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Diffusion of intrinsically disordered proteins within protein condensates
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Many intrinsically disordered proteins (IDPs) may undergo a phase separation to form a biomolecular
condensate. Understanding the behavior of individual molecules within condensates is crucial for characterizing
their collective physical properties relevant to biological functions. Here, we investigate the diffusion dynamics
of IDPs within protein condensates using molecular dynamics simulations. We find that the proteins exhibit
transient subdiffusion due to the viscoelastic nature of the condensates. Under conditions when confinement
arises from the finite size of the droplet, the conformation and instantaneous diffusivity of the proteins vary
significantly between the droplet interior and the interface with the environment, resulting in non-Gaussian dis-
placement distributions. Moreover, we demonstrate that the structural complexity and intermolecular interactions
of proteins modulate the subdiffusive behavior and the relaxation of diffusivity fluctuations. This study highlights
key aspects of the heterogeneous structural and dynamical behavior of IDPs within biomolecular condensates.

DOI: 10.1103/jsdl-chm9

I. INTRODUCTION

Some multivalent proteins and nucleic acids may form
biomolecular condensates, also sometimes called membrane-
less organelles (MLOs), through phase separation [1,2]. Such
protein phase separation is often driven by sequence-specific
multivalent interactions among the components [3,4]. In ad-
dition, entropic effects can influence the formation of protein
condensates, particularly in multicomponent systems such as
the cellular cytoplasm. There, protein concentrations are high,
and depletion interactions and entropic forces can play a sig-
nificant role [5–7]. Certain intrinsically disordered proteins
(IDPs) may, due to their flexibility and specific sequence
properties, play a central role in the formation of these con-
densates [4,8]. The organization of MLOs has been suggested
as contributing to essential biological processes, such as gene
regulation, biochemical reactions, signal transduction, and
molecular protection as a stress response. These functions
depend on the unique physical properties of the condensates.
The presence of flexible IDPs renders the interior of the con-
densate highly dynamic and complex, exhibiting liquidlike
properties with viscoelasticity [9–14].
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While many studies have examined phase separation
and droplet formation of biomolecular condensates, sev-
eral studies have specifically investigated the dynamics of
proteins within condensates using experimental and com-
putational approaches, such as pulsed-field gradient NMR
[15–17], fluorescence recovery after photobleaching (FRAP)
[18], single-molecule fluorescence microscopy [19–22], and
molecular dynamics (MD) simulations [23–28]. The diffusiv-
ity of proteins within condensates is typically two to three
orders of magnitude lower than in the dilute phase and can
be tuned by sequence variation and protein length. It has also
been highlighted that the interface of biomolecular conden-
sates acts as a key element in driving pathological protein
aggregation [29–31] and that it plays an important role in
regulating molecular exchange with the surrounding environ-
ment [31,32]. A detailed exploration of the intricate diffusion
process of IDPs using physical models could shed light on
the properties crucial for cellular processes. However, a com-
prehensive understanding of the spatiotemporal conformation
and dynamics of IDPs within the condensates remains elusive
at the molecular scale. In particular, a fundamental under-
standing of the physics in simpler systems, i.e., composed
of a single type of protein, is essential as a benchmark to
address the complexities inherent to multicomponent protein
condensates.

Here, we perform large-scale MD simulations of pro-
tein condensates formed by IDPs to investigate the diffusive
dynamics of proteins. We demonstrate that the proteins ex-
hibit transient subdiffusion attributed to anticorrelated motion,
which is presumed to be due to the viscoelastic properties
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of the droplet. Furthermore, we show that diffusivity varies
between the interior and the interface of the droplets, resulting
in a non-Gaussian distribution of displacement.

II. METHODS

A. Molecular dynamics simulations of protein droplets

We performed coarse-grained molecular dynamics (CG-
MD) simulations of 1000 molecules of the fused in sar-
coma low-complexity domain (FUS-LCD) and N-terminal
disordered region of DDX4 (DDX4-DR). The lengths of FUS-
LCD and DDX4-DR are 163 and 236 amino acid residues,
respectively. We employ FUS-LCD and DDX4-DR as an
example of IDP phase separation. FUS is an RNA-binding
protein known to be involved in cell function and neurodegen-
erative diseases [4,33–35]. The sequence-specific interaction
of LCD region plays a key role in FUS phase separation,
and FUS-LCD can undergo phase separation on its own in
vivo and in vitro [4,16,18,35,36]. DDX4 is a major con-
stituent of germ granules and also undergoes phase separation.
DDX4 contains an intrinsically disordered N-terminal region
and forms membraneless organelles, which are stabilized by
electrostatic and cation-π interactions unlike FUS-LCD phase
separation [15,37,38].

We adopted the hydropathy scale (HPS) CG model with
implicit solvent, a residue-level CG model in which each
amino acid is represented by a single bead [39] (see Fig. S9
in the Supplemental Material [40]). We used two parameter
sets of the HPS model: the HPS-KR model, which employs
a hydrophobicity scale from Kapcha and Rossky [41], and
the HPS-Urry model, which utilizes a hydrophobicity scale
proposed by Urry et al. [42] and optimized by Regy et al. [43].
The HPS-Urry model is capable of reproducing a sequence-
dependent description of phase separation in FUS-LCD and
DDX4-DR [43], and was primarily used in the main results of
this study. In this model, IDPs are considered as fully flexible
polymers. The total potential energy of the HPS model is
given by

Utot = UBonds + UHydropathy + UElectrostatic, (1)

where UHydropathy and UElectrostatic represent nonbonded inter-
actions, and UBonds represents bonded interactions between
sequential amino acids. The bonded interactions are described
by a harmonic potential,

UBonds =
∑
bonds

k(r − r0)2, (2)

where the spring constant is k = 8033 kJ mol−1 nm−2 and the
equilibrium bond length is r0 = 0.38 nm.

Nonbonded interactions between amino acids based on
their hydropathy are modeled using the Ashbaugh-Hatch po-
tential [44],

UHydropathy =
∑

i

∑
j<i

{
ULJ(r) + (1 − λi j )ε (r � 21/6σi j ),
λi jULJ(r) (r > 21/6σi j ),

(3)
where ULJ is the Lennard-Jones potential,

ULJ = 4ε

[(σi j

r

)12
−

(σi j

r

)6
]
, (4)

with ε = 0.8368 kJ mol−1. The parameters σi j and λi j are the
arithmetic means of the size and hydropathy values of amino
acid residues i and j, respectively. We set a cutoff of 4 nm for
the hydropathy interaction.

The electrostatic interactions among charged amino acids
are described by the Yukawa (Debye-Hückel) potential,

UElectrostatic(r) =
∑

i

∑
j<i

qiq je2

4πε0εrr
exp(−r/D), (5)

where qi and q j are the charges of amino acids i and j,
respectively. Here, ε0 is the vacuum permittivity and εr is
the relative permittivity, which corresponds to the dielectric
constant of water. D is the Debye screening length of an
electrolyte solution with ionic strength cs, defined as D =√

1/(8πBcs), where B is the Bjerrum length given by B(εr ) =
e2/(4πε0εrkBT ). The relative permittivity εr depends on the
simulation temperature T [45],

εr (T ) = 5321

T
+ 233.76 − 0.9297 T

+ 1.417 × 10−3 T 2 − 8.929 × 10−7 T 3, (6)

such that, for example, εr (300 K) = 77.7 and εr (320 K) =
70.8. Electrostatic interactions were truncated and shifted at
a cutoff distance of 4 nm. Further details about the potential
parameters are provided in Ref. [46].

Simulations were primarily performed at a temperature of
T = 300 K. An additional simulation of an FUS-LCD droplet
using the HPS-KR model was performed at T = 320 K to
evaluate the temperature dependence (see Fig. S2 in the Sup-
plemental Material [40]). The ionic strength of the solution
cs was set to 150 mM for FUS-LCD [16,18] and 130 mM
for DDX4-DR [15,37,38]. The sequences of FUS-LCD and
DDX4-DR used in this study correspond to those provided in
the supporting information of Regy et al. [43].

All simulations were performed using the OpenMM sim-
ulation package [47]. Before the long production runs, we
performed a slab simulation to facilitate condensate for-
mation. Periodic boundary conditions were applied in all
simulations. The initial configuration, consisting of 1000
proteins in fully extended conformations generated using
PeptideBuilder [48], was placed in a simulation box with
dimensions lx = ly = 15 nm and lz = 300 nm. Once a single
condensate had formed, it was transferred into a larger cubic
simulation box.

The box sizes were 900 nm for the FUS-LCD simulation
using the HPS-KR model, 70 nm for the FUS-LCD simulation
using the HPS-Urry model, and 80 nm for the DDX4
simulation using the HPS-Urry model. These sizes were
significantly larger than the droplet radius (approximately
20 nm), ensuring that a single droplet could exist in isolation
and preventing interactions between periodic images. In
simulations using the HPS-Urry model, proteins within the
condensate occasionally dissociated into the dilute phase.
Therefore, relatively small simulation boxes were used to
facilitate the return of dissociated proteins to the droplet while
still maintaining sufficient separation to avoid interactions
between periodic images. After the slab simulation, a 100 ns
equilibration run was performed, during which a spherical
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droplet formed, followed by a 20 µs production run. Trajectory
data were saved every 0.1 ns for analysis.

All systems were simulated under constant volume and
temperature conditions using Langevin dynamics with a time
step of 10 fs. The Langevin friction coefficient was set to
0.01 ps−1. Trajectories were visualized using VMD software
[49]. All simulation scripts used in this study were based on
those provided by Tesei et al., available in the supplementary
materials of their publication [46].

To quantify the radius of gyration (Rg) of proteins within
the droplet, we classified each protein as belonging to either
the interior or the interface region based on the distance be-
tween its center of mass (COM) and that of the droplet [see
Fig. 4(c)]. The boundary between the interior and interface
was determined from the radial density profile [see Fig. 4(a)].
Two different definitions have been used to calculate Rg at
specific spatial regions: the bin-weighted Rg, which classifies
segments based on the positions of individual monomers [50],
and the COM-based (unweighted) Rg, which assigns entire
chains to spatial regions based on the position of their COM
relative to the COM of the condensate [51,52]. These differ-
ent averaging methods can highlight distinct conformational
properties, particularly at the condensate interface [53]. In this
work, we used the COM-based Rg.

B. MD simulations of protein condensates
without confinement effects

To investigate the diffusion behavior of proteins within
large condensates without boundary effects, we performed
MD simulations of the dense phase using periodic boundary
conditions. To examine how the presence of folded domains
and differences in protein size affect diffusion, we simulated
three systems: FUS-LCD, full-length FUS (FUS-FULL), and
FUS-�Fold, a variant of FUS-FULL in which the folded
domains were replaced with flexible loops. FUS-FULL con-
tains two folded domains: an RNA recognition motif (RRM,
residues 285–371) and a zinc finger region (ZF, residues 422–
453). The structure of full-length FUS was obtained from
AlphaFold predictions, and the conformations of the folded
domains were maintained using an elastic network during the
simulations. In addition, to correct for the overestimation of
interactions involving buried residues in the folded domains,
hydropathy-based nonbonded interactions within the folded
domains were scaled down by 30% relative to the origi-
nal HPS parameters [25,26,39]. In FUS-�Fold, the folded
RRM and ZF domains were replaced with short alanine loops
composed of four and five alanines, respectively. This modi-
fication preserved the overall Rg of FUS-�Fold close to that
of FUS-FULL. All simulations were conducted at T = 300 K
with 256 protein molecules in each system. The cubic box
sizes were set to L = 23.15 nm for FUS-LCD, L = 35.92 nm
for FUS-FULL, and L = 34.30 nm for FUS-�Fold, chosen
to reproduce the average dense-phase density determined
from slab simulations (density profiles in slab simulations are
shown in Figs. S5B and S8 in the Supplemental Material [40]).
These box sizes were reasonably larger than the Rg in the
dense phase, to avoid interactions across the periodic bound-
aries. The total simulation times were 80 µs for FUS-LCD,
200 µs for FUS-FULL, and 40 µs for FUS-�Fold.

(a) (b)

(c)

FIG. 1. Diffusion of FUS-LCD within a droplet. (a) Snapshot
of the droplet, with a radius of approximately 20 nm, formed by
1000 molecules of FUS-LCD. Each color in the snapshot represents
a different protein. (b) Relative x coordinate of a protein with re-
spect to the droplet’s COM. (c) TAMSDs for the FUS-LCD proteins
within the droplet, where different colors represent different proteins.
The inset shows the ensemble-averaged TAMSD and ensemble-
averaged MSD.

III. RESULTS

A. Subdiffusive motion of proteins within the droplet

We performed CG-MD simulations of a spherical droplet
formed by 1000 copies of a single IDP, the well-studied FUS-
LCD, using a residue-level CG model [39,43,46] for 20 µs [see
Fig. 1(a) and Sec. II]. During the simulations, proteins diffuse
between the interior and the interface of the droplet several
times [Fig. 1(b)]. To characterize the diffusive dynamics of
proteins, we calculated the time-averaged mean squared dis-
placement (TAMSD) of the proteins,

δ2
i (�; t ) = 1

t − �

∫ t−�

0
{ri(t

′ + �) − ri(t
′)}2dt ′, (7)

where t is the measurement time, � is the lag time, and
ri is the relative coordinate of the COM of the ith protein
obtained by subtracting the COM position of the droplet. In
what follows, we exclusively analyzed proteins that reside
within the droplet during the measurement time. Figure 1(c)
shows that TAMSDs of each protein exhibit a sublinear
increase, δ2

i (�; t ) ∝ �α . The ensemble-averaged TAMSDs
indicate α ≈ 0.85 within the droplets. The amplitude spread
of the individual TAMSDs is quite small, consistent with ob-
servations of viscoelastic subdiffusion [54,55]. After 1 µs, the
TAMSDs show a plateau, indicative of the spatial confinement
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of proteins within the droplet, where the plateau value of
the TAMSDs corresponds to the square of the droplet radius,
approximately 20 nm. Note that the ensemble-averaged MSD
is consistent with the ensemble-averaged TAMSD, indicat-
ing that the diffusion process is ergodic [see Fig. 1(c)]. The
subdiffusive behavior is distinct from the Brownian motion
of an isolated protein in simple liquids, where the ensemble-
averaged TAMSD increases linearly. Subdiffusive motion is
often observed in molecular diffusion within viscoelastic me-
dia, e.g., polymer solutions [56,57] and lipid membranes
[54,58–60]. We also found similar subdiffusion for another
protein (DDX4) under different temperature conditions and
with different model parameters (see Fig. S1 in the Supple-
mental Material [40]).

B. Anticorrelated motion and non-Gaussian distribution
of protein movements

Fractional Brownian motion (FBM) [61,62] and gener-
alized Langevin equations [63,64] are fundamental models
of anomalous diffusion characterized by a stochastic mo-
tion driven by long-range correlated noise describing the
viscoelastic forces acting on the tracer. If the noise exhibits
anticorrelation, the TAMSD shows a sublinear increase [55].
Figure 2(a) shows the normalized form of the displacement
autocorrelation function (DAF) of proteins,

C�(t )

C�(0)
= 〈(r(t + �) − r(t ))(r(�) − r(0))〉

〈(r(�) − r(0))2〉 , (8)

where 〈·〉 indicates an ensemble average. The transition of the
DAF from positive to negative values indicates anticorrelated
motion, meaning that, on average, the direction of motion
in the next step is likely opposite to that in the preceding
step. Such behavior arises naturally in viscoelastic media,
where elastic stresses tend to restore particles toward their
previous positions [65,66]. The function has a dip at t = �,
which reflects the degree of anticorrelation, and decays toward
zero for long t . Viscoelastic effects are significant on short
timescales around � = 10−3 µs and gradually diminish over
� = 10−2 µs. Conversely, for longer lag times such as � =
10−1 and 1 µs, the dip at t = � becomes more pronounced.

In the case of simple FBM, this dip in the DAF at long
� disappears as viscoelastic effects diminish [67,68]. As
discussed further below, using the simulations of protein
diffusion in the condensate without confinement effect, we
confirmed that the dip in the DAFs with a longer lag time
� vanishes with a finite correlation time of approximately
� = 10−1 µs [Fig. 5(c)]. This timescale is consistent with the
crossover time of the MSD from sublinear to linear increase
[Fig. 5(a)]. The confinement effect prevents the complete dis-
appearance of the anticorrelation observed in simple FBM;
i.e., the anticorrelation at short � is due to viscoelastic effects,
while that at long � results from confinement [67]. Moreover,
the confinement effects are more pronounced at � = 1 µs with
a sharp dip to −0.5 [68], where the TAMSDs reach a plateau
[Fig. 2(a)].

The normalized DAF exhibits a power-law decay, although
it slightly deviates from the simple FBM [67], C�(t )/C�(0) ∝
tα−2, where α is the same exponent as in δ2

i (�; t ) ∝ �α

[Fig. 2(a)]. As expected from the FBM with a DAF exponent

(a)

(b)

FIG. 2. Anticorrelated motion at short times and
non-Gaussianity of FUS-LCD movements within a droplet. (a)
Normalized DAFs of the protein with different lag times �. The
inset shows the log-log plot for � = 10−4 µs. The black line
indicates the theoretical slope of FBM given the measured exponent
α = 0.85. (b) PDFs of the normalized displacement χ ≡ |δr|/σ (�)
for different lag times �, where δr is the displacement in x, y, or z
direction and σ (�) is the standard deviation of the corresponding
displacement distribution for that �. All increments from x, y, and
z directions are combined into a single set of χ values. The black
dashed line represents a Gaussian distribution with unit variance.

of −1.4, the MSD should increase sublinearly with α = 0.6.
This value is smaller than the TAMSD exponent of α ≈ 0.85
obtained from Fig. 1(c).

In the case of a simple FBM, the normalized propaga-
tor is expected to be Gaussian and consistent for different
� [55]. To examine the Gaussianity of the displacement,
we calculated the propagator P(χ,�), which represents the
probability density function (PDF) of the normalized dis-
placement. Here, χ is defined as the absolute value of the
displacement divided by its standard deviation for a given
�, i.e., χ ≡ |δr|/σ (�) with δr ∈ {δx, δy, δz}, where δx =
x(t + �) − x(t ), and similarly for δy and δz. The quantity
σ (�) is the standard deviation of the corresponding PDF for
lag time �. Since no systematic differences were observed
in x, y, and z directions, all increments from these directions
were combined into a single set of χ values. Figure 2(b) shows
that the PDFs of χ for proteins in the droplet exhibit a signifi-
cantly non-Gaussian profile with exponential tails. On a short
timescale, up to � = 0.1 µs, there are significant deviations
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from the Gaussian distribution in the tails of the PDFs. Such
non-Gaussianity has been observed in the diffusion process
with fluctuating diffusivity [69–73]; i.e., individual proteins
within the droplet diffuse nonuniformly. Conversely, on a
long timescale, at � = 0.1 µs, the PDF is close to the Gaus-
sian distribution. � = 0.1 µs is the same timescale at which
the TAMSD converges to a plateau [see Fig. 1(c)], which
again indicates the confinement effect in the droplet. Due
to the confinement effect for longer timescales, e.g., at � =
1 µs, the propagator exhibits a narrower distribution deviating
from the Gaussian distribution for larger displacements χ .

Taken together, both the mismatch between the exponents
derived from the DAF (α ≈ 0.6) and the TAMSD (α ≈ 0.85)
and the observed non-Gaussian propagators with exponential
tails demonstrate that the dynamics of proteins in the droplet
cannot be fully described by a simple FBM. In fact, stochastic
models combining viscoelasticity with heterogeneity in either
the diffusivity or the anomalous diffusion exponent have re-
cently been studied and applied to experiments [74–78].

C. Fluctuating diffusivity of proteins within the droplet

As mentioned in the previous section, the non-Gaussian
propagators with exponential tails indicate a heterogeneous
diffusivity among proteins; i.e., they reflect a fluctuating diffu-
sivity. To quantify the fluctuations, we calculated the relative
standard deviation (RSD) of TAMSD [79,80], the square root
of the ergodicity breaking parameter [67],

RSD =
√〈

δ2(�; t )
2〉 − 〈

δ2(�; t )
〉2

〈
δ2(�; t )

〉 . (9)

The RSD quantifies the magnitude of variability in diffusivity
among different trajectories. In diffusion following a Gaus-
sian process such as Brownian motion, the RSD decays as
t−0.5, but for nonergodic processes such as continuous-time
random walk (CTRW) [55,81] or with significant fluctuation
in the diffusivity [82–84], the RSD does not decay to zero
even if observed for a long time. In polymeric solutions, the
RSD changes from non-Gaussian fluctuations [RSD decays
at t−α (0 < α < 0.5)] to Gaussian fluctuations (RSD decays
at t−0.5) because of polymer entanglement, and the crossover
time corresponds to the longest relaxation time [79,85]. The
RSD of FUS-LCD exhibits a slow decay at short timescales
below t = 0.1 µs, and then a crossover to Gaussian fluctua-
tions (see Fig. 3).

D. Protein conformation and diffusivity inside
and in the interface region of droplets

Previous work has shown different conformations of IDPs
inside and on the surface of condensates [50–52,86,87]. From
the radial number density profile, we define the bound-
ary between the interior and the interface of the droplet at
20 nm, corresponding to the distance from the droplet center
where the density starts to decrease toward the interface [see
Fig. 4(a)]. We classified each protein as belonging to the
interior or interface region based on the distance between
its COM and that of the droplet. The PDFs of residence
time for the interior and the interface of the droplet exhibit

FIG. 3. RSD of FUS-LCD TAMSDs within a droplet. The black
solid line is a t−0.5 scaling, shown for reference. The RSD was
calculated at a lag time of � = 10−4 µs.

a power-law distribution with an exponential cutoff P(t ) ∝
t−β exp (−t/τ ) [see Fig. 4(b)]. The power-law exponent β =
−1.5 is consistent with the first-passage time distribution of
one-dimensional Brownian motion [88,89]. The cutoff of the
residence time of protein within the droplet interior (∼0.2 µs)
is comparable to the crossover time of the RSD, suggesting
that the non-Gaussian fluctuations are due to transitions be-
tween residence in the interior and the interface.

The radius of gyration Rg was calculated from instanta-
neous configurations of proteins located in each region during
the production runs and thus reflects the conformational en-
semble in the steady state. The distributions of the radius of
gyration Rg exhibit a single peak, with proteins in the interior
adopting slightly more expanded conformations than those at
the interface [see Fig. 4(c)]. This is consistent with previous
simulation studies reporting more compact conformations at
the droplet interface [51,52], though we note that different
averaging approaches can highlight different conformational
properties at the surface [53].

To compare the diffusive dynamics, we calculated the tem-
porary diffusion coefficient (TDC) at time t∗ [80,90,91],

D(t∗) = 1

2d�(t − �)

∫ t∗+t−�

t∗
{r(t ′ + �) − r(t ′)}2dt ′,

(10)

where d is the spatial dimension. The lag time � can be set
to the minimum time step if the time step is longer than the
characteristic time of ballistic motion. The measurement time
t is a tuning parameter that must be shorter than the charac-
teristic time of the diffusive state [90]. � and t were set at
0.1 and 10 ns, respectively. In the TDC analysis, we consider
D(t∗) for a protein in the interior or interface regions. The
TDC distribution implies that proteins in the interface region
diffuse faster than those in the interior of the droplet. This
observation is due to the reduced density and smaller size of
proteins at the interface compared to those within the droplet
[Fig. 4(d)]. The movement between the interior of the droplet
and its surface leads to significant fluctuations in diffusivity
[Figs. 2(b) and 3]. Note that in this analysis we set d = 3 for
both regions, as we evaluate the full three-dimensional motion
of proteins regardless of their location. If the interface region
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(a)

(c)

(b)

(d)

FIG. 4. Difference in conformation and diffusivity of FUS-LCD in the interior and interface regions of a droplet. (a) Normalized radial
number density of proteins within the droplet. The red and blue regions correspond to the interior and the interface of the droplet, respectively.
(b) PDF of residence times for proteins at the interior and the interface of the droplet. (c) PDFs of Rg and (d) TDC.

were instead treated as a quasi-two-dimensional layer and d
set to 2, the calculated D(t∗) values for the interface would
increase by a factor of 3/2, further enhancing the diffusivity
difference relative to the interior.

E. Universality of the fluctuating diffusivity in droplets across
different IDPs, force fields, and thermal conditions

We examined the universality of diffusive protein behav-
ior within spherical droplets by performing MD simulations
under various conditions: at different temperatures (300 and
320 K), for the N-terminal disordered region of a different
protein (DDX4-DR), and using different force fields (see
Figs. S1–S6 in the Supplemental Material [40]). Qualita-
tively, no clear differences are observed between FUS-LCD
and DDX4-DR. When droplets form from 1000 proteins,
the density inside the DDX4-DR droplet is lower than that
of the FUS-LCD droplet (see Fig. S5 in the Supplemental
Material [40]). Additionally, because the residue length of
DDX4-DR is greater than that of FUS-LCD, the droplet size
of DDX4-DR becomes larger than that of FUS-LCD. This
results in slightly faster diffusivity and a longer relaxation
time for the fluctuating diffusivity of DDX4-DR compared to
those of FUS-LCD (see Fig. 3, and Figs. S4 and S6 in the
Supplemental Material [40]).

F. Protein diffusion within large protein condensates

To eliminate the confinement effect caused by the finite
size of the droplet, we analyzed protein diffusion within a con-
densate without finite-size confinement. This was achieved
by performing MD simulations of a protein condensate under

periodic boundary conditions (details in Sec. II). For the anal-
ysis, protein coordinates were used after subtracting the COM
motion of the entire system to remove the effect of its trans-
lational motion. As shown in Fig. 5(a), FUS-LCD exhibits
transient subdiffusion with the same power-law exponent,
δ2

i (�; t ) ∝ �0.85, at short timescales. At longer timescales,
diffusion transitions to normal diffusion, following ∝ �. Un-
like proteins in droplets, where TAMSDs plateau at long
timescales due to confinement, proteins in a large condensate
without boundaries exhibit unrestricted diffusion.

Figure 5(c) shows that DAFs at short timescales are sim-
ilar to those observed in the droplet [Fig. 2(a)], indicating
that viscoelastic effects appear significant. However, in the
unconfined condensate, these effects gradually diminish over
the range of � = 10−3 to 10−1 µs, confirming the presence of
finite anticorrelated motion [Fig. 5(c)]. This timescale is con-
sistent with the crossover time of the TAMSDs, marking the
transition from sublinear to linear diffusion. Similar crossover
effects were observed in simulations of lipids in bilayer mem-
branes and described in terms of viscoelastic diffusion with
tempered correlations [54,92].

Moreover, the RSD follows a t−0.5 decay, demonstrating
that the significant diffusivity fluctuations seen in the droplet
are not observed in the unconfined condensate [Fig. 5(e)]. This
result clarifies that the previously observed fluctuations in
diffusivity within the droplet originated from proteins moving
between the droplet interior and interface. In contrast, within
the large condensate without confinement, proteins experience
a homogeneous environment, resulting in constant diffusivity.
These findings underscore the critical role of heterogene-
ity arising from differences between the droplet interior and
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FIG. 5. Diffusion of FUS-LCD and FUS-FULL within large protein condensates. (a) TAMSDs of FUS-LCD. A snapshot of a protein
condensate shows a simulation system with periodic boundary conditions modeling protein diffusion within large protein condensates. (b)
TAMSDs of FUS-FULL. Normalized DAFs of (c) FUS-LCD and (d) FUS-FULL with different lag times �. RSD of TAMSDs for (e) FUS-LCD
and (f) FUS-FULL.

interface—in generating fluctuating diffusivity and resulting
non-Gaussian behaviors within biomolecular condensates.

G. Influence of the folded domain and protein length
on diffusion behavior

IDPs often contain not only disordered regions but also
structured (folded) domains, which influence their diffusion
behavior. Full-length FUS includes two folded domains: an
RNA recognition motif (residues 285–371) and a zinc finger
region (residues 422–453). To explore how these domains
affect diffusion, we analyzed the behavior of FUS-FULL in
an unconfined condensate.

The TAMSDs of FUS-FULL exhibit transient subdiffu-
sion δ2

i (�; t ) ∝ �0.75 with a smaller exponent than that of
FUS-LCD [Fig. 5(b)]. In addition, the subdiffusive regime
is extended to approximately � = 10−1 µs. This timescale is
consistent with the relaxation of the anticorrelated motion,
as shown in the DAFs [Fig. 5(d)]. A notable difference is
observed in the RSD, which shows a slow decay with a
power-law exponent below −0.5 at long measurement times
[Fig. 5(f)]; i.e., FUS-FULL exhibits pronounced diffusivity
fluctuations compared with FUS-LCD.

Intermolecular contact analysis revealed that the folded
RRM and ZF form preferential interactions with intrinsically
disordered regions (IDRs) (see Fig. S9 in the Supplemental
Material [40]). To eliminate these intermolecular interactions,
we replaced the RRM and ZF with alanine loops (referred
to as FUS-�Fold), consisting of four and five alanines, re-
spectively. Alanine was chosen because it is a small residue
without polar or charged side-chain groups, thereby minimiz-
ing specific intermolecular interactions, and it is frequently

used in experimental mutagenesis. This modification pre-
serves the Rg of FUS-�Fold close to that of FUS-FULL (Fig.
S8 in the Supplemental Material [40]). The TAMSD of FUS-
�Fold exhibits transient subdiffusion with the same exponent
as FUS-FULL, but its RSD follows a t−0.5 decay (Fig. 6).
This result suggests that the long-term fluctuating diffusivity
observed in FUS-FULL is attributed to intermolecular inter-
actions between the folded domains and IDRs.

H. Rescaling coarse-grained dynamics to experimental
timescales using diffusion coefficients

Performing large-scale MD simulations at the atomic level
that are comparable to experimental spatiotemporal scales
remains challenging [23]. Residue-level CG-MD simulations
with implicit solvent are a unique and powerful tool to explore
molecular phenomena over tens to hundreds of nanometers
and tens of microseconds [39,93]. However, the diffusion
coefficient of proteins within the droplets, as simulated using
the CG models, was three orders of magnitude larger than the
experimental values [16,18,20]. This implies that simulations
of 20 µs may correspond to real-time durations of 20 ms (see
Fig. S7 in the Supplemental Material [40]). Fast dynamics
of the residue-level CG models have also been reported in
other studies [25,26], as these models were parameterized to
reproduce the structural and phase behavior rather than the
dynamic properties [43,93]. The higher diffusivity of residue-
level CG models with implicit solvent is due to the absence of
specific interactions between side-chain and backbone atoms,
which reduce atomic-scale surface roughness and specific in-
teractions that can slow motion. In addition, although protein
condensates contain water molecules and ions, the use of
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(a)

(b)

FIG. 6. Diffusion of FUS-�Fold within a large protein conden-
sate. (a) TAMSDs and (b) RSD of TAMSDs.

implicit solvent does not capture explicit solvent-mediated
friction and short-range hydrodynamic effects within the
droplet, thereby further enhancing protein diffusivity in the
simulations. One method to match the simulated diffusion co-
efficients with experimental values is by adjusting the friction
coefficient in the Langevin equation. Increasing the friction
coefficient by factors of 10–1000 resulted in a decrease of
the diffusion coefficient from 200 to 4.0 µm2/s, respectively,
eventually reaching the same order of magnitude as the ex-
perimental values. Note that increasing the friction coefficient
does not alter the structural property of Rg and the density
of the droplets, and the physical mechanism underlying the
diffusion process remains qualitatively consistent.

IV. DISCUSSION

In summary, we performed MD simulations to investigate
individual protein diffusion within protein condensates. We
revealed transient subdiffusion within the condensates caused
by anticorrelations in the motion, presumed to be due to their
viscoelastic nature. The crossover time corresponds to the
relaxation time of anticorrelations. The diffusivity of proteins
differs significantly between the interior and the interface
region of the droplet. We also demonstrated that the subdif-
fusion exponent and the magnitude of diffusivity fluctuations
depend on the structural complexity and intermolecular in-
teractions, which are influenced by factors such as protein
length and the presence of folded domains. This study illus-
trates that protein diffusion within condensates, characterized
by complex amino acid interactions in a crowded environ-
ment, follows simple physical models that couple subdiffusion

governed by anticorrelated motion, fluctuation of diffusiv-
ity, and confinement effects. Our results provide a molecular
interpretation within the framework of diffusion theory
[55,76,77,94–96] for macroscopic diffusion phenomena ob-
served in previous experiments. In particular, we show how
spatially distinct behaviors between condensate interiors and
interfaces emerge from differences in density, conformation,
and confinement, thereby clarifying how previously reported
interior versus surface conformations of IDPs [50–52,86,87]
relate to their molecular dynamics. Furthermore, the modula-
tion of diffusion by the presence or absence of folded domains
is comparable to studies showing that internal diffusivity de-
pends on molecular size, interaction strength, and domain
composition.

Aging within cellular condensates often changes viscoelas-
tic properties toward a more elastic or even solidlike state
[12,14]. This transition is frequently linked to the formation of
β-sheet interactions, as well as the nucleation and subsequent
growth of amyloidlike structures, which have been observed
preferentially at droplet interfaces [29,97]. Such structural
ordering generates kinetically hindered regions that con-
fine molecules and reduce molecular diffusivity, potentially
leading to ergodicity breaking. A coarse-grained approach in-
corporating probabilistic transitions to β-sheet formation [29]
could reproduce such aging processes, although the observa-
tions depend strongly on model parametrization. Our results
show that proteins at the droplet interface exhibit lower den-
sity, slightly more compact conformations, and faster diffusiv-
ity than those in the interior, which could influence where such
aging-related structural transitions are initiated, as well as the
exchange between the condensate interior and dilute phase.

The observed subdiffusion, characterized by a decreas-
ing effective diffusivity over time, may modulate enzymatic
activity and molecular interaction rates [98,99]. For exam-
ple, enzymatic rates within condensates depend on both
their composition and size, with the rate enhancement be-
ing larger in smaller droplets [99]. Differences in diffusivity,
density, and structure between the droplet interior and inter-
face could give rise to site-dependent interaction propensities,
potentially influencing localized condensation or selective
molecular exchange at the surface. Such physical features
have been implicated in the regulation of biochemical reac-
tions [1], the protection of biomolecules from degradation
and stress-induced damage [1], and the spatiotemporal con-
trol of translation through mRNA and ribosome organization
[100,101]. Although our simulated droplets are smaller and
compositionally simpler than intracellular condensates, the
underlying physical mechanisms observed here, such as the
interplay between anticorrelated motion, heterogeneous diffu-
sivity, and confinement, may provide useful physical insight
into how diffusion contributes to the organization and function
of cellular condensates.

For a more comprehensive picture, it is important to in-
vestigate how a variety of amino acid differences, including
the combination of net charges and hydrophobic/hydrophilic
properties, affect protein interactions and conformations, and
ultimately their diffusive dynamics. Additionally, explor-
ing molecular dynamics within multicomponent condensates,
composed of multiple proteins and/or nucleic acids, is es-
sential. These systems exhibit spatiotemporal heterogeneity
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[101–105], where dynamically rearranged domains differ-
ing in composition, density, or material properties, such as
liquidlike regions and more gellike or solidlike subregions,
are formed. In such heterogeneous media, a higher degree
of fluctuations in diffusivity is expected, similar to those
reported in other cellular contexts, such as intermittent trap-
ping in domains [106], transient interactions with partners
[107], and heterogeneous diffusivity arising from local en-
vironmental variations [75]. Moreover, the spatial patterns
and sizes of such compositional domains, along with differ-
ences in domain-specific diffusivities, molecular partitioning
preferences, and local concentrations, can significantly influ-
ence the observed diffusion dynamics [108,109]. However,
before addressing such complex systems, it is necessary to
clarify the physics underlying the diffusion phenomena in
simpler systems. Without this, the fundamental physics of the
phenomena could be obscured by several factors contributing
to the mechanism of the anomalous diffusions. The presented

study thus establishes a benchmark of the fundamental physi-
cal phenomena in protein condensates.
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