruijt, E., Lemmers, M., and Cohen Stuart, M. A. (2011).

Polyelectrolyte complexes: bulk phases and colloidal systems. J. Colloid

Interface Sci. 361, 407–422. doi: 10.1016/j.jcis.2011.05.080

Vlachy, V., Blanch, H. W., and Prausnitz, J. M. (1993). Liquid-liquid phase

separations in aqueous solutions of globular proteins. AIChE J. 39, 215–223.

doi: 10.1002/aic.690390204

Wei, M. T., Elbaum-Garfinkle, S., Holehouse, A. S., Chen, C. C., Feric, M., Arnold,

C. B., et al. (2017). Phase behaviour of disordered proteins underlying low

density and high permeability of liquid organelles. Nat. Chem. 9, 1118–1125.

doi: 10.1038/nchem.2803

Williams, D. S., Koga, S., Hak, R. C., Majrekar, A., Patil, A. J., Perriman,

A. W., et al. (2012). Polymer/nucleotide droplets as bio-inspired

functional micro-compartments. Soft Matter 8:6004. doi: 10.1039/c2sm2

5184a

Zhang, X., Lin, Y., Eschmann, N. A., Zhou, H., Rauch, J. N.,

Hernandez, I., et al. (2017). RNA stores tau reversibly in complex

coacervates. PLoS Biol. 15:e2002183. doi: 10.1371/journal.pbio.20

02183

Zhao, M., Eghtesadi, S. A., Dawadi, M. B., Wang, C., Huang, S., Seymore,

A. H., et al. (2017). Partitioning of small molecules in hydrogen-

bonding complex coacervates of poly (acrylic acid) and poly (ethylene

glycol) or pluronic block copolymer. Macromolecules 50, 3818–3830.

doi: 10.1021/acs.macromol.6b02815

Zhou, H.-X., Nguemaha, V., Mazarakos, K., and Qin, S. (2018).Why do disordered

and structured proteins behave differently in phase separation?Trends Biochem.

Sci. 43, 499–516. doi: 10.1016/j.tibs.2018.03.007

Zwicker, D., Hyman, A. A., and Jülicher, F. (2015). Suppression of

Ostwald ripening in active emulsions. Phys. Rev. E 92:012317.

doi: 10.1103/PhysRevE.92.012317

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Nakashima, Vibhute and Spruijt. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Molecular Biosciences | www.frontiersin.org 9 April 2019 | Volume 6 | Article 21

https://doi.org/10.1126/science.aaf4382
https://doi.org/10.1038/nchem.2715
https://doi.org/10.1016/j.cis.2016.04.004
https://doi.org/10.7554/eLife.21337
https://doi.org/10.1073/pnas.1222321110
https://doi.org/10.1021/nn301097y
https://doi.org/10.1021/ma101031t
https://doi.org/10.1016/j.bpj.2018.05.023
https://doi.org/10.1038/nchem.1466
https://doi.org/10.3389/fphy.2014.00054
https://doi.org/10.1016/j.celrep.2018.01.031
https://doi.org/10.1073/pnas.84.20.7079
https://doi.org/10.1063/1.2168451
https://doi.org/10.1021/la404146g
https://doi.org/10.1016/j.jcis.2011.05.080
https://doi.org/10.1002/aic.690390204
https://doi.org/10.1038/nchem.2803
https://doi.org/10.1039/c2sm25184a
https://doi.org/10.1371/journal.pbio.2002183
https://doi.org/10.1021/acs.macromol.6b02815
https://doi.org/10.1016/j.tibs.2018.03.007
https://doi.org/10.1103/PhysRevE.92.012317
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Biomolecular Chemistry in Liquid Phase Separated Compartments
	Cellular Organization by Liquid Phase Separated Compartments
	Coacervates as Model Membraneless Organelles
	Biochemical Control of Droplet Condensation and Dissolution
	Partitioning and Sequestration of Client Molecules
	Biochemical Reactions Inside Liquid Compartments
	Outlook
	Author Contributions
	Acknowledgments
	References


