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Abstract

The discovery of membraneless organelles (MLOs) formed by liquid-liquid phase
separation raised many questions about the spatial organization of biomolecular
processes in cells, but also offered a new tool to mimic cellular media. Since disordered
and charged protein domains are often necessary for phase separation, coacervates
can be used as models both to understand MLO regulation and to develop dynamic
cellular-like compartments. A versatile way to turn passive coacervate droplets into
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active and dynamic compartments is by introducing enzymatic reactions that affect
parameters relevant for complex coacervation, such as the charge and length of the
components. However, these reactions strictly take place in a heterogeneous medium,
and the complexity thereof is hardly addressed, making it difficult to achieve true con-
trol. In this chapter we help close this gap by describing two coacervate systems in
which enzymatic reactions endow coacervate droplets with a dynamic character.
We further highlight the technical challenges posed by the two-phase systems and
strategies to overcome them.

Abbreviations
α monomer charge of polyelectrolytes A or B in Fig. 1(iii)

ϕ volume fraction of polyelectrolytes A or B in Fig. 1(iii)

σ charge density of polyelectrolytes A or B in Fig. 1(iii)

τ turbidity

Abs absorbance

ADP adenosine diphosphate

ATP adenosine triphosphate

Beq dilute phase equilibrium concentration of coacervate component B in the dilute phase

Beq dense phase equilibrium concentration of coacervate component B in the dense phase

Ddx3 DEAD box helicase protein 3

Ddx4 DEAD box helicase protein 4

DMF dimethylformamide

DNA deoxyribonucleic acid

EDTA ethylenediaminetetraacetic acid

F free energy of demixing for a two-component (A and B) solution in Fig. 1(iii)

FL fluorescence

HK hexokinase enzyme

HPLC high performance liquid chromatography

I light intensity

IDP intrinsically disordered protein

kB Boltzmann constant

K generic rate constant

kcat apparent rate constant of enzymatic reaction

KM substrate concentration for 1/2 maximal enzymatic reaction rate

K, Kp partitioning equilibrium constant

LLPS liquid-liquid phase separation

LPP lambda protein phosphatase

MEG-3 protein maternally expressed gene 3

MLO membraneless organelle

N number of monomers per polyelectrolyte chain in Fig. 1(iii)

NCK cytoplasmic protein NCK1

NMR nuclear magnetic resonance

N-WASP neural Wiskott-Aldrich syndrome protein

PDMS polydimethylsiloxane

PEG poly(ethylene glycol)

PEP phosphoenolpyruvate
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PLE poly-L-glutamic acid

PLL poly-L-lysine

PNPase polynucleotide phosphorylase enzyme

poly-U polyuridylic acid

PSL poly-L-serine-L-lysine

PVA polyvinyl alcohol

PyK pyruvate kinase enzyme

rDNA ribosomal DNA

RGG arginine-glycine-glycine domain

RNA riboxy nucleic acid

rRNA ribosomal RNA

T% percentual transmittance

TAMRA tetramethylrhodamine

TEV tobacco etch virus

UDP uridine diphosphate

UMP uridine monophosphate

Vin volume of the coacervate phase after centrifugation

Vout volume of the dilute phase after centrifugation

V0 volume of the coacervate phase after dissolution with NaCl

VNaCl volume of salt solution required to dissolve the coacervate pellet

1. Introduction

Coacervates are dense liquid droplets of macromolecules, that were

described in the early 20th century by Bungenberg de Jong and Kruyt

(1929). In the case of complex coacervation, associative interactions between

multiple soluble molecules, of which at least one is a macromolecule (e.g.,

protein, DNA,RNA and other polymers), results in demixing into a polymer

dense and a polymer diluted phase. The best studied complex coacervates are

based on multivalent electrostatic interactions (but the phenomenon is not

limited to those), and therefore responsive to environmental changes, such

as pH, salt concentration and temperature (Brangwynne, Tompa, & Pappu,

2015; Spruijt et al., 2010). Coacervates have been widely used as analogs

for liquid-liquid phase separated bodies identified in cells recently. Many

membraneless organelles (MLOs), such as nucleoli, P-bodies and stress gran-

ules, have been proposed to form through liquid-liquid phase separation

(LLPS) (Brangwynne et al., 2009; Shin & Brangwynne, 2017), controlled

by enzymes. However, realizing a similar degree of dynamic control over

coacervation as is common in cells is not a trivial task. In this chapter we
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will present some tools to bring the expertise from physical chemistry to

the study of coacervates as ideal in vitro models for MLOs and as dynamic

compartments for cell mimicry.

In principle, any two oppositely charged macromolecules can undergo

LLPS, but the area of the liquid phase in a phase diagram is affected by

the strength of the interactions (Fig. 1). When interactions are too weak,

the two-phase region is narrow and hard to find experimentally; when

interactions are too strong, aggregation competes with LLPS at high con-

centration conditions. For complex coacervates, the strength depends, in

addition to environmental factors, on two structural ones: the charge density

and length of the poly-ions. Increasing charge density by adding small

charged groups to the structure increases the electrostatic interaction energy

Fig. 1 Phase diagram for a two-component (A and B) complex coacervate. (i) Phase
diagrams can be presented with a discontinuous plot, where each point represents a
sample that was prepared and characterized by microscopy. (ii) An approximate con-
tinuous phase diagram can be built by interpolating the phase boundaries from
the diagram in (i), or by determining critical points with a titration experiment
(see Section 4). When the concentration of a polyelectrolyte A is fixed, increasing the
concentration of B beyond the saturation point results in phase separation. The horizon-
tal line in (ii) connects the two coexisting phases; the lowest concentration (of B) being
the dilute phase. For some combinations of A and B aggregation can happen and
depending on the structure, the pink area can expand further into the green two-phase
region. (iii) The boundary between the phases can be estimated by minimizing the free
energy of demixing F. For a more detailed account of the theoretical approaches to
complex coacervation, please refer to Brangwynne et al. (2015), Spruijt et al. (2010)
and Perry and Sing (2015).
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(represented in a mean-field Voorn-Overbeek model by the term ασ3/2)
(Brangwynne et al., 2015; Overbeek & Voorn, 1957). Increasing the length

will decrease the relative importance of the mixing entropy and also favor

the demixed state (Fig. 1(iii)). These structural dependencies introduce

the possibility to control LLPS through reversible chemical modifications,

similar to the way cells control condensates. For the purpose of biomimicry

such modifications are much more relevant than environmental changes,

such as variations in pH, that go beyond physiological conditions (Koga,

Williams, Perriman, & Mann, 2011). The challenge to achieve control

translates then into finding good reaction candidates to move along the

horizontal line in Fig. 1(ii). Once achieved, such dynamically controlled

coacervates can be used as a platform to investigate MLO regulation and

function and as a tool for spatiotemporal organization in the context of a

synthetic cell.

For use as in vitromodels of MLOs, coacervates must capture the essential

features of cellular condensates. MLOs are dense liquid droplets containing

various intrinsically disordered proteins (IDP) usually together with nucleic

acids (Banani, Lee, Hyman, &Rosen, 2017; Harmon, Holehouse, Rosen, &

Pappu, 2017). LLPS is driven by associative interactions between low-

complexity domains within the disordered regions of proteins (Banani

et al., 2017; Elbaum-Garfinkle et al., 2015; Mitrea, Chandra, et al., 2018;

Mitrea, Cika, et al., 2018; Nott, Craggs, & Baldwin, 2016), or between olig-

omerization domains or nucleic acid binding domains and RNA (Mitrea,

Chandra, et al., 2018; Mitrea, Cika, et al., 2018; Mitrea et al., 2016). The

underlying interactions are generally responsive to environmental condi-

tions including pH, crowding, ionic strength and temperature. However,

cells could never rely solely on (passive) environmental changes to control

MLO formation, as these factors should be fairly constant in the cellular

environment. Hence, control of multiple MLOs independently would

not be possible.

Instead, MLO formation is commonly controlled by subtle chemical

modifications on side groups of the IDPs or by binding to regulatory pro-

teins (Nott et al., 2015; Qamar et al., 2018; Rai, Chen, Selbach, &

Pelkmans, 2018). Both control mechanisms may be linked to the suggested

role of MLOs in buffering of RNA (Maharana et al., 2018). An example

is the spatial patterning of P-granules. Phosphorylation of MEG-3 by

anteriorly enriched kinases promotes granule disassembly and leads to a

posterior-rich gradient (Wang et al., 2014). MLOs can also function as

bio-reactors, where the phase separation is used to control partitioning of

357Enzymatic control over coacervation



substrates and products (Case, Zhang, Ditlev, &Rosen, 2019; Li et al., 2012;

Shin & Brangwynne, 2017). Reactions inside the MLO compartment

could be enhanced as a result of higher concentrations (Case et al., 2019;

Sokolova et al., 2013), but could also be limited when the substrate is not

able to accumulate in the coacervate phase or when it interacts with the

coacervate network (Banani et al., 2017; Shin & Brangwynne, 2017; Su

et al., 2016). It is clear that enzymes play an important role in controlling

intracellular phase separation, and they are therefore indispensable when

studying coacervates as MLO models in vitro.

In the context of synthetic cells, dynamically controlled coacervates

could serve as model systems for the complex, crowded intracellular milieu,

helping solve traditional challenges in the field. Some benefits of coacer-

vates over other synthetic cell compartments such as liposomes and

polymersomes are: (i) coacervates reach a level of crowding closer to the

cellular environment (Sokolova et al., 2013); (ii) transport of small mole-

cules is not limited by a membrane, circumventing the need to incorporate,

for instance, membrane proteins as pores (Mason, Buddingh, Williams, &

van Hest, 2017); (iii) growth and division of coacervate droplets could

be possible based on chemical reactions, if the underlying rates can be

accurately matched to the coacervate phase characteristics (Te Brinke

et al., 2018; Zwicker, Seyboldt, Weber, Hyman, & J€ulicher, 2016).

Some of these functions can rely on passive mechanisms, but to mimic

cellular dynamics or life-like properties one has to look into active mech-

anisms, such as enzymatic control. But how do enzymes control coacerva-

tion in cells?

Enzymatic reactions can provide great control of coacervation because

of their exceptional catalytic efficiency and well-defined conditions. It

comes as no surprise that enzymes are heavily involved in the regulation

of MLOs in cells. First of all, several examples have been reported where

sidechains of proteins are modified by an enzyme, changing the charge

density that is required for coacervation, which corresponds to modulating

the first structural parameter. In the case of arginine methylation (e.g., Ddx4

and FUS) or lysine acetylation (Ddx3), the modification leads to weakening

of the electrostatic interactions, hence condensates dissolve (Nott et al.,

2015; Qamar et al., 2018; Saito et al., 2019). In a related manner, enzymes

can also be involved in regulating a specific recognition interaction. For

instance, Li et al. reported that phosphorylation of tyrosine is required

for phase separation within the N-WASP signaling pathway (Li et al.,

2012): Nephrin contains three phosphorylation sites that can interact with
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NCK; each NCK protein contains three binding domains that interact

with N-WASP. Fully phosphorylated nephrin thus has effectively nine

binding sites for interacting with N-WASP.

Secondly, it is likely that a reaction catalyzed by a transferase, ligase, or

polymerase will favor phase separation, as the product in these cases has an

increased length. This corresponds to the second structural parameter of

length. With increasing length of a disordered protein or nucleic acid, the

number of charged interaction sites increases and the relative importance

of the mixing entropy decreases. An example can be found in the nucleolus,

an extensively studied membraneless organelle both in vitro and in vivo

(Berry, Weber, Vaidya, Haataja, & Brangwynne, 2015; Feric et al., 2016;

Wei et al., 2017). It is the site of ribogenesis and consists of three type

of condensates. The core is centered around the rDNA repeat on the chro-

mosome. Transcription of rDNA results in the formation of long pre-rRNA

molecules out of nucleotides. The pre-rRNA molecules are further

processed in the second condensate region, called the dense fibrillar compo-

nent. Finally, in the outer granular component, pre-ribosomal particles are

assembled.

These examples of sophisticated enzymatic control over intracellular

condensation suggest that control over less complicated coacervate systems

should be possible. However, using enzymes to control coacervation adds

extra complexity to the physical chemical characterization of systems at

hand, as enzyme partitioning and differential reaction rates must be taken

into account (Nakashima, Vibhute, & Spruijt, 2019). In the following

paragraphs we first discuss the fundamentals of enzymatic reactions in two

phases, followed by two types of enzymatic networks to control coacer-

vation through the structural factors introduced above.

2. Enzymatic reactions in two phases

Finding a suitable enzymatic reaction to increase the length or charge

density of a particular molecule can be a challenging task on itself, especially

for proteins, but even if such a reaction has been found, it still does not

warrant full control over the system. Once the enzyme has catalyzed forma-

tion of enough of the phase separating form of a (macro)molecule (this is

sometimes referred to as “droplet material”), the system enters a two-phase

regime; initially the amount of dense phase (coacervates) may be negligible,

but if concentrations, and thus the degree of supersaturation, are high

enough, the volume can be comparable to that of the dilute phase and it
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can be physically separated (Nott et al., 2015; Spruijt et al., 2010). The

components of the enzymatic reaction, including the enzyme, substrate and

possible cofactors, distribute over the two phases, and although there is

free exchange between droplets and solution, the droplets represent a new

chemical micro-environment. It is crucial to keep in mind the several added

variables (Fig. 2): (i) additional rate constant in the droplet (kin), (ii) new

reactant and enzyme concentrations inside and outside of the droplets,

(iii) partitioning coefficient of all components. These variables all affect the

rate, location and outcome of the reaction. Moreover, it is relevant to control

the rate at which the system enters the area under the binodal (Fig. 1) in order

to avoid spinodal decomposition. If one of the purposes of enzyme-driven

LLPS is to achieve spatiotemporal control over condensation, the parameters

shown in Fig. 2 must be measured and known.

Specifics of enzymatic kinetics also come into play. Recent studies com-

bining enzymes and LLPS rarely mention KM and kcat determination

(exceptions are Davis et al., 2015; Yewdall et al., 2019), which could

provide insight in how condensates affect biochemical reactions. Extreme

differences in partitioning coefficients may result in a situation in which

Fig. 2 Relevant factors for the reaction kinetics of a biomolecular reaction pB+C!B+D
taking place in a two-phase system. An enzyme E converts a precursor pB into droplet
material B, that complexes with A to form coacervates. Rate constants (kin, kout, kon)
might differ depending on the environment of the reaction and partitioning coefficients
(Ki) affect the concentration and co-localization of all molecules involved. If the enzy-
matic reaction suffers from product inhibition, coacervation might limit its progression
because of product accumulation; if product activation is possible, coacervation might
lead to autocatalysis.
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Michaelis-Menten conditions no longer apply, making it difficult to mod-

ulate the kinetics to achieve the desired behavior (such as droplet growth,

highly dependent on reaction rates (Zwicker et al., 2016)). Given how

sensitive enzyme activity can be to the precise buffer conditions and other

environmental factors, it may seem surprising that these reactions still

proceed at all beyond the phase saturation point (Fig. 1(ii)), especially if

the enzymes are taken up inside the droplets. For example, it has been taken

for granted that pyruvate kinase (PyK) converts ADP to ATP in presence

of poly-L-lysine to form coacervates (Nakashima, Baaij, & Spruijt, 2018),

but it is not known how PyK overcomes the expected inhibition by

ATP, which is now present at high concentrations inside the droplets.

We propose that enzyme-driven LLPS can benefit from a more detailed

chemical characterization, and that approaching such systems as a two-phase

reaction system is crucial for full control. This poses many analytical

challenges as not all techniques are suitable for inhomogeneous mixtures.

First, there is no straightforward method to quantify the extent of coacer-

vation; one alternative is to measure the volume of the dense phase, but

that cannot be done in a continuous manner. The most often used observ-

able is turbidity (fraction of light scattered at a wavelength where the sample

is transparent and non-absorbing, normally 500–700nm) (Kaibara, Okazaki,

Bohidar, & Dubin, 2000), which is an indirect measurement of the

amount of droplets, and not a proof of the formation of liquid condensates.

Still, for small timescales (minutes) it may correlate well to the progress of a

reaction that results in the formation of droplet material. For longer obser-

vation periods, the gravitational settling of the droplets, coalescence or their

adhesion to the walls of the well plate where the measurement is normally

performed, start to interfere by decreasing turbidity even if the amount of

droplet material remains the same. It is important to note this will also affect

absorbance measurements performed in emulsions at any wavelength.

Turbidity measurements in a plate reader must be paired with micros-

copy to demonstrate the liquid nature of the condensates, as thin solid aggre-

gates in suspension may be confused with an emulsion of liquid droplets

based on turbidity alone. Microscopy is the most reliable technique to

quantify components inside and outside the coacervate droplets, with the

advantage of analyzing the two phases separately, while turbidity is a bulk

measurement. The drawback is that covalent fluorescent labels are needed

and their choice is crucial as to not drastically affect the structure (charge

density or length) (Quinn et al., 2015) and the enzymatic activity. An addi-

tional requirement of microscopy is that, in order to monitor coacervates
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as single droplets, with a stable position over time, the observation surface

must be treated to minimize wetting. With regular and non-interacting

surfaces (e.g., PVA, PEG), the midplane of the droplets directly on the glass

can be analyzed for extended periods, as a way to prove the condensation

process and to estimate the volume of coacervate phase.

Typical reaction-monitoring techniques—chromatography, mass spec-

trometry, NMR—can be used for the emulsion as a whole, or for the phases

separately. The former will always require a homogenizing step to prevent

fluctuations in the signal across the sample or aggregation during injection.

This makes it challenging to study fast kinetics of reactions in coacervates,

but it may be the only available alternative for small molecule-based

coacervates, when fluorescent labeling is the most disturbing. It is also

possible and sometimes essential to separate the coacervate phase and the

dilute phase by centrifugation. However, for small-scale experiments, with

a limited amount of protein, it will generate a supernatant and a tiny coac-

ervate pellet, which must be diluted or dissolved again before analysis. In

theory, this approach yields more information about the parameters dis-

played in Fig. 2, but it introduces another challenge of knowing the initial

volume of the pellet with precision.

3. Control over coacervation by chain length
and charge density

In order to describe a strategy as general as possible, we will use two

emblematic examples of enzymatically controlled coacervation, one of each

category previously described. For elongation-driven coacervation, we

chose the system based on poly-U-spermine complexation reported by

Aumiller, Pir Cakmak, Davis, and Keating (2016) and Marianelli, Miller,

and Keating (2018), and the reaction catalyzed by polynucleotide phosphor-

ylase shown in the work of Spoelstra, van der Sluis, Dogterom, and Reese

(2020). For charge density-driven coacervation, we will apply our methods

to the poly-L-lysine (PLL)-ATP coacervates driven by pyruvate kinase

reported earlier by our group (Nakashima et al., 2018). For an overview

of alternative systems to which our methods can also apply, we start by dis-

cussing some recent work that can be classified as charge or length-based.

3.1 Length-based coacervation
Controlling the chain length of macromolecules is a powerful tool to control

coacervation. Two routes have been reported in literature. First, coacervate
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dissolution can be achieved through shortening the chain length through a

protease. Semenov et al. have shown a systemwhere a poly-L-lysine-L-serine

(PSL) was cleaved by trypsin (Semenov et al., 2015). Trypsin is a proteolytic

enzyme that catalyzes the hydrolysis at the C-prime end of lysine and

arginine residues in proteins. PSL is a positively charged polypeptide

that forms coacervate droplets with, for instance, poly-L-glutamic acid.

Trypsin degraded the polymer into smaller fragments of different lengths,

but all were too short to phase separate with poly-L-glutamic acid at the

pH and salt concentration used. As a result, the coacervate droplets dissolved

and turbidity disappeared. Another example in which a protease was

employed, involved the cleavage of tandem and triplet RGG-domains by

Tobacco etch virus (TEV) protease (Schuster et al., 2018). Schuster et al.

used the RGG-domain of the P-granule protein LAF-1, which is able to

form coacervates by itself under very mild conditions (Elbaum-Garfinkle

et al., 2015; Schuster et al., 2018). By coupling two or three of these

RGG-domains with a TEV-recognition motif in the linker, they could

obtain stable coacervates in vitro, without addition of any negatively charged

polymer, such as RNA. The TEV-protease cleaved the tandem/triplet

repeat, yielding short RGG species and resulting in dissolution of the coac-

ervates. This example shows that also cleavage of larger protein domains can

be used to control coacervation.

Second, increasing the length of a biomolecule already prone to phase

separation can widen the two-phase region in its phase diagram and enhance

the degree of coacervation. Banerjee et al. formed coacervates based on a

short arginine-rich peptide, (RRXXX)3 where X could be any uncharged,

polar residue, with either poly-U or RNA (Banerjee, Milin, Moosa,

Onuchic, & Deniz, 2017). They used a T7 polymerase to synthesize the

RNA from nucleotides in situ using a DNA template, which resulted in

enhanced coacervation. However, when the RNA concentration exceeded

a certain threshold, coacervates started to dissolve as a result of the shift in the

charge ratio of RNA to cationic peptide. Similarly, poly-U can form coac-

ervates in combination with spermine as shown by Aumiller et al. (2016) and

Marianelli et al. (2018). These coacervates have inspired Spoelstra et al. and

Deshpande et al. to use a polynucleotide phosphorylase (PNPase) for active

coacervation (Deshpande et al., 2019; Spoelstra et al., 2020). PNPase con-

sumes nucleotide diphosphates (NDPs) in a reaction where a nucleotide

monophosphate (NMP) is added to the 30-end of an oligomeric seed

RNA, hereafter referred to as RNA primer (Fig. 3A) (Beljanski, 1996).

At low concentrations the RNA primer (U20 was used by Spoelstra et al.)
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was unable to form coacervate droplets. As PNPase catalyzed the polymer-

ization of NDPs, long RNA strands were formed and droplets emerged in

solution as a result of nucleation and growth of spermine-RNA coacervates.

Interestingly, PNPase was also able to catalyze the reverse reaction at high

phosphate concentration, although the dissolution of coacervates took about

three times longer than the assembly reaction (Spoelstra et al., 2020).

In Sections 4.2.1 and 4.3.1 we will focus on the latter example of

length-controlled coacervation. We will discuss the parameters that should

be taken into account when designing such a system, and we give a detailed

protocol to realize dynamic control over coacervation in this system.

Fig. 3 Schematic representation of two model systems to control coacervation.
(A) Length-based system. PNPase consumes UDP and incorporates UMP to a 20–24
nucleotides-long RNA primer, releasing a monophosphate (MP). The product is a long
and polydisperse poly-U RNA-polymer which forms coacervates with spermine.
(B) Charge-based system. PyK converts ADP and PEP to ATP and pyruvate, resulting
in PLL-ATP coacervates. The reverse reaction, conversion of ATP and D-glucose to
ADP and glucose-6-phosphate (G6P), is catalyzed by HK and dissolves the coacervates.
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A few small adaptations were made compared to Spoelstra et al.: instead

of using U20 as RNA primer, here we show this system can work for any

type of oligo-RNA by using a (ACUG)6 repeat as RNA primer.

3.2 Charge-density based coacervation
Changing length is not always a feasible route to control coacervation

dynamics. Models based on subtle changes in charge-density might be better

candidates to mimic the cellular control. We discuss two systems here

that allow for both formation and dissolution of coacervates, controlled

by enzymatic reactions.

One of the first reported examples of enzymatic control over coacer-

vation came from Aumiller and Keating. They used a positively charged

peptide repeat [RRASL]2–3 to form complex coacervates with a long

poly-U (Aumiller & Keating, 2015). Inspired by naturally occurring

post-translational modifications, they used protein kinase A (PKA) to phos-

phorylate the serine residues in the peptide. The addition of effectively two

negative charges per phosphate group decreased the net positive charge on

the peptide, thereby weakening the interaction with poly-U and causing

dissolution of the coacervates. They were able to reverse this process by

dephosphorylating the peptide using lambda protein phosphatase (LPP).

By controlling the addition of chemicals, such as EDTA which inhibits

LPP, and ATP which is required by PKA for phosphorylation, this system

shows great potential for out-of-equilibrium control.

A variation on this reversible phosphorylation system has been proposed

by Nakashima et al. (Fig. 3B). In this scheme, coacervation is controlled by

the concentrations of ADP and ATP, and their conversion is regulated

by two enzymes (Nakashima et al., 2018). Pyruvate kinase (PyK) converts

ADP to ATP by transfer of a phosphate group from phosphoenolpyruvate

(PEP), thereby producing pyruvate. The ATP that is produced in this

reaction formed coacervates with poly-L-lysine (PLL) that was present in

solution. The reverse reaction, conversion of ATP back into ADP is linked

to the phosphorylation of glucose to glucose-6-phosphate, catalyzed by

hexokinase (HK). Without changing the initial ATP/ADP concentration,

coacervation can be controlled by addition of the two co-substrates (PEP

and glucose). This system was shown to be fully reversible and able to

undergo repeated cycles of condensation and dissolution. In Sections

4.2.2, 4.3.2, 4.4 and 4.5 we will further explain how this system has been

characterized.
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4. Protocols

Here we present a detailed workflow to carry out the enzymatically

controlled coacervate formation, protocols to observe and monitor the

coacervate droplets, and protocols to quantify rates and partitioning

(Fig. 4). We chose the two systems described above as examples, with a

general strategy consisting of: determining the phase diagrams of the precur-

sor and of the product (see Section 4.2); probing the enzymatic reaction in

presence of the poly-ions with turbidity measurements (see Section 4.3);

evaluating the control and kinetics of the reaction with microscopy

measurements (see Section 4.4); and finally, characterizing the two phases

separately (see Section 4.5). We start by describing the chemicals used

and how they can affect the results; we then describe the protocols we

used and highlight critical steps; and finally, in Section 5, we outline the steps

to analyze the results.

4.1 Materials
Unless otherwise indicated all reagents were used as received from the

manufacturer. All aqueous solutions were prepared in MilliQ water

obtained from a MilliPore purification system, with an electrical resisti-

vity of 18.2MΩcm at room temperature. Buffers were passed through a

syringe filter (Nylon 0.22μm) to prevent aggregation due to undissolved

particles. Alexa labeling kits were ordered from Thermo Fisher,

N,N0-bis(3-aminopropyl)-1,4-butanediamine (spermine) tetrachloride

from TCI, and oligonucleotides Cy5-[ACUG]6 and [ACUG]6 from

IDT. All other compounds mentioned below have been purchased

from Sigma Aldrich.

Adenosine diphosphate disodium salt (ADP), adenosine triphosphate

trisodium salt (ATP) and uracil diphosphate disodium salt (UDP) were sepa-

rately dissolved in MilliQ water to prepare stock solutions of 0.50M.

Phosphoenolpyruvate potassium salt (PEP-K) was dissolved directly in

1.0M HEPES buffer to make a 0.50M PEP stock. The use of potassium salt

avoided the need for other K+ sources to activate pyruvate kinase. We found

poly-L-lysine (PLL, HBr adduct) with the molecular weight in the range of

15–30kDa to be ideal for our conditions, whereas chains of 52kDa average

(Alamanda Polymers) were more prone to aggregation with ATP, and chains

of 4kDa did not form condensates. A stock of 0.10M PLLwas prepared based

on the molecular weight of the monomeric units, Lys-HBr (209gmol�1).
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Fig. 4 General workflow to determine enzymatic control over coacervation and an
overview of the results obtained. (A) Phase diagrams obtained from titration experi-
ments for (i) PLL-ADP/ATP and (ii) spermine-poly-U mixtures. For further experiments
(B–D) we chose the working salt concentration indicated by the green circle in
A(i) for PLL-ADP/ATP, or no additional NaCl for spermine-poly-U. (B) Turbidity plots
for reaction mixtures. B(i) shows the reversibility of phase separation upon addition
of glucose (pink arrows) and PEP (green arrows) to the combined PyK/HK reaction
mixtures. B(ii) depicts the increase in turbidity when the PNPase reaction is carried
out. (C) Microscopic evidence of liquid condensates of (i) PLL-ATP and (ii) spermine-
poly-U. In C(i), PLL was labeled with TAMRA and is shown in yellow, clearly coinciding
with the droplets; PyK labeled with Alexa 647 is shown in red and can be seen
in the interface of the droplets. The plot profile of a droplet in the insert highlights the

(Continued)
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The concentrations we report are therefore of monomer, even when we refer

to it as PLL. The stocks of 0.50M concentration should be kept at�20°C and

used in the course of a month; the dilutions to 0.1M kept at �20°C were

normally used within a week.

Polyuridylic acid potassium salt (poly-U,MW600–800kDa, corresponding
to about 2000–3200 bases), UDP, and RNA were dissolved in nuclease free

water. Nuclease free water was prepared by autoclaving MilliQ water for

20min at 121°C. These stock solutions (see below for concentrations) were

stored at �20°C and used in the course of 3 months, with exception for

the poly-U, which normally was used within a week.

Pyruvate kinase (PyK from rabbit muscle type VII, stocks prepared from a

buffered aqueous glycerol solution) and hexokinase (HK from Saccharomyces

cerevisiae, stocks prepared from lyophilized powder) stocks were kept at 4°
C, and dilutions in MilliQ water were prepared freshly in minimal volume,

at the start of the experimental day. Polynucleotide phosphorylase (PNPase

from Synechocystis sp.) stocks were kept at �80°C, and during the day of

the experiment diluted PNPase was stored at �20°C.

4.2 Determining the coacervation window
Before implementing enzymatic control, we started by testing whether the

conversion from reactant to product results in coacervation.We determined

the phase diagram of the reactant and of the product under the same con-

ditions, in order to find the region where the reactant does not form coac-

ervates, but the product does—our “coacervation window” in Fig. 1. The

experiment involves preparing the coacervates and determining the interac-

tion strength at which they dissolve—we chose to do it by measuring tur-

bidity during a salt titration, finding the critical salt concentration for each

coacervate composition.

Fig. 4—Cont’d partitioning difference. For C(ii), poly-U labeled with Cy5 is seen in red
also partitioned inside the droplets. (D) Chromatogram and reaction profiles obtained
from quantitative analysis of the PLL-ATP mixtures. D(i) contains the chromatograms of
the coacervate samples used to determine the partitioning of PEP and ADP. PEP and
ADP have similar retention times, but the first is monitored at 215nm, while ADP can
also be detected at 254nm. D(ii) is the result of the kinetic analysis of the PyK reaction
mixture over time, after screening different initial concentrations of ADP and obtaining
the initial velocity. The diagrams in A(i) and B(i) were adapted from a previous paper in our
group Nakashima, K. K., Baaij, J. F., & Spruijt, E. (2018). Reversible generation of coacervate
droplets in an enzymatic network. Soft Matter, 14(3), 361–367. doi:10.1039/c7sm01897e.
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4.2.1 Coacervation window of oligo RNA and poly-U with spermine

a. A dilution series of poly-U was prepared in a 96-well plate (flat, trans-

parent bottom). Each well contained 60μL of the reaction mixture. The

poly-U concentration was varied from 0.0010 to 0.20wt%, while the

total volume was kept constant by adding MilliQ water. In wells con-

taining more than 0.010wt% poly-U, we observed a turbid mixture

by eye and by plate reader (experiments described here were carried

out at 30 °C on a Tecan Spark M10 multimode plate reader equipped

with 0.5 and 1.0mL injectors). To determine turbidity levels of individ-

ual wells, the absorbance was measured at 520nm (bandwidth 3.5nm,

and a settle time of 50ms).

b. A small volume (about 5μL) was collected from each well and imaged

with bright-field microscopy at a typical magnification of 40� to con-

firm that no aggregates were present. The pH was checked with a

paper strip.

c. The plate reader was subsequently prepared for the turbidity titration.

The low-volume injector was first rinsed with MilliQ water and primed

with the titrant solution, in this case 1.2M NaCl.

d. The absorbance was followed at 520nm (same settings as under a) in a

repeated cycle of 2μL injections (100μL/s jet speed) of NaCl and linear

shaking (1mm amplitude, 1440rpm frequency).

e. The injections were performed until the absorbance reached the value of

a blank well (about 10 times).

f. This procedure was repeated by varying the concentrations of spermine

to ultimately determine the optimal coacervate conditions.

Note: when you do not have access to an automated injector, this procedure could also

be performed manually with a micro pipette.

Stock solutions PNPase buffer (4×)
Passive poly-U-spermine
coacervates

10% wt spermine

tetrahydrochloride (494mM)

1.0wt% poly-U (<16μM)

100mM UDP

100μM Cy5-[ACUG]6
1.2M NaCl

400mM Tris-HCl

pH 9.0

4.0mM EDTA

20mM MgCl2

1� PNPase buffer

1.0wt% spermine

0.0010wt% up to 0.20wt%

poly-U

All in nuclease free water.
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4.2.2 Coacervation window of ADP and ATP with PLL

a. ADP-PLL mixtures (passive coacervates) were prepared with a fixed

concentration of PLL, as described above, but with a varying concentra-

tion of ADP from 1.0 to 10mM in steps of 1.0mM. The samples were

directly prepared in a 96-well plate (flat, transparent bottom). The vol-

umewas kept constant at 100μL by addingMilliQwater. For most wells,

some turbidity was visible upon gentle mixing with the pipette.

Note: a high concentration of PLL was chosen for this screening to make sure that the

nucleotides were limiting for coacervation; Mg2+ concentration was chosen to not limit

PyK kinetics. The range of concentrations was chosen based on PyK common reaction

conditions.

b. A small volume, 5μL, was collected from each well and imaged with

bright-field microscopy at a typical magnification of 40� to confirm that

no aggregates were present. The pH was checked with a paper strip.

c. The plate reader (see details in Section 4.2.1c) was subsequently prepared

for the turbidity titration. The low-volume injector of the plate reader

was rinsed with MilliQ water and primed with the 0.50M NaCl solu-

tion. Measurements were performed as described in Section 4.2.1d

and e. For complete disappearance of turbidity, a maximum of 50μL
of titrant was needed (bringing the final volume up to 150μL). The
experiment was performed in triplicate.

d. For the phase diagram of ATP and PLL, the ADP stock was replaced

with ATP. 1.0M NaCl was used as titrant to minimize the total added

volume. Importantly, all other concentrations and conditions were kept

the same as in a. Steps b and c were repeated.

Stock solutions Passive ADP/ATP-PLL coacervates

100mM ADP

100mM ATP

100mM PLL (15–30kDa)

0.50M HEPES pH 7.4

100mM MgCl2
0.50 and 1.0M NaCl

100mM HEPES pH 7.4

5.0mM PLL

5.0mM MgCl2
1.0–10mM ADP/ATP
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4.3 Conducting the enzymatic reactions to form
and dissolve coacervates

After analyzing the data from the titrations and determining the phase

diagram, we chose a “safe” NaCl concentration inside the coacervation

window. For the UDP-spermine system we chose to add no salt; for

the ADP-PLL, we used 130mM NaCl. We then measured the turbidity

of the reactionmixtures for enzyme-controlled coacervation over time, after

the addition of the substrate or the enzyme.

4.3.1 PNPase reaction in presence of spermine

a. A 30μL PNPase reaction mixture was prepared without the enzyme

and kept on ice. The PNPase enzyme was added just before the start

of the turbidity measurement on the plate reader, and mixed gently

by pipetting. Turbidity was measured every 10 s at 520nm (bandwidth

3.5nm) over a time course of 30min.

b. The same preparation (a) was repeated for microscopy, adjusting the

volume to 10μL. We used an inverted confocal microscope (Leica

TCS Sp8X), equipped with a HC PL APO 100�/1.40 (oil) CS2 objec-

tive and white light laser (20% power), 649nm was used to excite Cy5-

labeled RNA. Emission was recorded using a HyD detector in the range

of 653–780nm.

c. To study the influence of the PNPase enzyme, we varied the enzyme

concentration between 0.50 and 2.0μM, and the UDP concentration

between 5.0 and 30mM.

Stock solutions PNPase buffer (4×) PNPase reaction mixture

10% wt spermine

(494mM)

1.0wt% poly-U

(<16μM)

100mM UDP

100μM Cy5-[ACUG]6

400mM Tris-HCl

pH 9.0

4.0mM EDTA

20mM MgCl2

1� PNPase buffer

5.0μM oligo RNA (Cy5-[ACUG]6
or [ACUG]6)

15mM UDP

1.0wt% spermine

1μM PNPase (added just before

measurement)
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4.3.2 PyK and HK reactions in presence of PLL

a. The reaction mixture of PyK was prepared directly in a 96-well plate.

PEP was added just before the start of the turbidity measurement on

the plate reader, and homogenized by gentle pipetting.

b. Turbidity was measured every 10 s at 520 or 550nm depending on filter

available for a time course of 30min, with gentle shaking in between

readings. The temperature was fixed to 30 °C.
c. The reaction mixture of HK was prepared in a 96-well plate. Glucose

was added just before the start of the turbidity measurement on the plate

reader and homogenized by gentle pipetting. Turbidity was measured

under the same conditions as step b.

Note: due to settling of coacervate droplets, when starting with ATP and PLL it is

important to be fast to bring the system to a measurement, or the initial turbidity of

different samples will vary too much.

d. To perform cycles of coacervation-dissolution, PEP and glucose were

added alternatively to the well, and the absorbance was measured at

550nm. For manual addition, include a “plate out,” “plate in” step in

the measurement cycle. The substrate was added once turbidity has

reached a maximum (glucose) or a minimum (PEP).

e. The addition of substrate experiment was repeated in a microscope cham-

ber adjusting the total volume to 20–30μL. We used a confocal micro-

scope (Leica TCS Sp8), equipped with a HC PL APO 20�/0.75 (dry)

CS2 objective and 552 and 638 solid state lasers (for rhodamine and

Alexa 647 labeled components, respectively). Emission was recorded

using a PMT detector at 570–700 and 650–700nm.

Stock solutions PyK reaction mixture HK reaction mixture

100mM ADP

100mM ATP

100mM PLL

(15–30kDa)

0.50M HEPES

pH 7.4

100mM MgCl2
100mM PEP

100mM

D-glucose

1.0M NaCl

100mM HEPES pH 7.4

5.0mM PLL

5.0mM MgCl2
5.0mM ADP

130mM NaCl

10unitsmL�1 PyK

(approx. 80nM)

1% /v/v of Alexa-labeled PyK

(see Section 4.4.1)

1% v/v of TAMRA-labeled PLL

(see Section 4.4.2)

5.0mM PEP-K

100mM HEPES pH 7.4

5.0mM PLL

5.0mM MgCl2
5.0mM ATP

130mM NaCl

5.0unitsmL�1 HK

(approx. 250nM)

5.0mM D-glucose (added just

before measurement)
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4.4 Studying coacervate formation at a single droplet-level
From turbidity as a bulk measurement of coacervation, we move on to

observing coacervate droplets individually by fluorescence microscopy.

This involves fluorescent labeling of at least one of the polyelectrolytes

and also of the enzymes, passivating the observation surface and preparing

reaction chambers suitable for microscopy. From this microscopy-based

study of coacervate formation, information about the droplets size and

shape, and the partitioning coefficient of labeled components can be

obtained.

4.4.1 Fluorescent labeling of enzymes

a. Enzymes were labeled using a Thermo Fisher Alexa-647-NHS-ester

labeling kit and the accompanying instructions.

b. To a 500μL of enzyme solution (around 2mgmL�1 in a 50% glycerol

solution), 50μL of 1.0M NaHCO3 (pH 8.3) was added and mixed

gently. Subsequently, 14μL of the dye stock was added and incubated

in a thermoshaker for 2h at room temperature (20°C).
c. Excess dye (unbound) was removed with a disposable centrifugal

membrane filter unit (e.g., VivaSpin concentrator). For PyK and HK,

a molecular weight cut-off of 10kDa was used (less than half the molec-

ular weight of the enzyme). The membrane filter unit should be

“blocked” first with a Tween-20 solution (0.1wt%), to minimize irre-

versible adsorption of the enzyme or protein to the membrane, and

rinsed five times with MilliQ water, and then with 10mM phosphate

buffer (pH 7).

d. After washing, the labeled protein was added to the centrifugal filtration

tube and centrifuged at low speed (500rpm) until it was concentrated to

250μL. An equal volume of glycerol was added before storing at 4°C.
Note: the recommended storage conditions may vary depending on the type and sta-

bility of the enzyme. For example, the PNPase enzyme solution is stored at�80 °C
as recommended by the manufacturer.

Labeling solutions

10mgmL�1 Alexa-647 NHS ester in DMF (ca. 10mM)

1.0M NaHCO3 pH 8.3

2mgmL�1 PyK (50% aqueous glycerol solution, approx. 40μM)
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4.4.2 Fluorescent labeling of poly-L-lysine

a. PLL was labeled in a similar protocol as Section 4.4.1, using TAMRA as

a labeling agent, together with EDC and NHS as activators. 50μL of

each stock described previously (TAMRA, EDC, NHS) were mixed

and added to 430μL of 0.20M PLL solution in water. The reaction

was left overnight in a thermoshaker at room temperature.

b. Excess dye was removed by concentrating the reaction mixture in a

Centricon filter unit with a molecular weight cut-off of 5kDa. Steps

c and d in Section 4.4.1 were repeated for this sample, replacing the

phosphate buffer with 10mM HBr and eliminating the addition of

glycerol.

4.4.3 Passivation of glass surfaces

a. The stock solutions were prepared according to whether PVA or

mPEG-silane were chosen. We observe that different coacervate com-

positions require different coatings for droplet stabilization.

b. The cover glass was cleaned with distilled water, 70% ethanol and

MilliQ water, and then dried using pressurized air or nitrogen.

Labeling solutions

100mM carboxytetramethylrhodamine (TAMRA) in DMF

100mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) in DMF

100mM N-hydroxysuccinimide (NHS) in DMF

200mM PLL in MilliQ

General PVA coating PEGylation

Glass bottom petri dish

(Cell-vis)

Borosilicate cover glass

(24�50mm, thickness

No. 1.5 from VWR)

Ethanol 70%

O2-plasma or ozone cleaner

5.0wt% Poly-vinyl

alcohol (PVA, 87–89%
hydrolyzed, 13–23kDa

from Sigma Aldrich) in

MilliQ 5min @RT

30mgmL�1 mPEG-silane

(Mn 5000Da, from

JenKem Technology) in

toluene 1h @65 °C
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c. The glass surface was cleaned/activated using a plasma or ozone cleaner,

according to the manufacturer’s instructions for cleaning glassware.

Plasma treatment will result in removal of any leftover contaminants

on the glass surface, and expose surface hydroxyl groups that are required

for modification.

d. The cover glass was incubated with either the mPEG-silane or the PVA

solution, covering the surface with excess solution. We used 1h at 65 °C
(oven) for mPEG-silane, and 5–30min at room temperature for PVA.

e. Subsequently, the glass surface was washed with copious amounts of

MilliQ water and dried with compressed air or nitrogen. If the solution

has dried during the reaction, the wash may require sonication. The glass

surfaces were kept at 65 °C inside the oven until 1h before use, or in a

covered petri dish, and used in the course of 2 weeks.

4.4.4 Preparation of microscopy chambers
The required scale of the reaction was determined, depending on the total

volume that must be added during the experiment. For example, an exper-

iment in which coacervates are formed and dissolved alternatingly requires a

larger volume than an experiment to determine the partitioning of a single

enzyme. Here, we present two versions of microscopy chambers (Fig. 5).

Fig. 5 Imaging chambers for fluorescent microscopy. (A) Parafilm-based chambers.
(B) PDMS-based chambers.
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We used the parafilm-sandwich layout for experiments in a and b, and

PDMS chambers for experiments in c and d.

a. For up to 10μL samples we made chambers from a parafilm-sandwich

layout, as evaporation is minimized (Fig. 5). A rectangular piece of para-

film was taken (ca. 5cm according to the coverslip length) and a small

area was cut out with a puncher and a scalpel.We recommend the design

shown in Fig. 5. The parafilm was then placed on top of the passivated

face of the coverslip (observation surface), and covered with another

coverslip.

b. To complete sealing, it was incubated for 10–15min at 90 °C.Note: that

longer incubation will improve the seal between the parafilm and the

glass surfaces, but also lead to increased shrinking of the parafilm, which

could cause trouble when adding your sample.

c. For up to 50μL samples, we made the chambers from cured

polydimethylsiloxane (PDMS). A mixture of Sylgard 184 base and

curing agent in a 10:1 mass ratio was made, to obtain a moderately stiff

silicone rubber. This mixture was placed in a petri dish Ø 35mm inside

a desiccator to remove air bubbles. Vacuum was applied for about

30min. Holes of the desired volume were created by placing metal

cylinders (Ø 4–5mm, h 3–5mm) into the silicone mixture (Fig. 5).

The silicone mixture was baked at 65 °C for 90min to obtain crosslinked

PDMS that can be cut into smaller pieces.

d. The solidified PDMSwas separated from the petri dish, and the cylinders

were removed. The PDMS was then cleaned with detergent, MilliQ

water, 70–100% ethanol, and finally dried in the oven at 65 °C.
e. The PDMS was cut in pieces smaller than the cover glass surface and

stored on a piece of filter paper after covering the top and bottom sides

with Scotch tape.

f. During the plasma or ozone cleaning of the glass surface (before

passivation), the PDMS chambers were included, with the plain face

(previously at the bottom of the petri dish) upwards. The glass and

Parafilm chambers PDMS chambers

PVA- or PEG-passivate coverslip

(see Section 4.4.3)

Unmodified coverslip parafilm

Unmodified coverslip

Sylgard base and curing agent for silicone

elastomer 184 kit (Dow Corning)
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the face of the PDMS that were exposed to plasma were bonded by

pushing them gently together. For sealing, the glass with PDMS was

incubated for 45min at 90 °C.
g. The passivating agent (PVA or mPEG-silane) was added to the wells,

and proceed as in Section 4.4.3d and e.

4.4.5 Determination of partitioning coefficients
with fluorescence microscopy

a. ATP-PLL coacervates were prepared in volumes ranging from 0.10

to 1.0mL.

b. Two variations of the passive coacervates were prepared: one with lower

ATP concentration (e.g., 3.0mM) and one with higher PLL concentra-

tion (e.g., 20mM). This is to verify that Kp is independent of the

concentration.

c. The samples were injected into the microscopy chambers as described

above. The well was covered with a circular coverslip to minimize

evaporation.

d. An image was recorded of a well filled with coacervate mixture

but without fluorophore with the same laser settings to use as a blank.

A blank was recorded for every filter cube or emission wavelength used.

4.5 Quantifying components inside and outside
of the coacervate droplets

In this step we determine the concentrations of unlabeled components in

the mixture using HPLCwith UV/Vis detection. In general, this is required

for small molecules or precursors, such as ADP, PEP and ATP in our

examples. The determination of the partitioning coefficients in this case

requires: (i) centrifugation of coacervate samples and separation of the

Stock solutions Passive ATP-PLL coacervates

100mM ATP

100mM PLL (15–30kDa)

0.50M HEPES pH 7.4

100mM MgCl2
1.0M NaCl

100mM HEPES pH 7.4

5.0mM PLL

5.0mM MgCl2
5.0mM ATP

130mM NaCl

1% v/v of Alexa-labeled PyK (see Section 4.4.1)

1% v/v of TAMRA-labeled PLL (see Section 4.4.2)
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phases; (ii) estimation of the volume of each phase; (iii) dissolution and

dilution to appropriate concentrations; (iv) HPLC analysis of the diluted

samples. Additional quantitative data is obtained by following the PyK

reaction over time, which involves quenching a sample from the reac-

tion mixture at regular time intervals and preparing it for HPLC as

outlined below.

4.5.1 Separation of the coacervate and dilute phase
and volume estimation

a. 0.10–1.0mL of ATP-PLL coacervates were prepared as described in

Section 4.1. In order to measure the partitioning of PEP and ADP, those

components were included, separately, in the ATP-PLL coacervate

mixture the same concentration as in the reaction mixture (5.0mM).

Mix it by vortexing.

b. The sample was centrifuged at a low speed for an extended period. We

used 3000 rpm and 30min after observing that for shorter spinning times,

the system had not reached a constant concentration (the determined

concentration in the dilute phase were still slowly decreasing after

15min due to very small coacervate droplets that had not settled yet).

The low speed prevents the accumulation of a dense phase film (pellet)

at the side wall of the eppendorf tube.

c. The dilute phase (supernatant) was collected carefully with a pipette by

stopping just above the interface between the dense coacervate phase

(bottom phase) and the dilute phase (top phase), to avoid contamination

of the dilute phase with the coacervate phase. The collected dilute phase

was transferred to a separate eppendorf tube. The amount was measured

by setting the volume of the automatic pipette to an estimated value

and attempting to aspirate all fluid with the pipette; the set volume

Stock solutions Passive ATP-PLL coacervates

100mM ADP

100mM PEP

100mM ATP

100mM PLL (15–30kDa)

100mM MgCl2
0.50M HEPES pH 7.4

1.0M NaCl

100mM HEPES pH 7.4

5.0mM PLL

5.0mM MgCl2
5.0mM ATP

130mM NaCl

5.0mM PEP or ADP
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was adjusted until no liquid was left, and no air was aspirated. This was

set as the volume of the dilute phase, Vout. For the ATP-PLL system,

Vout was very close to the total volume of the mixture.

d. The remaining dilute phase from the centrifuged tube was slowly col-

lected using a thin pipette tip (0.20–10μL). The volume of the pellet left

behind (Vin) was measured by first dissolving it by adding a known vol-

ume of 1.0M NaCl (VNaCl). This decreased the viscosity of the coac-

ervate phase and facilitated easy handling by pipetting. Step c was

repeated for the dissolved coacervate solution, obtaining V0. Calculate
Vin as V02VNaCl. For ATP-PLL coacervates prepared as stated, Vin

is typically 1% of the total volume.

e. The typical concentrations determined in the ATP-PLL mixtures

(5.0mM in each component) are in the 0–10mM range for the dilute

phase, and 30–50mM range for the dense phase. For that, we recom-

mend for a first attempt, respectively, 100� and 500� dilution prior

to HPLC injection.

4.5.2 HPLC analysis of the separate phases

a. Each of the phases were diluted around 100� before injection to reach

concentrations around 100μM (this may require several optimizations as

concentrations are unknown a priori).

b. Detection at 215 and 254nm (for PLL and PEP, and ADP and ATP,

respectively) were used. The separation of the nucleotides required

normal-phase HPLC with an anion exchange column in a gradient

elution, as described in the chart above.

Column Eluents

Shim-pack WAX-1,

3μm particles,

4.0�50mm

(anion exchange)

45 °C, 1mL/min

20mM phosphate

buffer pH 7.0 (A)

480mM phosphate

buffer pH 7.0 (B)

Stock solutions Gradient program

1.0M KH2PO4 (500mL)

1.0M K2HPO4 (500mL)

0–100% B in 20min

100% B for 5min

100–0% B in 5min

0% B for 5min
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c. Using a calibration curve (peak area vs concentration), we determined

the concentrations of the desired components considering dilutions

(from Vout to the vial; from Vin to V0 and then to the vial). If the final

analyzed volume (with concentrations Ain,measured and Aout,measured) was

the same for both phases, the partitioning coefficient (Kp) of A was

calculated as: Kp¼ [A]in,measured�Vout/[A]out,measured�Vin.

4.5.3 HPLC analysis of the reaction mixture over time

a. A 1.0mL PyK reaction mixture was prepared as described in Section 4.1,

including the PEP but leaving out the MgCl2 (to make sure that the

enzyme remains inactive until the start of the reaction). Adding the

PEP before aliquoting minimized the effect of small variations among

the samples on the final reaction rate.

b. The reaction mixture was split in 10 samples of 95μL each and added to

separate eppendorf tubes. 5μL of the 100mM MgCl2 stock was added

to each of the sample tubes, which were placed in a thermoshaker at

25 °C.
c. One tube at a time was quenched by adding 2μL of 10% (v/v) acetic acid

(the final pH should be around 3 and the turbid mixture should

turn clear). The results from the turbidity measurement in protocol

Section 4.3.2 were used to estimate the appropriate time intervals,

keeping in mind the initial time points are crucial for KM and kcat
determination.

Stock solutions PyK reaction mixture
PyK reaction mixture
without PLL

100mM ADP

100mM PLL

(15–30kDa)

0.50MHEPES pH 7.4

100mM MgCl2
100mM PEP

1.0M NaCl

10% v/v acetic acid

100mM HEPES pH 7.4

5.0mM PLL

5.0mM ADP

130mM NaCl

10unitsmL�1 PyK

(approx. 80nM)

5.0mM PEP

5.0mM MgCl2
(added at t¼0)

0.2% acetic acid

(when quenching only)

100mM HEPES pH 7.4

5.0mM ADP

130mM NaCl

10unitsmL�1 PyK

(approx. 80nM)

5.0mM PEP

5.0mM MgCl2 (added at t¼0)

0.2% acetic acid

(when quenching only)
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d. The samples were diluted around 100� and we applied steps b and c

in Section 4.5.2 to obtain the kinetic profile of ATP concentration.

e. The same procedure was used with a sample without PLL, as a “solution

phase control.”

f. Substrate concentrations were varied to obtain a typical Michaelis-

Menten plot for coacervates and solution phase. For the PyK reaction,

ADP could be varied from 2 to 5mM while still working in the coac-

ervation window.

5. Analysis

The protocols we proposed above provide all the data required

to obtain the principal properties of a dynamic two-phase system: phase dia-

gram, partitioning coefficients and reaction profiles. We now discuss how

these properties can be determined from the raw turbidity data, microscopy

images and chromatograms.

5.1 Phase diagrams from turbidity data
A first step to define the conditions under which a candidate enzyme could

induce coacervation or dissolution is to plot the phase diagram(s). Although

turbidity is not a direct and decisive measure of coacervation, it allows

to determine the approximate dilute branch of the binodal in a fast and sim-

ple way. The disadvantage of the titration method is that the starting com-

ponents (e.g., polyelectrolytes) get diluted, so it is important to maximize

titrant concentration and minimize additions. To confirm that turbidity is

caused by the nucleation of liquid droplets, it is important to use microscopy,

as aggregates in solution will also result in increased turbidity—though

over time, turbidity will have much more noise for suspensions than for

emulsions.

Turbidity is the level of transparency of a mixture, or the fraction of light

that is not transmitted, but scattered. Turbidity (τ) is commonly defined for

a sample without absorption as:

τ ¼ � ln
I

I0

� �
(1)

It can be calculated from the measured extinction (Abs¼� log10(I/I0)),

provided that no absorption of light occurs at the detection wavelength. It

should therefore be measured at a wavelength far from absorption bands,
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which is why we chose 520 or 600nm. From the absorbance value, turbidity

can be calculated using the following equation:

τ ¼ 2:3� Abs (2)

Information about the turbidity of samples is often reported as a deriv-

ative of transmittance (T%), or the percentage of light that is transmitted:

T% ¼ 100%� I

I0

� �
¼ 100%� 10�Abs (3)

The transmittance ranges from 0% to 100%, and a plot of (100�T%)

indicates the amount of scattered light, and is sometimes also called turbidity.

To determine the critical salt concentration, a plot of (100�T%)as a function

of the added salt concentration (NaCl) is made. Note that we did not take

into account the total ionic strength of the solution, which would include

counterions from ADP, ATP and PLL, but just the salt added. Dilution dur-

ing titration was taken into account. At the critical concentration (Cs), the

turbidity reaches zero (after baseline correction). If the turbidity did not

reach zero, Cs can also be found from a linear fit of the points in the steepest

part of the turbidity profile, and taking the x-intercept. We used this

approach for our determination of the phase diagrams of both ADP-PLL

and ATP-PLL. Usually the steepest decrease was found about 3–5 points

before turbidity stabilized at its minimal value close to zero.

To obtain the phase diagram in Fig. 4A, Cs is plotted as a function of

polyelectrolyte concentration—poly-U or ADP or ATP. It is important

to notice the difference between the length- and the charge-controlled sys-

tems. In the case of spermine-poly-U, the substrate mixture contains no

polymeric species (UDP, an RNA primer and spermine), and no stable

coacervates can be formed under the PNPase reaction conditions. The prod-

uct of the PNPase reaction, poly-U, does form coacervates with spermine,

and Cs can be determined. However, since the exact length of the final prod-

uct is unknown, the phase diagram can only be determined for a poly-U of a

knownmolecular weight, and it should be used as an estimate of the PNPase

product. These provisions apply to many elongation reactions, which can

result in products with a distribution of lengths instead of a single compo-

sition (Banerjee et al., 2017). Transcription of a genetic construct is a notable

exception to this. In the ATP/ADP-PLL case, a clear window between the

two-phase region of each phase diagram is found.
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Some modifications of our method are possible. First, we fixed the con-

centration one of the two interacting species (spermine and PLL, respec-

tively), so that the phase diagram is technically obtained for different

charge ratios (f+, f�). One could also fix poly-U, ADP or ATP concentration

in order to find the optimal spermine or PLL concentrations (respectively),

assuring that the system is always limited by the dynamic component.

Second, we performed a salt titration (in which the titrant has a high ionic

strength) to determine the critical salt concentration, but an alternative

water titration (in which the titrant is MilliQ water or a low-salt buffer)

of a sample prepared above the critical salt concentration normally

gives the same value, highlighting the reversibility of LLPS. Finally,

instead of Cs as the interaction parameter, temperature and pH could also

be used.

Several factors will affect the coacervation window: (i) components in

the enzyme stock may affect the interaction strength, (ii) substrates, prod-

ucts, and cofactors can also contribute to the overall ionic strength and

narrow the window, and (iii) temperature strongly affects the diagram. It

is important to realize that all components of a candidate reaction might

have an influence on the process; ions in the buffers and secondary reaction

products (such as pyruvate in the PyK reaction) have shown strong

effects in solubilizing coacervates. As shown in Fig. 4A(ii), the phase dia-

gram of poly-U with spermine is obtained at the exact conditions of

the PNPase reaction, which requires alkaline conditions (pH 9). In our

case, spermine is a stable positively charged molecule in a wide pH range,

but deprotonation reduces the net charge and likely narrows the two-phase

region.

Based on the phase diagrams, a working salt concentration and polyelec-

trolyte concentration were selected. The marked point in Fig. 4A indicates

where coacervation is possible for a nearly 100% efficient reaction, and with

some margin for the effect of secondary products (pyruvate, orthophos-

phate) and undetermined products (wide range of poly-Umers).

5.2 Reaction monitoring with turbidity
In Fig. 4B we show that plate reader experiments can be used to easily verify

the reproducibility of the forward and reverse reaction of the PyK and

HK controlled reactions. The green and orange arrows indicate substrate

addition. For some of the enzymes the reaction is found to proceed very

quickly, such as the PNPase reaction in Fig. 4B(ii). However, these
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measurements only show the turbidity over time, or the turbidity in the

presence of salt. To visualize that the mixture really contains coacervates,

we have to go to microscopy experiments.

5.3 Partitioning coefficients from fluorescence microscopy
Fluorescence microscopy on passivated glass surfaces produce a detailed

picture of the two-phase system. As can be seen in Supplementary videos 1

and 2 in the online version at https://doi.org/10.1016/bs.mie.2020.06.007,

coacervates nucleate after an incubation period of 5min and move in and

out of the focal plane. For quantitative measurements we use the focal plane

near the glass, where coacervates settle and are less mobile, Fig. 4C(i and ii).

Due to the different sizes of the coacervates (ranging from 1 to 10μm radius

at the final reaction time), wide-field fluorescence microscopy can be advan-

tageous to remove the variation in droplet midplanes.

Light intensity profiles of both excitation wavelengths were plotted

using ImageJ software for the ATP-PLL coacervates. A clear difference in

partitioning can be observed between PLL and PyK (Fig. 4C(i)). While

TAMRA-labeled PLL completely co-localizes with the observed coacer-

vates from transmission images, PyK labeled with Alexa-647 accumulates

at the coacervate interface. The partitioning coefficient (Kp) is determined

from the ratio of emission intensity between the inner coacervate region

and its surroundings. We use the integrated intensity (I) in a fixed squared

area, and correct it for the emission of a blank (same excitation settings, no

fluorophore).

KP ¼ Iin�Iblank
Iout�Iblank

(4)

Note that the blank emission can drastically affect Kp. For example, for a

droplet with integrated Alexa-647 fluorescence intensity of 100, and an

intensity in the surrounding solution of 10, a blank intensity of either 1

or 9 will result in a Kp of 10 or 91. The difference in midplanes also requires

that coacervates of different sizes and frame positions, are used for a reliable

determination of Kp. Finally, Kp must be measured under equilibrium con-

ditions, and it is therefore crucial to perform the measurement with different

droplet incubation times to check for variation.

Using this method, we find a partitioning coefficient of ca. 100 for PLL

(PLLTAMRA) in ATP-based coacervates. In this case we assume the labeling

does not affect partitioning, but that is not necessarily true. Especially in the

case of small molecules, such as ATP, attachment of a fluorescent label can
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strongly affect its partitioning (Deshpande et al., 2019). Also in the case of

enzymes, the degree of labeling of the enzyme, and the hydrophobicity of

the label (which can be accessed by its membrane interaction parameter), can

completely change properties, including activity, which we did not test for

here. Oneway to find out if labeling affects partitioning is to repeat the label-

ing with a different fluorophore, for example, with a different charge and/or

hydrophobicity, and compare the partitioning coefficients for both labels.

5.4 Concentrations from classical analytical tools
Typical chemical tools for quantification can be used for coacervates if the

proper sample preparation steps are taken. NMR and UV/Vis spectroscopy

can be performed in the emulsion, but we observe better reproducibility if

the phases are separated or the emulsion is dissolved. For partitioning coef-

ficients, macrophase separation is needed; for bulk reaction monitoring, we

suggest dissolving the coacervates prior to chromatographic analysis.

Fig. 4D(i) shows the chromatograms of the treated dense and dilute

phases of ATP-PLL coacervates. ADP and ATP can be clearly separated with

our method, and also PEP and PLL can be detected at 215nm. After apply-

ing the dilution factors, we obtain the partitioning coefficients in Table 1.

An important source of error that remains is the calculation of the

coacervate volume. The coacervate volumes are usually small, and rela-

tive uncertainties in their quantification can be large. In addition, in our

approach we assume that the volume changes upon mixing a high ionic

strength solution with a dense coacervate phase are negligible. In our expe-

rience, the potential error arising from this assumption is smaller than the

typical uncertainties introduced in any of the alternative methods to deter-

mine ultrasmall volumes of liquids with unknown densities (Aumiller

et al., 2016).

Table 1 Partitioning coefficients obtained using different methodologies.
Component Kp Determination method

PLL 98�16 FL-microscopy

PyK enzyme Interfacial FL-microscopy

ATP 52�18 HPLC

ADP 18�4 HPLC

PEP 0.8�0.5 HPLC
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The accuracy of HPLC also produces a reliable kinetic profile of ATP

formation, that can be used to obtain KM and kcat. Because it requires

quenching and dissolution prior to analysis, it is difficult to obtain several

time points in the linear range of the kinetic curve, so we recommend fitting

the exponential curve to derive the initial velocities. TheMichaelis-Menten

plot shown in Fig. 4D(ii) reveals that coacervation hardly affected the overall

reaction, which can be due to the small number of coacervates. KM and kcat
values can be obtained from the linearization of the plot (and considering

an enzyme concentration of 80nM) and although not remarkably different,

they demonstrate that it is possible to perform a typical enzyme-kinetics

study with coacervates droplets using our method. Microscopy can be

misleading in terms of the ratio between coacervates and solution, but

our volume measurements confirm that ATP-PLL coacervates take up no

more than 1% of the total mixture volume (10–13μL for 1000μL), similar

to the volume fraction of PNPase coacervates (1–2μL for 100μL). These
results also match the micrographs showing that after 10min, the nucleation

of new coacervates seems to stall and only coalescence events are observed.

Additional information could be obtained by carrying out the kinetic

analysis in the two phases separately, which would be less challenging

for coacervates of higher volume fraction, or for fluorogenic enzymatic

reactions.

6. Summary and conclusion

To summarize, we have given elaborate protocols and guidelines to

study enzymatically controlled coacervation. Dynamic control by enzymes

is desirable as coacervates are being used both as promising models to study

membraneless organelles, and as synthetic cell models. The transition from

passive coacervate droplets toward active and dynamic coacervates brings

some additional requirements that have to be taken into account. In this chap-

ter we used a charged-based coacervate system based on ATP-poly-lysine

and a length-based coacervate system based on elongation of an oligo-

RNA primer by UDP, which phase separates with spermine, as two exam-

ples, but the protocols should not be limited to these two systems. The

workflow presented here is general and may help in assessing the feasibility

of other candidate enzymes as active modulators of coacervation.
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