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ABSTRACT
Phase separation of biomolecules can facilitate their spatiotemporally regulated self-assembly within living cells. Due to the selective yet
dynamic exchange of biomolecules across condensate interfaces, condensates can function as reactive hubs by concentrating enzymatic com-
ponents for faster kinetics. The principles governing this dynamic exchange between condensate phases, however, are poorly understood.
In this work, we systematically investigate the influence of client–sticker interactions on the exchange dynamics of protein molecules across
condensate interfaces. We show that increasing affinity between a model protein scaffold and its client molecules causes the exchange of pro-
tein chains between the dilute and dense phases to slow down and that beyond a threshold interaction strength, this slowdown in exchange
becomes substantial. Investigating the impact of interaction symmetry, we found that chain exchange dynamics are also considerably slower
when client molecules interact equally with different sticky residues in the protein. The slowdown of exchange is due to a sequestration effect,
by which there are fewer unbound stickers available at the interface to which dilute phase chains may attach. These findings highlight the
fundamental connection between client–scaffold interaction networks and condensate exchange dynamics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0188461

I. INTRODUCTION

Phase separation of proteins and nucleic acids has emerged as a
new biophysical paradigm for the organization of biological macro-
molecules inside living cells.1–3 Extensive work has established that
the formation of these biological condensates is driven by the phase
separation of multivalent proteins, which are closely analogous to
associative polymers.4,5 These proteins, often harboring intrinsically
disordered regions,6,7 contain multiple residues or domains, which
can form a network of noncovalent bonds driving the formation of
a dense phase.8 These residues or sequence motifs, often termed
“stickers,”9,10 typically interact through short-ranged interactions
mediated by aromatic residues and also hydrophobic or electro-
static interactions.11,12 However, while these multivalent proteins

usually act as the primary scaffolds for biomolecular phase separa-
tion, condensates are often enriched in “client” molecules,13 which
have favorable interactions with the multivalent proteins but cannot
phase separate on their own. Thus, condensates often feature a rich
network of interactions whose overall composition regulates their
material and functional properties.14–18

The ability of biomolecular condensates to concentrate client
species is widely accepted to be critical to their biological func-
tion. In many cases, clients are biomolecules with enzymatic activ-
ity, which are spatially concentrated by condensates to potentially
enable more efficient reactions or perform regulatory functions.19–22

Furthermore, condensates allow selective yet rapid exchange of
biomolecules across their interfaces, which is most likely critical for
their ability to spatiotemporally organize biomolecules within cells.

J. Chem. Phys. 160, 145102 (2024); doi: 10.1063/5.0188461 160, 145102-1

Published under an exclusive license by AIP Publishing

 17 February 2025 21:04:58

https://pubs.aip.org/aip/jcp
https://doi.org/10.1063/5.0188461
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0188461
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0188461&domain=pdf&date_stamp=2024-April-9
https://doi.org/10.1063/5.0188461
https://orcid.org/0000-0001-6783-6193
https://orcid.org/0000-0001-7384-2821
https://orcid.org/0000-0002-1350-9960
https://orcid.org/0000-0002-8152-6615
mailto:azp@princeton.edu
https://doi.org/10.1063/5.0188461


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

As an example, diffusive fluxes across interfaces have been shown to
provide a mechanism of size regulation in an active condensate.23,24

Similarly, fluxes of regulatory biomolecules such as kinases and
phosphatases offer a compelling mechanism for the active for-
mation and dissolution of condensates.25,26 There has been grow-
ing interest in deciphering how biomolecular interaction networks
tune the equilibrium assembly of multicomponent condensates.27–30

Recently, there has been great interest in understanding the organi-
zation and dynamics of condensate interfaces. Condensate interfaces
have been shown to display rich phenomenology ranging from
modulating redox reactions to promoting the growth of amyloid
fibrils.31,32 Computational investigations of biological condensates
have also explored the organization and conformations of scaffold
molecules at these interfaces.33,34

Molecular dynamics simulations with coarse grained pro-
tein models have emerged as a powerful tool for investigating
the physicochemical principles behind the formation of biological
condensates.35,36 Residue-level models, where each amino acid is
modeled as a single bead, have proven highly successful in explaining
protein condensate phase behaviors including sequence-dependent
properties and multicomponent organization37–40 at a reasonable
computational cost. Although residue-level models more closely
approximate real systems, minimal sticker-spacer9 or hydrophobic-
polar models41,42 with two bead types have proven to be highly effec-
tive at efficiently probing the biophysical principles underlying con-
densate formation. Recent work utilizing a minimal coarse-grained
model has suggested that condensate interfaces might impose strong
transport resistance to fluxes across them,43 a finding indirectly sug-
gested by experimental measurements.44 While previous work has
investigated this question for simple, one-component condensates,
it is unclear how the presence of protein scaffolds—mediated by a
complex network of interactions—and their clients would influence
the dynamics of fluxes across condensate interfaces.

In this work, we investigate how the presence of client
molecules can influence the dynamics of exchange across condensate
interfaces. Utilizing molecular dynamic simulations with a mini-
mal model of a phase-separating protein with interacting clients,
we characterize the effects of stoichiometry and interaction strength
on exchange dynamics. Furthermore, we investigate the role of
interaction network symmetry, demonstrating that differences in
interaction strength between the client and different sticky residues
can change the condensate’s dynamics. Finally, we explore how the
sequestration of stickers by client molecules leads to the slowing of
condensate exchange dynamics.

II. MODEL AND METHODS
We utilize a coarse-grained sticker-spacer model, which has

been used previously to study the phase separation of disordered
proteins in the absence of clientmolecules.43,46 Themodel represents
disordered proteins as polymers composed of two types of sticky
beads, A and B, which have heterotypic (A–B) attractive interactions
implemented through a pair potential with a distance cutoff at r = r0.
Client-like species were modeled as a third bead-type C, which also
has heterotypic interactions with stickers A and B through the same
attractive potential function but with differing strengths, as shown
in Fig. 1(a):

Ua(r) =
⎧
⎪⎪⎪
⎨
⎪⎪⎪
⎩

−
1
2
Uab(1 + cos

πr
r0
), r ≤ r0,

0, r > r0.
(1)

We note here that clients can bind to either sticker A or B
but also to an A–B sticker pair, thus clients can potentially stabilize
sticker–sticker bonds. Physically, this models multivalent clients that
feature distinct interaction interfaces for different stickers. Further-
more, to ensure one-to-one binding of stickers, the self-interaction
of A–A, B–B, and C–C beads was modeled with a purely repulsive
Weeks–Chandler–Andersen interaction,47

Ur(r) =

⎧
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r
)
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(2)

Sticker beads were connected by flexible finite extensible
nonlinear elastic bonds, which implicitly represent spacers,

Ub(r) = −
1
2
KR2

0 ln [1 − (
r
R0
)

2
]. (3)

Following previous work,43 parameters were set as follows:
K = 0.15kBT/nm2, R0 = 10 nm, Uab = 14kBT, r0 = 1 nm, ϵ0 = 1kBT,
and σ = 2 nm. Parameters chosen for the repulsive interaction
were found to be sufficient to prevent many-to-one binding of
the stickers. For client–sticker cross-interactions Ubc and Uac, a
range of interaction strengths between 1 and 4kBT was considered.
For all parameter regimes studied, we observed the formation of
equilibrium dense and dilute phases rather than system-spanning
networks.5,48 Since the two sticker beads A and B are thermody-
namically identical, we considered a case where client C interacts

FIG. 1. (a) Schematic showing the model sequence (A2B2)3 and the interaction networks between sticker and client beads for both the symmetric and asymmetric interactions
between client C and the two sticker beads A and B. (b) A representative snapshot of a simulation box comprising 1000 (A2B2)3 polymers and 12 000 C client beads at
coexistence conditions showing a polymer-rich dense phase and a polymer-lean dilute phase. Simulation snapshots were generated using OVITO.45
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symmetrically with both A and B as well as when it interacts asym-
metrically while preserving the same sum of interaction energies.
The overall interaction energy was kept constant to ensure equal
partition coefficients of the clients between the two cases.

All simulations were performed using the HOOMD-blue simu-
lation package.49 The equations of motion were integrated using the
velocity Verlet algorithm with a time step of δt = 0.1 ns. A weakly
coupled Langevin thermostat was used with a friction coefficient
γ = 11 320 amu/ps and all beads havingmassm = 188.5 amu, leading
to a damping factor τ = m/γ = 10 ns. We also tested different values
of the damping factor and found that our results were robust to this
parameter value, as shown in Fig. S1 in the supplementary material.
Simulations were run on single Nvidia A100 Graphics Processing
Units.

In this work, we consider only a single reference sequence
(A2B2)3 in the presence of client molecules. Unless otherwise men-
tioned, simulations were performed with equal mole fractions of
client and stickers. For obtaining coexistence properties, direct
coexistence simulations50 were performed in an extended periodic
simulation box of size 500 × 50 × 50 nm3, as shown in Fig. 1(b).
Simulations were initialized by placing a rectangular slab of polymer
chains within the region−50 nm < x < 50 nm, while client molecules
were placed uniformly outside this region. The system was then
equilibrated by performing an NVT run for 2 × 108 time steps with
a step size of δt = 0.1 ns. This was found to be sufficient for estab-
lishing equilibrated dense and dilute phases. After equilibration, a
production run was performed for another 2 × 108 time steps, with
simulation snapshots recorded every 2.5 × 105 time steps.

To estimate the exchange dynamics of chains between the dilute
and dense phases, we utilized an approach described in a recent
study.43 Briefly, chains initially starting out in the dilute phase were
labeled and tracked over the course of the simulation, as illustrated
in Fig. 2(a). For each frame of the trajectory, labeled chains were
checked to see if they remained in the dilute phase or had been asso-
ciated with the dense phase. A labeled chain was considered to be
associated with the dense phase if it was connected by at least one

FIG. 2. (a) Schematic illustrating the method for estimating the lifetime of a chain in
the dilute phase. Individual polymer molecules that were initially in the dilute phase
are tracked until they become part of the dense phase for a sufficient duration. (b)
The individual chain lifetimes in the dilute phase were recorded on a histogram and
found to follow an exponential distribution. (c) Survival probability S(t) is defined
as the fraction of labeled chains that remain in the dilute phase. The solid blue
curve is the simulated survival probability of dilute phase chains, while the dashed
red line is an exponential fit to the data.

sticker–sticker bond to the largest cluster in the simulation box (with
a “cluster” defined as a set of chains connected by sticker–sticker
bonds). If labeled chains remained associated with the dense phase
for “sufficiently long,” they were considered to have stably attached.
Here, the criterion for sufficiently long attachment was considered
to be 40 consecutive snapshots, i.e., 1 ms. The timescale of chain
exchange between phases was then estimated by fitting an exponen-
tial distribution to the fraction of labeled chains remaining in the
dilute phase [Fig. 2(b)]. We note that this approach works best in the
regime where the diffusive timescale L2dil/Ddil is much smaller than
the chain attachment timescale τ, where Ldil is half the dimension of
the dilute phase normal to the condensate interface. This was found
to be the case with Ldil ∼ 0.1 μm and Ddil ∼ 10 μm2/s, so L2dil/Ddil ∼

1ms and the typical chain attachment timescale τ ∼ 10 ms. Addi-
tionally, this survival probability approach was found to be robust to
the effect of finite simulation time as compared to directly estimat-
ing an average lifetime [Fig. 2(c) and Fig. S2 in the supplementary
material].

III. RESULTS
A. Effect of client–sticker interaction strength
on phase coexistence

We first investigated the effect of both interaction strength and
interaction symmetry between the stickers and the client molecules
on their phase coexistence. Since sticker beads A and B are thermo-
dynamically identical, clients can either have symmetrically equal
interactions with either sticker or preferential interactions with one
sticker. For the symmetric case, the interactions of the client with
each sticker were set to Uac = Ubc = ϵ. For the asymmetric case, the
preferential interaction Uac was set to 2ϵ with Ubc = 0 to maintain
the same overall interaction energies. For both cases, ϵ was system-
atically varied from 1 to 4kBT to study the effect of overall interaction
strength. As expected, there is a greater degree of client partitioning
into the dense phase as the interaction between client and stick-
ers increases. Client concentration in the dense phase increased

FIG. 3. Coexistence density profiles for polymer (blue) and client (orange) species
for (a) symmetric and (b) asymmetric interactions. Density profiles were found to
be largely invariant with respect to the symmetry of client–sticker interactions.
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roughly twofold as the interaction strength was changed from 1 to
4kBT as shown in Fig. 3. The concentration of protein chains in the
dense and dilute phases, however, was mostly unaffected, suggest-
ing that the client interaction did not strongly influence the phase
separation in the studied regime. A small decrease in dense phase
concentration was observed for the highest client interactions, which
likely emerges from client–client repulsions due to excluded volume
effects.51 These results highlight that in the client–sticker interac-
tion regime studied, equilibrium phase behavior remains unchanged
with client–sticker interaction strength and symmetry.

B. Effect of client–sticker stoichiometry
and interaction strength on chain dynamics

Having established the equilibrium phase coexistence of the
model, we then investigated how the presence of client molecules
might influence the kinetics of the chain exchange between the
dilute and dense phases. Using the approach described previously,
we calculated the lifetime of chains in the dilute phase across a
range of different client–sticker interaction strengths. We find that
as the client–sticker interaction is increased, dilute phase chain life-
times increase sharply from τ = 8 ms at ϵ = 1kBT to τ = 15 ms at
ϵ = 4kBT. Furthermore, we reasoned that the ratio of client to sticker
in the system might also influence the dynamics of chain exchange
between the phases. To study this effect, we performed simulations
of chains at different overall stoichiometries of clients to stickers
and calculated the lifetimes of chains in the dilute phase at differ-
ent interaction strengths (Fig. 4). Surprisingly, we find that overall
stoichiometry only has a significant effect at relatively high values
of client–sticker interaction. At ϵ = 1kBT, the dilute phase lifetime
remains constant as the overall ratio of client to stickers is increased
from Rc:s = 0.1 to Rc:s = 1, while at ϵ = 4kBT, the lifetime increases
monotonically as the fraction of client molecules is increased.

To ascertain whether this increase in chain lifetimes within the
dilute phase might simply be due to variation in the diffusivity,
we calculated the diffusivity of dilute-phase chains as ϵ was var-
ied (Table I and Fig. S3 in the supplementary material). We found
that the diffusivity followed a nonmonotonic trend with increasing
client interaction, with only marginal differences between the sym-
metric and asymmetric interaction cases. This trend for diffusivity
is an emergent effect due to an interplay of the radius of gyration of
the chains and the viscosity of the dilute phase (Table I and Fig. S4
in the supplementary material). Thus, changes in diffusivity cannot
sufficiently account for the magnitude or sharpness of this change.
The only other timescale relevant to the dilute-phase chain lifetime
involves the timescale of interfacial attachment. This suggests that

FIG. 4. Scaling of dilute-phase chain lifetime with overall client stoichiometry
and interaction strength for symmetric interactions. Above a threshold interaction
strength, chain lifetimes in the dilute phase were found to increase sharply.

the origin of this effect might lie in the fraction of free stickers avail-
able on the incident polymer to associate with those available at
the interface.43 Thus, our findings suggest that above a threshold
interaction strength, client molecules increasingly slow down the
exchange dynamics between the dilute and dense phases, thereby
modulating the condensate dynamics.

C. Client–sticker interaction symmetry strongly
influences exchange dynamics

Our finding that slowing down of chain exchange between
dilute and dense phases might emerge from free-sticker sequestra-
tion effects in the protein chains led us to probe how the symme-
try of the client–sticker interaction influences exchange dynamics.
We measured the lifetime of chains across a range of interaction
strengths from 1 to 4kBT for both symmetric and asymmetric inter-
actions between client C and sticker beads A and B, as shown in
Fig. 5. Strikingly, we find that for the asymmetric interaction, the
dilute-phase chain lifetime is largely unchanged even as the strength
of the client interactions is increased. This strong dependence on
interaction symmetry for exchange dynamics is distinct from equi-
librium properties such as coexistence density and bulk diffusivity
of chains. Additionally, we expect that this differential slowing
down of chain exchanges also depends on the sequence composi-
tion, specifically the relative proportion of A and B stickers.43 Equal
sticker compositions have been shown to lead to low availability of
unbound stickers, which would be further enhanced by the pres-
ence of clients.52 Our findings highlight that condensate dynamics
are influenced by both the overall energetics and the structure of the

TABLE I. Simulated dilute-phase chain lifetimes, dilute-phase diffusivity, radius of gyration, and dimensionless viscosity for symmetric and asymmetric client interactions.
Subscript indicates an error on the last digit.

Interaction (kBT) τsym (ms) τasym (ms) Dsym (μm2/s) Dasym (μm2/s) Rg,sym (nm) Rg,asym (nm) η∗sym η∗asym

1 7.82 7.52 11.4 11.0 3.68 3.66 6.33 6.11
2 8.33 7.83 11.6 12.1 3.66 3.64 6.02 5.61
4 14.94 8.13 9.9 8.2 3.57 3.71 5.31 7.62
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FIG. 5. Scaling of dilute-phase chain lifetime with client–sticker interaction
strength shows a strong dependence on the symmetry of client–sticker interaction,
especially at greater interaction strengths.

interaction network between clients and stickers, in contrast to the
coexistence densities.

Next, we investigated the molecular mechanism driving this
slowing down of chain exchanges between the dilute and dense
phases. Based on our earlier findings, we reasoned that this slow-
ing down of chain exchange dynamics might be linked to changes in
the bonding network of the stickers for chains exchanging between
the dilute and dense phases. We hypothesized that the symmetric
client–sticker interactions would potentially stabilize bound stickers,
thereby leading to slowing down of chain exchanges. Quantifying
the total fraction of A–B–C clusters, we find that while this quan-
tity predictably increases as the interaction strength is increased,
there is almost no dependence on the interaction symmetry (Fig.
S5 in the supplementary material). This effect can be attributed to
the strong intersticker interactions, resulting in the vast majority of
stickers in the dense phase being present as A–B pairs, which interact
equivalently with both the symmetric and asymmetric clients.

To obtain a more sensitive metric for ascertaining the cause of
slower chain exchange, we calculated the fraction of stickers in our
system that were not bound to other stickers (Fig. 6). For chains that
have symmetric client interactions, the fraction of unbound stick-
ers in both the dense and dilute phases was found to monotonically
decrease with the strength of the client interaction, as expected. In
contrast, there was no change in the fraction of unbound stickers for
chains with asymmetric client interactions. This is consistent with
the trend in chain exchange dynamics where the chains with asym-
metric client interactions were found to have dilute-phase chain
lifetimes invariant with client interaction strength. Additionally, this
data also agrees with our radius of gyration calculations in the
dilute phase, which show symmetrically interacting chains having
more compact geometries with increasing client interaction, sug-
gestive of more stickers being bound. Thus, our data suggests that
the increase in the dilute-phase chain lifetimes for symmetrically
interacting stickers arises due to the stabilization of sticker–sticker
interactions by the client. This depletes the pool of free stickers
available in both phases, therefore hindering the exchange of chains
between phases. Taken together, our findings show how both the
interaction strength and symmetry of client–sticker interactions can
tune the dynamics of transport between phases by stabilizing the
lifetime of sticker–sticker bonds.

FIG. 6. Variation of unbound fraction of stickers as a function of interaction strength
for symmetric and asymmetric client interactions.

IV. CONCLUSION
In this work, we have investigated the exchange dynamics of

model protein scaffolds across condensate interfaces in the pres-
ence of client molecules. By calculating the dilute-phase chain life-
time distributions, we have systematically elucidated the role of
client interactions in chain exchange dynamics. We find that as the
strength of client–sticker interaction increases, chains spend longer
in the dilute phase. Surprisingly, we also find that there exists a
threshold interaction strength beyond which exchange dynamics
slow down markedly. While there is a strong linear scaling of the
chain lifetime with global client-to-sticker stoichiometry above this
threshold interaction, we found almost no dependence below it.
These results highlight the important role that client molecules play
in modulating the diffusive fluxes across condensate interfaces. We
note that this study does not explore the modulatory effects of dif-
ferent classes of client molecules on phase behavior.48,51,53 In future
studies, it would be interesting to explicitly connect the previous
investigations on condensate phase equilibria with ligand binding
and the scaffold exchange dynamics explored in this work.

Having investigated the role of interaction affinity between
clients and stickers, we then asked whether the symmetry of the
interaction between the client and the different stickers plays a role.
We found that interaction asymmetry does not strongly influence
the coexistence densities or the diffusivities in the dilute phase.
However, interaction asymmetry was seen to strongly influence
the chain exchange dynamics. When the client interacts equally
with both stickers, there is a sharp increase in the chain lifetimes,
especially beyond a threshold interaction strength. However, when
clients interact preferentially with only one type of sticker, this effect
is absent. Furthermore, by quantifying the fraction of unbound
stickers, we find that as the client–sticker interaction is increased,
especially for symmetric interactions, there is a paucity of free stick-
ers in the dense phase. Therefore, chains from the dilute phase are
less likely to connect with the dense phase, leading to the slowdown.
We note that in our model, client–sticker binding does not change
the interactivity of the sticker. In both the symmetric and asymmet-
ric binding cases, client-bound stickers are still capable of interacting
with other stickers. However, another biologically relevant scenario
is where client binding inhibits the sticker from participating in
other sticker–sticker interactions. Future work would examine how
the presence of such clients might impact condensate dynamics,
especially in different energetic regimes.
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Taken together, our findings highlight how biomolecular inter-
action networks between clients and scaffolds can impact the dif-
fusive fluxes across biological condensates. Depending on their
relative interactions, client molecules can sequester sticky residues
in scaffolds, thereby slowing down exchange dynamics. Given the
recent interest in designing synthetic condensates for metabolic
engineering,54–56 our results highlight the importance of conden-
sate exchange dynamics when considering the rational design of new
client–scaffold networks.

SUPPLEMENTARY MATERIAL

The supplementary material contains additional information
on scaling of the exchange timescales with the damping time
of the Langevin thermostat γ, calculation of finite time effects
on chain exchange timescales, diffusivity and viscosity calcula-
tions, and dependence of sticker–client–sticker bonding statistics on
client–sticker interaction strengths.
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