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Droplet Differentiation by a Chemical Switch
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A fundamental question about biomolecular condensates is how distinct condensates can emerge from
the interplay of different components. Here we present a minimal model of droplet differentiation where
phase separated droplets demix into two types with different chemical modifications triggered by
enzymatic reactions. We use numerical solutions to Cahn-Hilliard equations with chemical reactions and an
effective droplet model to reveal the switchlike behavior. Our work shows how condensate identities in
cells could result from competing enzymatic actions.
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Cells organize biochemistry in space through the for-
mation of distinct chemical compartments. Membranes
provide barriers to separate different compartments.
However, many compartments do not have membranes
which are called biomolecular condensates because they
are dense assemblies of specific types of molecules [1-6].
Biomolecular condensates are often very dynamic in that
they exhibit a fast exchange of molecules with the surround-
ing cytoplasm and behave similar to liquid droplets [7-9].
Liquidlike properties make them well suited to act as
reaction centers that concentrate specific enzymes and
substrates together in a small volume, thereby localizing
biochemical processes in distinct spaces [10—12].

Over the past decade, many different membraneless
compartments have been identified [1,5,13-19]. These com-
partments typically consist of proteins and nucleic acids that
coexist with their surrounding medium as a phase separated
liquid mixture. A fundamental question in biology is how,
from a cytoplasm with a large number of different molecular
components, specific types of condensates emerge and what
determines their identity. In principle, phase separation of
multicomponent systems permits the coexistence of multiple
different phases according to the Gibbs rule. However it is
unclear how biology could control the coexistence of many
different phases and how this could define the identities of
condensates observed in cells. An alternative for cells is to use
chemical modifications of molecules to organize the bio-
chemical identity of compartments.

Proteins that participate in the formation of biomolecular
condensates can be subjected to posttranslational modifica-
tions, including for example acetylation, methylation, and, in
particular, phosphorylation [20,21]. Protein phosphorylation
is carried out by enzymes called kinases, which can add one or
more phosphate groups to a target protein. Those phosphate
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groups can be removed by another type of enzyme known as
phosphatase. Changes in the phosphorylation state of con-
densate-associated proteins can induce the formation or the
dissolution of droplets [22-25], or affect the interactions of
molecules that partition into droplets [26,27].

The introduction of chemical modifications to the molecu-
lar components in a phase separating system can lead to novel
nonequilibrium droplet dynamics. Here we present a minimal
model to discuss droplet differentiation as an emergent feature
of chemically active droplets. We show that chemical
modifications can drive a single population of droplets to
become unstable and split into two subpopulations of differ-
entiated droplets, whereby the same underlying physical
interactions drive phase separation, yet condensate constitu-
ents from the two droplets have different chemical identities.
These differentiated droplets have different chemical proper-
ties and in a cell could provide different functions.

We consider the simple case where the chemical mod-
ifications do not affect the thermodynamics of phase
separation, but change the partitioning of enzymes into
the droplets. Our model system consists of five components.
Solvent W in a biological system is water based. Droplet
material phase separates from the solvent. This material,
which we call scaffold, exists in two chemical states, A and
B. We consider that A and B have the same interactions with
solvent W, which corresponds to the case where posttransla-
tional modifications of one monomer have only a small
effect on the thermodynamics of phase separation. Two
enzymes denoted AB and BA convert scaffold state A to B
and B to A, respectively, through the reactions

A+AB - B+ AB, (1)

B+ BA — A+ BA, (2)

© 2024 American Physical Society
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shown schematically in Fig. 1(b). The modification A to B is
motivated by phosphorylation of proteins in a cell, which
requires an energy input that is not described explicitly, and
therefore the rates of the reaction do not obey detailed
balance. The enzymatic reactions are described by
Michaelis-Menten kinetics, giving a net chemical reaction
flux of component A as

Npallp
, 3
Kt (3)

where the first term corresponds to reaction (1) and the
second term corresponds to reaction (2), n; is the concen-
tration of component i, k,p and kp, are kinetic coefficients
that describe the enzyme speed, and K 45 and K 54 character-
ize the strength of binding of enzymes with their substrates.

The key aspect of the model is that the enzymes have a
preference to partition into droplets that are composed of
the product of the respective enzymes’ reaction; see
Fig. 1(c). Such a situation could arise for example if the
enzyme possessed two domains, a catalytic (kinase)
domain, and a binding domain that bound the phospho-
rylated target protein.

We describe the system by the free energy [28]

P [av]s+5onp) 4)

The integration is over the system volume in three
dimensions (3D) or area in two dimensions (2D), the
gradient term with strength « captures an emergent surface
tension, and f is the free energy density, which primarily
controls the bulk properties. We use a Flory-Huggins free
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FIG. 1. Cartoon representation of our system. (a) Droplets
differentiate to acquire new unique volumes (mixed to green and
magenta droplets). (b) Scaffold protein is modified between two
states, A and B, by two enzymes AB and BA. (c) Enzymes
associate with their products through nonreactive domains.

energy density of the form [29,30]

T —yv(na + ng + npa + nap)?
B

—ev(ny —np)(nps — nap) + Z”i logn;v;. (5)

Here y describes the interaction enabling phase separation of
scaffolds and enzymes from the solvent, and ¢ describes the
interaction that promotes the enzymes to colocalize with
their products. The logarithm terms capture the entropy of
mixing, and v; is the molecular volume of component i
where the sum runs over all components including solvent
i={W,A,B,AB, BA}. Furthermore, we consider an
incompressible system with constant molecular volumes
v; such that concentrations obey the constraint » ; n;v; = 1.
In the following we use parameters for which the system has
two coexisting phases, a droplet phase and a bulk phase.
To focus on the core features of this model, we choose
for simplicity symmetric parameters: equal molecular
volumes for all solute species v; = v, equal enzyme rate
coefficients k = k45 = kp,, and enzyme association con-
stants K = K 5 = Kgs. As initial conditions we choose
equal average concentrations 7i, = fig and 7 p = fig,.
Our model can be related to biomolecular condensates
where the scaffold in modification state A and B is a single
class of proteins that can condense to form droplets. The two
enzymes AB and BA convert the protein between two states,
such as phosphorylated and unphosphorylated states. The
idea that enzymes tend to colocalize with their reaction
products, as described by the coefficient ¢, could for example
correspond to kinases with two domains as in Fig. 1(c); see
also the Supplemental Material [31]. This biases the
enzymes to be localized with their products. As we show
below, droplets that are enriched toward one of the modi-
fication states tend to recruit enzymes that further modify the
droplet in the same direction. This is a positive feedback that
can cause the droplets to diverge into differentiated droplets.
We first discuss the dynamics of the system using Cahn-
Hilliard equations with added reaction terms [28]:

oy =TV, +7Y, (6)
ong =TV —Y, (7)
Oilyp = szﬂA& (8)
Ongy =TV, )

Here, I' is the mobility coefficient of the components and
u; = 6F/én; denotes the exchange chemical potential of
component i. For 3D systems, when not otherwise noted,
we use interaction parameter y = 2.5, molecular volumes
v = vy = 10? nm?, initial average scaffold concentration
i, =3x1073 nm™3, and k=2 x 10° kzTnm>. These
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values ensure that the system is located in the two-phase
region of the phase diagram. We also use a mobility
coefficient T'=2 x 10* kz'T~'nm~' s~!, which corre-
sponds to a dilute phase diffusion coefficient for scaffold
around 20 pm? /s, initial ratio of average scaffold concen-
tration to enzyme concentration 7i,/i1, = 10, and
K = 10~* nm™3. These values are motivated by relatively
low enzyme concentrations and strong enzyme-substrate
binding; see the Supplemental Material [31]. For 2D
systems, when not otherwise noted, we use v = vy =
10> nm?, 71, =3x 102 nm™2, x =2 x 10° kzT nm*,
=2x10* k3'T7! s7!, and K =107* nm=2. We solve
the resulting dynamic equations numerically using a
Fourier spectral method combined with an implicit-explicit
method [35]; see the Supplemental Material [31].

We start by considering two identical droplets in 2D
space containing equal amounts n, = np of scaffold and
nap = np, of enzyme concentrations with a small super-
imposed random variation in concentration. We find that
the droplets differentiate spontaneously as time proceeds:
one droplet enriches A, while the second (partner) droplet
enriches B, as shown in Fig. 2(a). Enzymes similarly
partition into the two droplets following their products.
When we turn off the chemical reactions, the droplets
recover the state where A and B are mixed in both droplets,
showing that the differentiation of the droplets is reversible.
Solving the dynamic equations in 3D, we find qualitatively
the same behavior as in 2D; see Fig. 2(c).

We also study the case where there are no nearby
droplets to exchange material with, a system with the same
average concentration of all the components as above but
has a single droplet. This droplet quickly becomes polar-
ized; one half enriches A, and the other half enriches B, as
shown in Fig. 2(d). Additionally, the droplet proceeds to
deform, divide, and separate into two differentiated droplets
of different composition. Interestingly, these droplets are
repulsive even though surface tension favors droplet fusion;
see the Supplemental Material [31].

We describe the system in terms of the total concen-
trations n, s, and the excess concentrations o, ; with

ne = Npp + Nyp, O, = Nps — Nap,

(ngng —6,67)6; + (n;6; —n;6;)(2K + ny)
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FIG. 2. Numerical solutions of reaction-diffusion Cahn-Hilliard
equations of droplet differentiation. Brightness shows the total
concentration of scaffolds n, and the color (magenta/green) shows
the relative abundance of one scaffold over the other, §,. Note that
the enzymes follow the scaffolds behavior see the Supplemental
Material [31]. (a) Differentiation of two droplets in 2D. (b) Differ-
entiation decays when the chemical reactions are turned off.
(c) Differentiation in 3D. (d) Solution of a single droplet which
differentiates and divides. No-flux boundary conditions were
used, see the Supplemental Material [31] for periodic boundary
conditions. The parameters are y =25, e=12, I'=
2x 10* k5! T ' nm~!s7!, k = 2 x 10 nm*, 72, = 3 x 1073 nm~2,
v =10% nm?, K = 10~* nm~2, and k = 250 s~! in (a), (c), and
(d), and k = 0 s~! in (b). The average scaffold concentrations are
iy, = 1.8 x 1073 nm~3 in 3D solutions.

We note that 6, ; can be interpreted as an order parameter of
droplet differentiation: zero values of ¢ indicate an undif-
ferentiated state.

To obtain a general idea of how this system behaves, we
first study droplet differentiation using an effective droplet
model, a reaction-diffusion model with a sharp droplet
interface [9,42]. This approximation allows an analytical
solution to determine the differentiation transition as a
function of the system parameters. We consider two droplets
of equal size coexisting with a dilute phase. The concentration
of all the components is considered homogeneous inside the
droplets. We consider one droplet with composition inside
described by variables n;; and o;;. By symmetry the
composition inside the second droplet is given by the same
n,s and by =5, . The dilute phase concentrations outside
both droplets are denoted by n/ and ;.

The dynamic equations from the effective droplet model for
the droplet considered above are (see the Supplemental
Material [31])

((ng +68;) exp(—evsy) — (n; = 8;) exp(evdy)),

ny = ny + ng, S8, = ny —ng. (10)
J
3D} nf
9e == 2R62ni
N
3D7nt
9,67 = — R;n'f“ 55 + 2k

s

where D} and D7 are the diffusion coefficients outside the
droplet for the enzymes and scaffolds, and R is the radius of
the droplets. The total concentrations n and ni are the

result of the phase separation physics determined by the

: 11
(2K +n;)? =67 4D

|

parameters y and v; and are time independent in this case.
The nullclines of the dynamics are defined by the conditions
0,6, , = 0 shown as lines in the (5,, ;) plane; see Fig. 3.
The intersecting points of the nullcline represent stationary
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states. For small values of k there is a single stationary point
where the nullclines intersect at the droplet state
(67,687) = 0, which is stable; see Fig. 3(a). In this state
droplets are mixtures of A and B. For large values of k, this
stationary point becomes unstable and two stable stationary
points emerge, corresponding to the two differentiated states
where droplets are either enriched in A or B; see Fig. 3(b).

Using a linear stability analysis, we obtain the conditions
when mixed droplets are unstable. The linearized dynamics
read as

Diny Ding o= _
{atéz}zrw 35 e Hé (12

0,6 <

_

2kny Dinf kng K
-3 4 (2K+n;)?

2K+ny R’ny

which corresponds to exponentially varying time depend-
ence (87,55 ) ~ e*. The linear problem has two eigenvalues:

o 3nf (D +D})  2kn;K
B 2Rny (2K +nj;)?
3nf (D —-D}) 2kn; K \? 6kn,D}evn}
+ 5 + —— | t— —.
2R?n; (2K +ny) R*(2K +ny)
(13)

The smaller eigenvalue A~ is always negative describing
stable dynamics. The larger eigenvalue A™ is positive when

3D nt 4kKn;, 2evkn, ny
R’n; (2K +ny)*> 2K +ny
Here, the first term is the diffusion rate of the scaffolds, and the
second term describes the backward chemical reaction rate.
Both drive the system toward the mixed state. The third term
describes the rate of the enhanced chemical reaction resulted
from the localization of enzymes with their products, which
destabilizes the system and induces differentiation. When the
last term dominates the system, A* becomes positive, and the
system will spontaneously differentiate into two different
subpopulations of droplets; see Fig. 3(c).

Figure 3(d) shows the state diagram in the (&, k) plane for
fixed K, R and initial average concentrations. A critical line
describes the transition from a symmetric, undifferentiated
state to a differentiated state. Above this line, droplets will
differentiate, and below droplets stay mixed. Equation (14)
matches quantitatively with the numerical results, showing
that the analytical expression predicts the differentiation
transition as a function of the system parameters.

The dynamics of droplet differentiation are quite rich
depending on the number of droplets and extent of ripening.
We return to our numerical solutions of the Cahn-Hilliard
description to map out the most prevalent features; see
Fig.4(a). As discussed above, for small values of € and k (tan
region), droplets do not differentiate. For medium ¢ and &
values (blue region), droplets do differentiate.

The instability associated with droplet differentiation is
facilitated when there is a partner droplet in the system

>0. (14)

with which material can be exchanged as revealed by the
region where two droplets will differentiate but one
droplet stays mixed (light blue region). However, when
moving in the medium blue region, single droplets also
differentiate and split, showing that droplet differentiation
is robust and does not require material exchange with
other droplets. For even higher values of € and k (dark blue
region), droplets polarize into multiple domains before
they divide into many droplets. The resulting droplets
undergo ripening and coalescence until there are exactly
two differentiated droplets of the same size; see the
Supplemental Material [31], Sec. VIII, for systems start-
ing with many droplets.

We can compare this ripening to Ostwald ripening [43],
the thermodynamic process where small droplets shrink
and big droplets grow until there is only one droplet.

First we study the ripening of the same type of differ-
entiated droplets; we consider a system of four droplets,
two big droplets and two small droplets; see Fig. 4(b). As
shown in the snapshots, small droplets in the differentiated
system dissolve faster than the undifferentiated system.
Differentiation thus enhances Ostwald ripening kinetics
between droplets of the same type. Next we investigate
the ripening of opposite types of droplets; we consider a
system with a big droplet of A and a small droplet of B; see
Fig. 4(c). The two differentiated droplets equalize to the
same size, indicating that material is transported from the big
droplet to the small droplet. Differentiation thus reverses
Ostwald ripening kinetics between droplets of opposite type.
Taken together, differentiated droplet systems rapidly con-
verge to two equalized droplets instead of slowly reaching
the expected final state of one droplet.

Our work shows that phase separation together with
protein modification can generate a biochemical switch that
can provide different identities to biomolecular condensates
via droplet differentiation. Differentiated droplets recruit
different enzymes and contain different modifications to
the scaffold. The prerequisite is droplets with competing
enzymes having preferential affinity for their own products.
The switchlike behavior of droplet differentiation could
enable droplets formed by a single type of interaction that
drives phase separation to be specialized for different func-
tions. An important feature of this differentiation is that it can
be regulated by external signals such as enzyme activation and
deactivation to convert the droplets between differentiated
(specialized) and undifferentiated (general) states.

Labeled scaffold proteins are often used to identify the
location and type of biological condensates as foci that reveal
the presence of dense assemblies of scaffold [12]. As we show
in our work, droplet differentiation implies that droplets can
have different biochemical identities even though the scaffold
is the same. Therefore a careful analysis including protein
modifications may be required to fully identify condensates in
cells and to distinguish differentiated droplets.
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FIG. 3. Droplet differentiation in effective droplet model. (a),(b)
Vector maps of the time dependency for the asymmetry of
scaffolds &, and asymmetry of enzymes 6, with (a) low reaction
rate, k = 25 s~ and (b) fast reaction rate, k = 250 s~!. The arrow
vector shows (9,5 ,0,5,). The lines are the nullclines where
0,0, = 0 (dashed) and 9,67 = 0 (dotted). The system has sta-
tionary points where the two lines intersect. The stable stationary
points are denoted with a black dot. For a low reaction rate there is
only one stationary pointat 5~ = 0. For a fast reaction rate there are
two stationary points corresponding to differentiated droplets.
(c) Stable stationary points as a function of enzyme reaction rate k.
At a critical enzyme speed the system undergoes a pitchfork
bifurcation into two different types of droplets. (d) State diagram in
the (g, k) plane. The symbols are 3D numerical results, and the
line is the analytical results from the effective droplet model. The
parameters are nf = 1.4 x 1073 nm™2, ny = 7.9 x 1073 nm~2,
n; =79x107* nm=2, v =10> nm?>, D} =281 um>s~!,
D =28.1 pm2 ssL,R=1.6 pm, and except for (d), € = 0.6.

We also showed that droplet differentiation can induce
droplet polarization and division into multiple droplets. Pre-
vious work has shown that the addition of chemical reactions
can either enhance [44] or reverse Ostwald ripening [16,45].
Interestingly, differentiated droplets can both enhance and
reverse Ostwald ripening kinetics at the same time.

We note that coupling droplet differentiation with sur-
face interactions or taking into account geometric restric-
tions such as small pores or cavities can be an interesting
subject for future studies.

We note two observations that support that living cells have
the needed building blocks in place for droplet differentiation.
First, kinases have long been known to have nonenzymatic
binding sites for their products [46—48]. Second, scaffold
proteins in droplets have been shown to recruit different
molecules depending on their posttranslational modifications
[23,27]. In order to illustrate how our concept of droplet
differentiation can be realized with proteins, we propose a
possible design of multidomain proteins involving a scaffold
protein, kinase, and phosphatase to interact as described in the

(a) Differentiation state diagram
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FIG. 4. (a) Differentiation state diagram of droplet differentiation
in 2D. In the plane of ¢, k are four regimes corresponding to
undifferentiated (tan), differentiated with partner(light blue), differ-
entiated (medium blue), and multidomain differentiated (dark blue)
areas. The snapshots from solutions in different parameter regimes
are shown in the legend. (b) The enhanced ripening between the
same type of droplets. (c) The reversed ripening between different
types of droplets. Dotted lines in snapshots are visualization aids to
highlight the ripening. Line plots show the radii change over time
of the big and small droplets. The arrows highlight the impact from
the droplet differentiation. No-flux boundary conditions were used.
The parameters are y =25, I'=2x 10* kng‘l nm~! s~
k=2x10°nm*, 7, =3x107 nm™2, »=10>nm? and
K = 10~* nm™2. The ripening calculations used & = 0.5.

model; see the Supplemental Material [31] for protein
sequences. Our theoretical work could be tested in in-vitro
experiments on protein condensates. It also provides a
physical mechanism for the generation of condensates of
different identities in cells.

We would like to thank Anthony A. Hyman, Jie Wang,
Martine Ruer, and Regis Lemaitre for useful discussions
about this project.
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